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Introduction

Introduction

A few millions patients each year need bone graftsone graft substitutes to repair
defects caused by trauma, aging and diseasesgé tarmber of synthetic bone graft
substitutes, which are based on ceramics, cenmmarligners or metals, are used. Among
them, Calcium Phosphate Cements (CPC), which virsteéported in the 1980s (Brown
et al., 1983; LeGeros et al., 1982), are intergstine to their injectability and in situ
setting properties (Julien et al., 2007; Khairotirale 2002; Rupprecht et al., 2003),
allowing minimally invasive surgery. Mechanical pesties of CPC are critical for their
successful application and have been widely ingattd. However, most of them were
measured in order to gain some “engineering inftion&on specific cements, in view
of medical applications, but only rare studies a&red the mechanical behavior of CPC
as a scientific subject as itself. Neverthelessa@roach based on concepts of material
mechanics would probably be valuable to better tstded the overall mechanical
behavior of this whole category of materials. Thespnt work is therefore primarily
focused on the understanding of the relations betweicrostructure (porosity, pore size
and distribution, crystal shape/size) and mechanicaperties (Young’s modulus,
fracture toughness, flexural and compressive strgndhe knowledge gained should
allow, in the end, to improve mechanical properigsontrolling the microstructure, and
to find a better compromise between mechanicallaoldgical behaviors. In this aim,
this document is organised as follows. The firsa@hr will mainly review the recent
developments of CPC. But before detailing theseespthe structure of human bone
will be briefly described, and itBacture mechanisms explained. In addition, besides
CPC, several typical bone graft substitutes will gpresented. Then, CPC will be
described from the viewpoints of chemistry, hamglliproperties and mechanical
properties. The latter being the main focus of sk, a special attention will be drawn
to existing literature on the mechanical behavid€BC, in order to identify what are the
principal issues which would merit further investign in order to better understand
these aspects. In short, it will be shown thateghera lack of a comprehensive and
comparative study of the relations between proongssnicrostructure and mechanical
properties of CPC, performed as a systematic igagin of the influence of
microstructural parameters on mechanical propeatnestheir reliability, while working

within a general frame where most other paramedeesfixed. In addition, because
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modelling can help to better understand and corttiel mechanical properties of
materials, some analytical models describing thehaeical behavior of porous brittle
materials will be reviewed. To achieve these aitims,procedures used to fabricate and
characterise a set of CPC with systematically vayynicrostructures will be described in
the second Chapter. The third Chapter will therestigate, in a systematic manner, the
influence of microstructural parameters like papsn elastic and fracture properties of
dried CPC. The possibility to use analytical modeldescribe mechanical properties as a
function of porosity will also be studied; they Wbk adapted when necessary. Then, the
fourth Chapter will mainly focus on the comparidgmiween the mechanical properties of
wet and dried CPC, as well as on strength religbilihich will be studied within a
statistical approach of fracture.

Despite their advantages over bioceramics, CPCowitAny additives usually display
poor injectability and cohesion and, even if opsiation is possible, their mechanical
properties often remain rather low, which in aleddo be further improved. To this end,
the possibility to produce and develop compositeCG#th enhanced handling and
mechanical properties will be studied, which wi# lddressed in the fifth and last
Chapter. To achieve this, several polymeric adel#tiwill be chosen following a critical
review of their potential properties. The handlprgperties of the resulting composite
CPC will be evaluated, and their mechanical properimeasured and related to
microstructure. Finally, because calcium phospbatee substitutes containing pores of
several tens or hundreds of micrometers are knawprésent a good potential of
osteointegration, the possible fabrication of fodntemposite cements will also be

explored.
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1.1 Bone structure and fracture

Bone is a remarkable rigid organ within the verdédbs, performing several key
functions such as providing structural support pnotection to various organs of the
body, producing blood cells and storing mineralstfi@ metabolism (Hing 2004). Bones
are full of cracks, which form and grow as a restildaily loading activities or diseases.
However, bone has a property which, up to now, cabe obtained in artificial materials,
although constant progress is made in the fieldelf-healing” materials (Cordier et al.,
2008): it is “smart” enough to detect and repag tnacks before they become long
enough to be dangerous. This self-repair abilitparie, called remodeling, is controlled
by two kinds of specialized cells: osteoclasts,ahresorb bone by releasing a powerful
acid and enzyme, and osteoblasts, which make new. bikhese cells together form a
basic multicellular unit (BMU)- a cavity, about 20 in diameter, moving at a speed of
40 um per day along the length of bone (Fig. 1-1) (dagt al., 2007).

New bone Osteoblasts ﬂSiEDGIESiﬂ

200 pm — 40 pm per day

Fig. 1-1 Schematic diagram describing the remodeling ofdmuibone. Reprinted from Taylor et al.
(2007)

Although having this fascinatingnature, bone still cannot prevent catastrophic
breaking and defects caused by trauma, aging, sisdae. osteoporosis or cancanyl
congenital defects, which are greatly affectinglionk of sufferers across the whole
world. Just taking osteoporosis for instance, ttses more than 8.9 million fractures
worldwide annually and over one third of all osteayic fractures occur in Europe
(Strom et al., 2011). In France, about 120 000sa$éracture caused by osteoporosis

have been reported in 2001 (Maravic et al., 2006 number of new bone fractures is
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still increasing steadily, which on the one hantl affect the quality of life of millions of
people and on the other hand cause a heavy buydba whole society.

The structure and properties of bone have been Iwiohwestigated and well
understood, and to fully understand the aims ofpitesent workt is meaningful and

necessary to introduce the structure and propestiesr bones.

1.1.1 Structure of bone

Most biological materials with predominant mechahproperties have a hierarchical
structure consisting of several different levelenB is not an exception. The structure of
bone can be described in five hierarchical levelsleown in Fig. 1-2 (Rho et al., 1998).
Specifically, the structures and levels are: (1)tical and cancellous bone at
macrostructural level(2) haversiansystems and osteons at sub-millimeter scale; (3)
lamella at micron level; (4) fibrillar collagen aethbedded mineral at submicron scale;
(5) mineral crystals, collagen and organic proteitnsanometer level. These complicated

hierarchical structures make bone heterogeneouaraadtropic.

Collagen
molecule

Cancellous bone

Lamella
\ i Bone

Haversian .ﬁ Cr}ma]s
canal

~h

H
10-500 pum 3-7 um
Microstructure Nanostructure
Macrostructure Sub-microstructure Sub-nanostructure

Fig. 1-2Hierarchical structure of bone. Reprinted from Rhal (1998)

From a chemical point of view, bone comprises aganic matrix (25%), a mineral
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part (65%) and water (10%) (the percentages betweemibem®es represent typical
constituents of bone in weight) (Olszta et al., 200’ he organic matrix mainly consists
of 90% type | collagen whose molecule is compodedl toiple helix of peptide chains
These molecules are covalently bonded by intra4tedmolecular crosslinks providing
for the tensile strength (Eyre et al., 1984; Kredtal., 1998).

Bone mineral is an apatitic calcium phosphate ¢omg 4%-6% carbonate by weight
and small amounts of magnesium, sodium, potassiitrate, fluoride and other trace
components (Glimcher et al., 198This carbonated apatite, named dabhllite, is also th
mineral component of teeth and some invertebradéesins (Lowenstam et al., 1989).
The plate-like bone crystals, with dimensions ofr0 in length, 25 nm in width and
2.5-4 nm in thickness, are probably the smallgsttatsformed physiologically (Fratzl et
al., 1992). Recently, Xie and Nancollas (2010) fibthmat the size and morphology of the
apatite nanocrystals were strongly controlled byrate® molecules which cover
approximately one sixth of the available apatitdagie area in bone. Both collagen and
minerals have great influence on mechanical properties of bomethe one hand the
collagen can improve the fracture toughfieaad on the other hand mineral can confer
strength and stiffne&s

Water exists throughout the tissue in several fornfieely mobile in
vascular-lacunar-canalicular space, bound to tHegsn network, and bound to the
mineral phase. Due to their polarity, water molesutan attach to collagen (glycine,
hydroxyproline, carboxyl and hydroxylysine) throulgidrogen bonds and tifferent
mineral ions such as €aand PQ”. Because of the above interaction, water also
influences the mechanical properties of bone. Nyata. (2006) surveyed the influence
of water removal on the strength and toughnessmical bone, speculating that the loss
of water in the collagen phase decreased the t@sghof bone, and that@ss of water

related to thenineral phase decreased both bone strength andrtess;

1.1.2 Fracture of bone

As mentioned above, bone can repair itself thraiegmodelinghowever it cannot yet
completely prevent propagation of cracks to a aetength that is long enough to cause

catastrophic failure. Thus it seems to be essetiahderstand how cracks propagate in

! Fracture toughness is defined in 1.1.2

2 stiffness is the resistance of an elastic bodjeformation, which can also be understood as “itigid

5
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bone, which is of crucial importance for clinicalestions, such as the treatment of
osteoporosis and other diseases associated withftamgility. In addition, the following
analysis will bring elements for the developmentdck-resistant materials for bone
replacement.

Fracture toughness,:Kalso called the critical stress intensity faciera property
which is used to describe the ability of a matec@htaining cracks or notches to resist
crack propagation. The resistanok bone to crackingan also be characterized by
fracture toughness. Like in other composite matertae fracture toughness of bone is
obviously larger than that of its constitutentgy@mic and mineral). Furthermore, Nalla et
al. (2005) and Vashishth (2004) found thati&not constant during crack propagation,
but increases with increasing crack extension; pfisnomenon is called an R-curve
behavior (“R” stands for “resistance”, and an Rveus the plot of resistance to cracking,
I.e. toughness, as a function of crack extensiea,F$g. 1-3), and is due to the existence
of microscopic phenomena called toughening mechamnis

STRESS INTENSITY,K (MPavm)
1

0 1 | ! | ! | !
0 2 4 6 8

CRACK EXTENSION, Aa (mm)

Fig. 1-3 K.(Aa) resistance curve for stable crack extensionanep showing rising behaviors
(R-curves). Reprinted from (Nalla et al 2005)

Launey and Ritchie (2009) postulated that theresaveral toughening mechanisms in
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cortical bone, including crack bridging by unbrokgiaments (Nalla et al., 2005), crack
deflection (Peterlik et al., 2006), microcrackingaéhishth, 2004) and viscoplasticity
(Fantner 2005), which can be sorted into “intrinsozighening” (crack initiation
toughness) and “extrinsic toughening” (crack growaiighness), and which can also be
used to explain rising R-curves. Fig.1-4 depices #fbove toughening mechanisms in
cortical bone.

Viscoplastic flow (gels)

Microcracking and crazing
iceramics and polymers)

Crack bridging
(ceramic fibre composites)

Crack deflection
{composites)

Fig.1-4 Toughening mechanisms in cortical bone, and dretogy with effective mechanisms acting
in synthetic materials. Reprinted from (Peterlilkakt 2006)

Among these toughening mechanisms, Nalla et a04&pfound that crack bridging
is the major contributor to the increasing R-cuagecompared to microcracking basing
on their different effects on compliance (complians the inverse of stiffness),
specifically crack bridging decreases compliancat m contrast, microcracking
increases compliance. Nalla et al. (2004B) alsoeytad the influence of aging on the
toughness of human cortical bone through an evahatf the R-curve, finding that
crack-growth resistanageteriorates with increasing age and associatiisgtéhweaker

bridges caused by lower collagen quality and tossible change in the collagen network
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integrity.

Koester et al. (2008) measured the toughness ofhuwwortical bone with realistically
short cracks in both transverse and longitudin@nvations. The authors found that after
only 500 um of cracking, the fracture toughness is more thes times higher in
transverse (breaking) direction than in the lorgjital (splitting) directionowning to
different toughening mechanisms, specifically crdeflection on breaking and crack
bridging on splitting (Fig.1-5). Furthermore, thdgntified the major role of microcracks:
inducing primary forms of toughening in human amatibone, that of crack deflection

and crack bridging.

—

1 \ - ' 'I w '. -
w 1.. " 3 L]
. ’ o L 1. |'.I I+
1 mm
Fig.1-5 ESEM (Environmental Scanning Electron Microscofr@ctographic images of broken
surfaces of compact-tension samples of human ebtiicne. (a) Fracture in transverse orientation,

showing a rough fracture surface due to crack dédle. (b) Fracture in longitudinal orientation,
showing a relatively flat fracture surface. Remrthfrom Koester et al. (2008)

In conclusion, fracture of bone is a very compkchprocess which is related to not
only its composition but also simultaneous operatibseveral toughening mechanisms
owning to its hierarchical structure. Crack bridgiand crack deflection are the two

primary toughening mechanisms.

1.2 Bone graft substitutes

Owing to diseases and traumatic events, nearl ttmiéion patients worldwide need
to undertake bone grafting operations each yeardgi@vald et al., 2001). Bone grafting,
firstly established two centuries ago, is the pdoce to replace missing or damaged
bones with materials from either patient themsel{asgograft) or donors (allograft)
(Hing 2005A; Meeder et al., 1994).

Currently, autografting is still considered to bealsince the bone harvested from the

8
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patients themselves contains living cells and gnofattors. However, autografting has
some limitations such as an additional operatioa eacond surgical site with associated
donor site pain and morbidity, as well as the obsishort supply of bone sources.
Alternatively, modern allografting using donor bofmem a regular bone bank might
partly overcome the limitation of bone supply; hoeeafter sterilization treatments, the
bone will lose the biological factors and have img strength (Hing et al., 2005B).
Furthermore, there are still concerns regarding umofogical reaction between patient
and donor bone, as well as disease transmisisargB&t al., 2004); thus healing can be
in some cases unpredictable (Togawa et al., 2004).

Because of the above drawbacks, there is an inogedemand for synthetic bone
substitutes which are free from the limitation @hk supply, consistency and disease.
Moreover, there is the potential to use many o$¢hscaffolds in conjunction with the
own cells of the patient or recombinant growth datto speed up or to improve the
quality of bone regeneration, which is known assttie engineering” (Reddi 2000). There
is a wide range of synthetic materials that havenbgroposed and developed as bone
substitutes: metals such as tantalum, titaniumm, ioy magnesium; polymers such as
polylactides, polyglycolides, polyurethanes, or ygalprolactones; ceramics such as
alumina, zirconia or calcium phosphates (CaP) atdduonm phosphate cements obtained
from tricalcium phosphate (TCP), dicalcium phosph@CP), tetra calcium phosphate
(TTCP) and hydroxyapatite (HA) (Bohner 2010A). Tésynthetic bone substitutes will
be reviewed briefly in the following subsectionscionjunction with special attention to
calcium phosphate cements.

1.2.1 PMMA

Polymethylmethacrylate (PMMA), sometimes calledyhcrcement, is a synthetic
polymer. Due to its excellent processability, PMMws been extensively used in
prosthesis fixation since 1960 (Charnley 196011985, Galibert et al. (1987) started to
inject PMMA into vertebral lesion with a radiologity guided therapeutic technique
named percutaneous vertebroplasty (PV). In thegdicafons, PMMA acts as an
intermediary phase and is used to fix the implanibane or structurally reinforce the
vertebrae, transmitting the applied force and buaayght uniformly to surrounding
tissues.

Despite its successful application, PMMA still resme well-known shortcomings.
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The autopolymerization reaction of PMMA is exotherneading to an increase in
temperature and thus causing necrosis of tissussi¢l1997). Furthermore, there is a
weak interface between PMMA and bone due to the@ation of a thin layer of fibrous
tissue, allowing for micromovements and finally siang implant loosening (Driessens et
al., 1994). Other shortcomings such as aging, ddplores of sufficient size (macropores)
to allow cell ingrowth, release of unreacted monoamel low mechanical properties have
been also reported (Lewis 1997).

Many efforts have been made to overcome the abdlomécomings. Meyer et al. (1973)
reported that preparing PMMA at low temperature s@gmificantly decrease the peak
temperature of autopolymerization while comparedPW@IMA prepared at higher
temperature. Dunne and Orr (2002) demonstratedibaevel of heat release for PMMA
during autopolymerization is significantly lowerder vacuum than under atmospheric
conditions. Ormsby et al. (2010) incorporated mndtied carbon nanotubes (MWCNTS)
into PMMA. The authors found that the addition oANNCNTs can not only significantly
reduce the heat produced during autopolymerizabah also improve mechanical
properties. Contributions have been also made f@rdwe mechanical properties or
bioactivation by addition of carbon or aramid fibéEaha et al., 1984), hydroxyapatite
(Vallo et al., 1999) and bioglass (Heikkila et 4096). However, it is sometimes hard to
improve both mechanical properties and bioactigfti’MMA owing to the deterioration
of mechanical properties with a large amount ofealdoioactive particles, or to theck
of bioactivity when the amount of added bioactitigles is small, indicating that a
balance between mechanical properties and biogctshould be considered when
bioactive particles are added.

Furthermore, macropores larger than ji60are essential for new bone growth. Puska
(2003) prepared macroporous PMMA by using a redseldaio-oligomer which is based
on an amino acid of trans-4-hydroxy-L-proline andncbe dissolved in moist
environments. As expected, the resulting porosisydie the PMMA structure decreases
its mechanical properties. Nevertheless, in sormes;&MMA with suitable but not high
mechanical properties can produce a better tredtefierct. Grados et al. (2000) reported
that there is a small but actual increased riskeofebral fracture in adjacent region of a
cemented vertebra after a long-term observation26npatients who received PV
treatments on vertebral osteoporotic fracturescatohg the side effect of an overly rigid
reinforcement. According to this observation, Bogeral. (2007) prepared a porous

scaffold with suitable mechanical properties corefatio those of cancellous bone by

10
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mixing PMMA with a sodium hyaluronate polymer sadutwhich is used to create pores
inside the PMMA structure.

In summary, despite improvements in mechanical entogs and other related
properties, PMMA is a bio-inert polymer which cahii@ absorbed and replaced by
human bone; therefore it is now imperative to fibdne substitutes with better
biocompatibility and bioactivity.

1.2.2 Ceramics

Since the term “bioceramics” first appeared in stie@act published in 1971 (Blakeslee
et al., 1971), bioceramics have been used as hdstitsites for 40 years. Bioceramics
can be classified in two families: bioinert (actyalo material should be considered as
completely inert, but such a material exhibits extely slow kinetics of reaction into a
level that they can be considered as “almost iharitl bioactive. Bioinert ceramics have
nearly no interaction with surrounding living tigsuAlumina and zirconia are often
considered two prototypes of bioinert ceramics. Eesv, these bioinert ceramics are
rarely used as bone fillers. Since a soft tisstexlmyer always shields the bone from the
inert implant, this shielding promotes micro-motiand subsequently causes implant
loosening (Chevalier et al., 2009).

Great effort has been made to improve the mechigmicperties of these bioceramics.
In the 1990s, yttria-stabilised zirconia (YSZ) bmeaan attractive alternative as a
structural bioceramic due to its superior fractingghness and strength as compared to
alumina. This improvement in facture toughness sindngth can be attributed to a
toughening mechanism by phase transformation, winablves the transformation of a
metastable tetragonal phase to a monoclinic phEss. transformation thus causes
volume expansion and introduces additional stress&®nt of the crack tip hindering
crack propagation (volume expansion and introdacktitional stresses can offset part of
the applied force and therefore ease the stredeedpp a crack tip) (Chevalier et al.,
2009; Claussen et al., 1980). Table 1-1 summarizsshanical properties of different

ceramics.

11
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Table 1-1 Mechanical properties of different bioceramicsSZP= partially stabilized zirconia; TZP
= tetragonal zirconia polycrystals). Reprinted frGmevalier et al. (2009)

Material Toughness (K, MPa nt?) Strength (MPa) Vickers hardness
Alumina 4.2 400-600 1800-2000
Zirconia 54 1000 1200-1300
Hydroxyapatite 0.9 50-60 500
Tricalcium phosphate 1.3 50-60 900
Mg-PSZ 8 600 1000
12Ce-TZP 7.8 700 1000-1100
Micro-nano-alumina-zirconia 6 600 1800
Nano-nano-Ce-TZP-alumina 8.4 900 1300
Silicon nitride 10 1000 2500

Most of these bioactive ceramics are based onwalorthophosphates such as TCP,
HA and biphasic calcium phosphate (BCP). Calciuthaphosphate based bioactive
ceramics have been widely used in all areas ohtimaan skeleton (Dorozhkin 2010).
Most of the studies on these materials can be daro two main categories:
optimization of microstructure and the achievenuérat proper chemical activity (Hing et
al., 2005B). With regard to the microstructuresitvorth mentioning in this study that
microporosity refers to pores smaller thanub® whereas macroporosity corresponds to
pores of at least tens of micrometers, which a& tommon meaning in the community
of biomaterials. Both microporosity and macropadrogplay a great role in bone
substitutes. On the one hand, microporosity allfowsmpregnation of biological fluids,
and on the other hand, the presence of macroperesrisidered essential for cell
migration (Hing et al., 1999). “Cell-size” macropsrof minimum 10@m are proposed
to favor bone colonization of the implant. Howeveoye sizes larger than 3@én are
recommended due to enhanced new bone formationoatind formation of capillaries
(Karageorgiou et al., 2005). Gauthier et al. (1998)luated bone ingrowth in BCP with
two different macropore diameters, 300 um andidand two different macroporosity
percentages, 40% and 50%. Their results suggestntharopore size has a great
influence on bone ingrowth. However, von Doernbetgal. (2006) showed that
macroporosity plays an important role but that rapore size has very limited effect on
in vivo response. It can probably be argued that thisues as long as macropore size
remains within an appropriate range. Moreover, mea@search has shown that
macroporous HA bioceramics containing microporesfaaher promote bone ingrowth
(Woodard et al., 2007). Besides macropores andopuces, other microstructural

features such as pore geometry, pore distributimh @ore interconnectivity can all
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modify the interaction between bone and implane@istry also plays a crucial role on
the bioactivity of bioceramics. Chemical modificatidmaough ion substitution, such as
silicon into HA or TCP, can produce materials wsthperior biological performance as
compared to those without ion substitution (Piet2®07). In conclusion, both
microstructural features and the chemical compmsitiave agreat influence on the
biological behavior of bioceramics. This relatioipstan be attributed to physiochemical
properties of the implant surface andth®ir impact on competitive protein growth
factors (Hing et al., 2005B).

Despite great progress in the last forty years, amidomising future, there are still
many challenges in terms of bioactivity, gene atton and mechanical properties
(fracture toughness, reliability), the latter needio be improved to be used as load

bearing substitutes.

1.2.3 Calcium phosphate cements (CPC)

Calcium phosphate cements are highly biocompatidéerials which are gradually
replaced by new boni@ vivo. Since the first patent on CPC proposed by Bronah a
Chow in 1983 (Brown et al., 1983), many CPC witlmywag compositions have been
investigated and are commercially available (Botatex., 2005B).

A CPC is produced by a chemical reaction betweenghases, a solid and a liquid
which, when mixed, form a paste which progressigetg and hardens into a solid mass;
this is similar to the cements used in civil engmeg. The solid phase comprises one or
several calcium phosphate (CaP) compounds. Water, ao calcium- or
phosphate-containing solution is used as liquidctviay contain chitosan, alginate or
citric acid to allow the dissolution of the initi@laP compounds until the over-saturation
of the solution, thus inducing the reprecipitatudicrystals. The chemistry and kinetics of
CPC setting will be described in more detail laldre hardening of the cement takes
place through the entanglement of needle-like ateplike crystals (Fig. 1-6). Currently,
there are only two possible final products for eC reaction: brushite (Dicalcium
Phosphate Dihydrate: DCPD) or apatite such as Wydpmatite or calcium-deficient
hydroxyapatite (CDHA) (Bohner 2007).

As mentioned previously, a porous microstructure isritical factor to guaranty
healing success. In the case of CPC, fortunatebstmf them contain an intrinsic

interconnected microporosity which is useful forpmagnation of biological fluids.
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Espanol et al(2009) used mercury intrusion porosimetry curveddscribe the porot
structure develogkin CPC, obswing that the cements show a clear bimodal pore
distribution with two peaks which are attributedinter-crydallite voids (sraller than
0.1um) and to voids between aggregates (larger thamt). However similar to othe
bone substitutest would be also desirable to create macrop® of at least tens of
micrometers in CP@o favor bone colonization the implant. Likebioceramics, bot
pore size and pore quantity have great effect are liogrowth into CPC although the
respective influence remss controversial (Gauthier et al., 1998; von Doernbetrgl.,
2006), but theiinfluence on streng is not questionable sincebvioudy, the strength
decreases witincreasing porosi and pore size (Karageorgiou et al., 2005). For
reason, the pm mechanical properti of CPC,especially weak fracture toughness .
low reliability, prohibit them from being used in Ic-bearing placesnc need further

enhancement (Bohner 2010B). This point will beHartdetailed in section 1

Fig.1-6 SEM micrograph oa CPC fracture surface showing nedike-and plat-like crystals

Besides advantages such as high biocompat, bioactivity and steoconductivity
CPC havea unique advantage over biocercs: they can & easily manipulated ar

shaped and, in ste cases, be injected into a defect area, not avdyding invasive

3 various methods have been used to create macropp@R@, and they will be detailed in section 1.5
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surgical procedures but also providing intimatepdal@gon to the surrounding bone even
for irregularly shaped cavities. Moreover, the ficamposition of hardened CPC is more
similar to the calcium phosphates found in the maleed tissues than bioceramics, with
high specific surface area, exhibiting greatly inwe (re)activity and allowing possible
applications in tissue engineering or drug deliv@ghner 2001).

The advantages and disadvantages of the aboveamettbone graft substitutes are

summarized in table 1-2.

Table 1-2 Comparison of properties of several bone subsstuThe signs of—=", “+”, “++”
represent the levels of various properties in @erading desired order.

Final . i .
Category composition Biocompatibility Heat release Degradability  Strength
Autograft HA o s . .
bone
Allograft HA N i . .
bone
Metal Metal — ++ - ++
Ceramic HA ++ ++ - +
CPC HA ++ ++ + +€)

1.3 Chemistry and kinetics of CPC setting

1.3.1 Chemistry of CPC setting

Despite numerous combinations of calcium and phatgpbontaining compounds in
CPC, the chemistry of the setting reaction in thesaent systems is similar and can be
explained and understood by analyzing the solybitiehavior of the compounds
involved (Chow 2001). The chemical process duriregggetting reaction mainly involves
two mechanisms: dissolution and precipitation. @heing forces controlling dissolution
and precipitation can be explained by the competitietween the ion activity product of
a compound and its solubility product. Specificaflprecipitate tends to dissolve if its
solubility product is larger than the ion activiproduct, and vice versa. Solubility
product constants for some CPC at different tentpexa are shown in Table 1-3.

Moreover, the solubility of a compound can be cbiadzed in a schematic manner
using a solubility phase diagram (Fig.1-7) (ChoWw20 which describes the evolution of
solubility of a compound —in the form of logarithwhthe total calcium concentration—
as a function of the pH.
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Table 1-3 Solubility product, K, of some CPCs at 25°C and 37°C. Reprinted fromdreatez et al.

(1999)
Ca/P -log Ksp)  -log (Ksp)
ratio Compound Formula at25°C  at37°C
0.5 Monocalcium phosphate monohydrate (MCPM) GB®).- HO 1.14
0.5 Monocalcium phosphate anhydrous (MCPA) GBR®), 1.14 -
1 Dicalcium phosphate dehydrate (DCPD) CakiR&,0 6.59 6.63
1 Dicalcium phosphate (DCP) CaHPO 6.90 7.02
1.33 Octacalcium phosphate (OCP) AP Oy)6- 5HO 96.6 95.9
15 a-Tricalcium phosphatexfTCP) a-Ca(PQy)2 25.5 25.5
15 B-Tricalcium phosphate3(TCP) B-Ca(PQy): 28.9 29.5
1.67 Hydroxyapatite (HA) G&POy)3(OH) 58.4 58.6
2.0 Tetracalcium phosphate (TTCP) 4E20,),0 38-44 42.4
DCPA DCPD OCP a-TCP B-TCP HA TTCP
0
-4 Most Soluble
| | "2
4]
2,
S -3
a3 = /
Least Soluble
-4
-5
-6
4 6 8 10 12 14
pH

Fig.1-7 Solubility phase diagrams of different CPCs inn@ tdimensional graph. Reprinted from
Chow et al. (2009)

Fig.1-7 shows the solubility phase diagram of s@R€ which are in a ternary system
Ca(OH)-H3PO-H,O at 37 °C. This solubility phase diagram is very importdat

understand the setting reaction of CPC since itgiaa information about the relative

stability (and solubility) of various CaP in difeart pH values, which actually is the major

parameter influencing the setting reaction. Morecdcally, each curve in this diagram,

known as a solubility isotherm, indicates the sibiiybof a CaP. At a given pH, a CaP
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with isotherm lying below that of another CaP isrenstable (less soluble) than the other.
The point where two isotherms intersect is regaraeda single point” at which the
solution is saturated concerning both CaP thaequoally stable.

As can be seen from Fig.1-7, HA is the least sel@hP above pH of approximately
4.4, below which DCPA becomes the least solublevéde@r, these curves would indicate
a slightly different result from the two possibiledl products for the CPC reaction: on the
one hand brushite (DCPD) and on the other handteatch as hydroxyapatite (HA) or
calcium-deficient hydroxyapatite (CDHA) (Bohner Z0{the solubility phase diagram
of CDHA is similar to that of HA, so it is not showin Fig.1-7). The fact that below a pH
of 4.4 the final phase is brushite instead of mitméDicalcium Phosphate anhydrous:
DCPA) is probably due to a complicated kinetic drivprocess (Konigsberger et al.,
2006). In contrast, TTCP is the most soluble CaRfoH below 7.6, above which DCPD
IS the most soluble.

Since HA is the most stable phase in a rather vadge of pH, with a pH higher than
4.4 most CaP would convert to HA as the final peadtTCP+DCPA and TTCP+DCPD
are two such combinations which can react to HA st water as the liquid phase. In
principle, a slurry prepared from TTCP and anotGaP should also form HA finally.
However, the single points of TTCP and other Ca&Phat as far above the HA isotherm
as are the TTCP+DCPA (DCPD) single points, indigathat the driving force for the
HA forming reaction is much weaker for the combioatof TTCP and another CaP than
that of TTCP+DCPA (DCPD). This can be solved byiagdsetting accelerators in
solution such as sodium phosphate (Bohner, 200€g i for TTCPu-TCP is the second
most soluble CaP in neutral and acid pHs. Therefmrgurry (pH>4.4) ofi-TCP and
another CaP, such as DCPA, DCPD or MCPM, or calagontaining compounds like
calcium carbonate or calcium hydroxide, will alsaneert to HA using a phosphate
solution.

In spite of the above features about the solubdftaP, some other factors such as
Ca/P ratio, temperature (Fig.1-8) and £@oncentration are all considered to have an
effect on the solubility phase diagram (Fernande#.e1999A).

As can be seen in Fig.1-8, temperature has a mgnifinfluence on the solubility
isotherms of HA and DCPA but not of Cag&@he solubility of HA and DCPA decreases
with increasing temperature. The lower the isottsgiime higher the driving force for the
formation of HA. Thus increasing the temperaturé¢hef setting reaction can accelerate

the process of HA formation.
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Fig.1-8 Effect of different temperatures on the isotheoh€aCQ, DCPA and HA. Reprinted and
adapted from Fernandez et al. (1999A)

1.3.2 Kinetics of CPCformation

Although solubility phase diagraman be used to predict the thermodynamic behavior
of CPC, they cannot always explain the observetingeand hardening behavior, and
kinetics must also be considered.

Understanding the mechanisms controlling the segimocess of CPC will help to have
a comprehensive knowledge about their kinetics #reh to better control their
microstructure which determines their applicatidas different purposes. Currently,
many CPC substitutes are based on the hydrolysisT@P powder which is also the
material used throughout this study, so this sufseevill mainly focus on the setting
kinetics of CPC based oaTCP. Many studies have focusethe effects of particle size
(Durucan et al., 2002A; Ginebra et al., 2004; Bemet al., 2007A), crystallinity
(Gbureck et al., 2004A; Camire et al., 2005; Bruretal., 2007B), temperature (Ginebra
et al.,, 1995; Tenhuisen et al., 1998; Durucan gt2800) and various constituents
(Tenhuisen et al., 1994, 1999; Durucan et al., B)ORlany methods such as X-ray
diffraction (XRD) (Fernandez et al., 1996; Ginebtaal., 1997), isothermal calorimetry
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(Tenhuisen et al., 1998ohner et al., 2006A) and measurement of comprestrength
(Fernandez et al., 1996; Ginebra et al., 1997) leen used to study the evolution of
setting reaction with time.

Fernandez et al. (1996) estimated the extent ofergion ofa-TCP to CDHA by using
the height of several selected peaks obtained b Xsuming a quasi-constant ratio
between peak height and peak area. The authord thahthe extent of conversion can
be fitted with an exponential equation as a fumcid hardening time. Ginebra et al.
(1997) calculated the relative amounts of differehéises existing in the specimen by
using an external standard method, and then usedatloulated results to estimate the
extent of conversion of-TCP to CDHA. They got a similar conclusion as eewtez et al.
(1996) that the extent of conversionmeT CP to CDHA could be exponentially fitted as a
function of hardening time.

Moreover, both groups of authors also surveyectiodution of compressive strength
of CPC with hardening time and describedith exponential equations. Furthermore,
they found a linear correlation between the congiwesstrength and the extent of
conversion. Ginebra et al. (1999) further establish relationship between depth of
reaction evolution and reaction time, and prop@sed TCP hydrolysis kinetics with two
rate-limiting mechanisms. The first mechanism, acefarea of reactants, controls the
reaction for the initial stage; in contrast, afig h the other mechanism, “diffusion
through the hydrated layer”, leads the rest ofraetion.

Ginebra et al. (2004) investigated the effect ffedent particle sizes af-TCP on the
kinetics of setting reaction by combining data frofRD and compressive strength
measurements. The results showed that fine partickve a much faster rate of
hydrolysis than coarse particles. This could bélyeagplained by considering the fact
that a higher specific area accelerates the praxfetissolution.

Despite its simplicity to use, XRD has a limitedliépfor quantitative phase analysis
especially for badly crystallized or amorphous @saso that a more accurate method
would be required to interpret the rate of hydridyd reaction mechanisms. Isothermal
calorimetry is a commonly used technique for thielgof reaction kinetics. Durucan et al.
(2002A) surveyed the setting kinetics of CPC based TCP with three particle sizes by
means of isothermal calorimetry. Their result igsistent with the conclusion deduced
from XRD that the setting reaction shows a stroggethdence on particle size. Moreover,
by comparison to the model suggested by Ginebah €1999), the authors proposed a

slightly different kinetic model that-TCP hydrolysis reaction was considered to be
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initially controlled by a surface mechanism, andsaguently by a nucleation and growth
mechanism. Brunner et al. (2007A) analyzed thetregcof three amorphous-TCP
nanoparticles synthesized through spray flame,edlsas that of microsize@dTCP. The
authors observed a pronounced increase in regcfoitthese nanoparticles while the
total energy release during hardening was constant.

Gbureck et al. (2004A) reported that prolonged tegkrgy milling of a-TCP
provokes a pronounced increase in thermodynamikiaedic solubility which could be
attributed to the formation of amorphaud CP. Camire et al. (2005) related milling time
and reactivity by means of isothermal calorimdtris noted that the total energy release
during the hardening reaction is two- to threefalgher fora-TCP milled with prolonged
time than that without any milling. The authorsified that the improved reactivity is not
only due to a decrease in particle size and a cuoitant increase in specific surface area,
but mainly to amorphous TCP resulting from a longer milling time.

Recently, Bohner et al. (2009) calcined microsiaz&ldCP at different temperatures for
various durations and assessed its reactivity asuned by isothermal calorimetry. No
pronounced changes in composition, particle sizd arystal size are observed,
nevertheless the calorimetric data show that tedtion time (time to start the reaction)
increases from several minutes def CP without calcination to 2-3 hours @TCP with
calcination, which is speculated to be due to ibapgpearance of surface defects during
the calcination process.

It is well known that temperature has a significaffiéct on the kinetics of chemical
reactions. In general, a high temperature accelertie reaction rate while a low
temperature plays an opposite role, which is thees#or the hydrolysis ofi-TCP.
Ginebra et al. (1995) found that with temperatameeasing from 22 °C to 37 °C, the time
to reach a certain extent of conversion is shamptiuced and compressive strength is
pronouncedly improved. Tenhuisen et al. (1998) usetthermal calorimetry to study the
effect of different temperatures on hydrolysis @TCP. The result shows that
temperature has a significant effect on the rerygtiss demonstrated by the increasing
heat release rate, and on the growth rate as iteditsy a decrease in surface area of the
CDHA with increasing temperature from 30 °C-75 °C.

Kinetics of CPC settinglso depends on the composition of both the soldilimuid
phases. Durucan et al. (2002B) assessed the rigactivi-TCP associated with several
calcium salt additives including DCPA, DCPD, Cagénd CaS®¥2H,O by means of

isothermal calorimetry. The authors reported thigha additives delay the formation of
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HA in an ascending order: DCPA < DCPD < CaS8eH,0 < CaCQ; the latter nearly
inhibits the formation of HA. Different liquid phas also influence the reaction rate of
CPC. Tenhuisen et al. (1994) surveyed the effettacetic and citric acids on the
formation of HA. It was noted that the kineticshafrdening strongly depends on both the
concentration and type of acid. Acetic acid acetés reaction due to increased
solubilities of the reactant phases at lower pHav@osely, retardation by citric acid is
related to the complexing and adsorbing abilityitfate ions which are adsorbed onto
a-TCP crystals and apatite nuclei, thus retardint ltioe formation of crystal nuclei and
their further growth and entanglement.

To sum up, there are many factors, such as padizke crystallinity, temperature,
composition and even physical modification of theaatant (Bohner et al., 2009),
influencing the setting reaction af TCP. Furthermore, besides the methods mentioned

above, new methods might be desirable to charaetére kinetics of CPC.

1.4 Handling properties of CPC

Despite numerous advantages as bone substitut€&sh@r some critical drawbacks
which limit their potential clinical application.rAong these drawbacks, a relatively long
setting time (the time when the cement can rescrtin applied force) is one of the
issues needing to be addressed. Another drawbableiispoor injectabilit§, which is
often the consequence of phase separation betweeltid and the solid inside the
injection device. Furthermore, in most cases, tigcted paste tends to disintegrate upon
early contact with blood or other physiologicaligimns due to its weak cohesfoim
early age. All of the above drawbacks are consiiéoebe challenges that must be
overcome for wide applications of CPC. To this ehé, above handling properties will
be detailed and the methods used to improve thdhb&introduced in the following

subsections.

1.4.1 Setting time

As mentioned previously, compared to bioceramiase of the most attractive

advantages for CPC is that it can set in situ inagneous environment at body

4 Injectability is defined in section 1.4.3

5 Cohesion is defined in section 1.4.2
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temperature. However, it takegartain time (minutes, or even hours) for the cenen
be strong enough to resist an applied force, wigabften defined as the setting time.
Then a difference is made between the initial sgtiime (the time when the cement can
withstand a small fixed pressure exerted by a I&ijore need!® and the final setting
time (the time when the cement can withstand a ffixgd pressure exerted by a sharp
Gillmore needle) (Driessens et al., 1994). Gengrgdkaking, a cement paste with a long
setting time could cause problems due to its iftglid support stresses within this time
period. For instance, a severe inflammatory respoosurred when the CPC was unable
to setand disintegrated (Ueyama et al., 2001). For #ason, a great attention has been
paid to the factors influencing the setting timeG#C. Actually, it is worth mentioning
that the setting time, generally of the order ofutés or hours, is just the starting period
of the whole hardening process of CPC which mayftasseveral days or longer. Thus,
as discussed in section 1.3.2, all the factors lvpromote fast kinetics could reduce the
setting time of CPC: (i) smaller particle size ¢ihgpecific surface), (ii) low crystallinity,
(iif) accelerators in liquid and solid compositioig) high setting temperature, as well as
(V) low liquid-to-powder ratio (L/P ratio) (Dorozlitk 2008). Nevertheless, it does not
mean that the shorter the setting time, the beitéoo short setting time may cause the
cement to be unworkable before the surgeon finipkee®rming implantation. Thus it is
critical to prepare a cement with a suitable sgttime (a few minutes) so that it can set
slowly enough to provide sufficient time for thegeon to perform implantation but fast
enough to prevent delaying the operation or causitegabove-mentioned problems
(Dorozhkin, 2008).

1.4.2 Cohesion and anti-washout ability

Weak cohesion and anti-washout are other two najawbacks which limit broad
application of CPC. Cohesion is defined as theitglof a CPC to harden in a static
aqueous environment without disintegrating into Iseticles (Khairoun et al., 1999).
The definition of the “anti-washout ability” (thexfter just called “anti-washout”) is
similar to that of cohesion except that the fornseevaluated in a dynamic aqueous
environment. Because of their similarity, cohegiore and anti-washout time are usually

examined as a whole although the latter is lorig&P C with weak cohesion could cause

® Gillmore needle is a standard device used to meate setting time of a hydraulic-cement pastemting to
ASTM-C266-08
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serious problems because of its inability to mamitategrity in an agueous environment.
For example, a study (Bernards et al., 2005) shawatlwhen in contact with blood,
CPC used for vertebroplasty caused blood clottiviych was provoked by interfacial
reactions between blood and solid particles retbdsam the CPC. Therefore, great
efforts have been paid to enhance the cohesionP@. Gince a high cohesion results
from strong attractive forces between particlestdiss which can enhance van der Walls
forces (attractive) and which can decrease eldatiogorces (repulsive) can be used to
improve cohesion. Thus, similar to the methods ueedecrease the setting time, the
same strategies such as using a smaller partedeasid decreasing the L/P ratio can be
applied to enhance cohesion. Moreover, anothectefeeapproach to improve cohesion
is to increase the viscosity of the mixing liqul@. this end, numerous biopolymers, such
as sodium alginate (Ishikawa et al., 1995A), hygipsapyl methyl cellulose (HPMC)
(Cherng et al., 1997), hyaluronic acid (Alkhraistal., 2009), chitosan (Liu et al., 2006)
and modified starch (Wang et al., 2007), have laeknixed either to the powder or to the
liquid of CPC. Small amounts of these biopolymens already significantly improve the
cohesion and anti-washout of CPC. Based on thes#est Bohner et al. (2006B)
performed a theoretical and experimental studyesb the effect of various parameters
potentially affecting the cohesion of cement pasiéir results suggested that the two
best methods to increase the cohesion of a cerast# pre to decrease the particle size of
the paste or to use a viscous solution. Howevepitke the prominent effect of these
viscous solutions on the improvement of the cohesioCPC, they may in some cases
compromise setting time and mechanical properkésifoun et al., 1999).

1.4.3 Injectability

One of the most important advantages of CPC as amedio bioceramics is that they
do not need pre-fabrication and can be injecte wityringe. Many methods have been
set up to measure injectability of CPC. Khairoumle{1998) measured the injectability
of a cement paste by measuring the percentaggasta that could be extruded from a
syringe fitted with a needle. They considered a ibgettability if phase separation
happened between the solid and the liquid, whishlted in plugging, and hence patrtial
extrusion. According to this method, the more teenent could be extruded, the more
injectable the cement was. Bohner et al. (2005A0tpd out that Khairoun et al. did not

measure the injectability of a paste, but ratleed#se of injection. Thus they re-defined
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the injectability of paste as the ability to stayrtogeneous during injection, independent
of the injection force.

Generally speaking, in most cases, CPC alonenhen only constituted of a mixture
of an inorganic powder and a saline solutibay a rather bad injectability. In order to
overcome this weakness, numerous works have bewhicted to investigate the factors
improving the injectability of CPC. Khairoun et #.998) surveyed the factors which
control the injectability of CPC, and found thatvilas significantly enhanced by
increasing the L/P ratio and injecting soon aftement mixing. Ishikawa (2003)
observed that a cement paste made of round pari@e more injectable than one made
of irregular particles. Furthermore, various polyskave been added to CPC, either in
the powder or in solution, to try to improve injaotiity. Andrianjatovo et al. (1995)
observed an obvious improvement of injectabilityaalgding polysaccharides. Burguera
et al. (2006) added an HPMC solution to CPC andiinbtl a strongly improved
injectability. According to various observationsplhier et al. (2005A) conducted a
theoretical and experimental study on the injetitgtmf CPC. They found that, among
all the parameters (including decreasing particde,sncreasing L/P ratio, using round
particles, using deagglomerated particles, usingges with a broad size distribution,
adding ions or polymers decreasing particle intewas and increasing the viscosity of
the mixing liquid) which could be used to improves tinjectability of CPC, the most
adequate and applicable strategy is to increaseigbesity of the liquid. Indeed, except
for the decrease in particle size, the last metedde only one which, on the one hand,
improves the injectability of CPC, and on the oth&nd, does not compromise cohesion.

In summary, according to the above review, we aamclade that the best way to
improve cohesion and injectability of CPC is to asgscous solution as the liquid phase.

However, these viscous solutions may compromisaékieng time or the strength.

1.5 Mechanical properties of CPC and mechanical madis

For most biomedical applications, the two most ingoat properties of materials are
mechanical properties (“strength”) and chemicapprties (reactivity). Any biomaterial
with high reactivity but with low strength will beseless. Thus, both mechanical
properties and reactivity should be taken into aot@vhen developing a new biomaterial.
For instance, one of the main parameter influendiogh biological activity and

mechanical properties is porosity. The followingts®n will focus on the mechanical
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properties of CPC and anechanical models describing their dependence orsjhp

1.5.1 Definition of basic mechanical properties (Ying’s modulus,
fracture toughness, strength)

1.5.1.1 Young’s modulus

The Young’s modulus (E), which is one of the sdezhklastic moduli, is a measure
of the stiffness of an elastic material. It is arinsic property of a material and is
defined as the ratio of stress) (Over strain £€) in the domain where Hooke’s (elastic)
law holds. It depends on the magnitude of the attenic stiffness of a material within
the elastic range when suffering tensile or congivesforces, and is also dependent on
the density of bonds in the material. It also iatks the amount of reversible
deformation that will happen in a material whead is applied. From the definition of

stress and strain, Young’s modulus can be calaikeollows (Hooke’s law):

=2 (1-1)
£

1.5.1.2 Fracture toughness

Fracture toughness, & is a property which is used to describe the gbiif a
material containing plane defects to resist cradpagation. The subscript “téfers to
the mode | of crack propagation, i.e. crack openimgler a normal tensile stress
perpendicular to the crack plane. The subscriptif@icates that k& is the critical value
of the stress intensity factor, ,K.e. the value provoking crack extension. Similar
Young’s modulus, fracture toughness is an intrinsigperty of a material and can be

calculated with the following equation:
K =Yoc"? (1-2)

or is the material strength (fracture stress), Y geametrical factor depending mainly
on the shape of the plane defect on which thedradhitiates, and c is a characteristic
length of this defect. From this relation, giver flact that ke is an intrinsic property, it
can be deduced that the fracture stresss not an intrinsic property.
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1.5.1.3 Flexural strength and compressive strength

Strength (or fracture stress) is defined as theimamx stress that a material can
withstand before fracture occurs. It can be measimecompression (compressive
strength) or in bending (flexural or bending striégin the latter case fracture occurs
due to tensile stresses on one side of the specigestated above, both strengths are
not intrinsic properties of the material, but depp@m fracture toughness and defect size
in the material, although fracture in compressian proceed through quite complex
phenomenéBazant et al., 1997).

1.5.2 Mechanical properties of CPC

It is well known that, from a material science gamhview, the mechanical properties
of a material are determined by its microstructudéferent fabrication routes and
parameters result in a variety of microstructuedtfires. Thus, microstructure is the
crucial connecting link between fabrication and heetdcal properties. Any attempt to
directly relate mechanical properties to fabricatiavithout relating both to
microstructure will be completely impractical andeaningless for theoretical
understanding and effective design for targeted pgmoes. Therefore,
microstructure-mechanical properties relations baltaken into account throughout the
following subsections.

As mentioned previously, bioceramics have been lyidged as bone substitutes and
numerous results about their mechanical propeatielssimulations have been reported.
Therefore, it is of great interest and benefictaréview the mechanical properties of
bioceramics before reviewing mechanical properie€PC although the fabrication
route is different. However, low strength and higghitleness prohibit their use in many
stress-bearing locations, which would require aproiement in mechanical properties.
Thus, various strategies are implemented to retefthem, and these methods will be
also reviewed. Finally, since one of the main latdns for CPC is its mechanical
reliability, which has rarely been reported, thigakglity of other materials will be briefly

discussed so as to provide some useful referenc&HC.

1.5.2.1 Mechanical properties of bioceramics

Mechanical properties of bioceramics are strongipeshdent on microstructural
features such as pores, grain size and secondylmgehe influence of these features
are generally different, the magnitude of the impaicporosity on properties being
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generally larger than that of the other two paramset

The relationships between microstructure and mechbhproperties can be well
understood by considering sintering, which is treganceramic process and produces an
extensive range of microstructures. The two mogbitant changes during sintering are
porosity and grain size that are to some extentetaied with each other. Maximal
mechanical properties usually result from oppopiteperty trends with porosity and
grain size and their corresponding decrease ameare with processing temperature and
time. Therefore, with ongoing sintering, mechanipedperties usually increase with
decreasing porosity, but decrease with increasnmagngsize, despite some exceptions
(Rice et al., 1981A, 1981B), leading to a variabkximum depending on microstructure
(Fig. 1-9).

Net Effect Due to Decreasing
Porosity

STRENGTH

Due to
Increasing
Grain Size

FABRICATION TEMPERATURE —

Fig.1-9 Schematic of mechanical properties depending ah Becreasing porosity and increasing
grain size with increasing sintering temperaturéroe. Reprinted from Rice (1998)

In general, pore size, fraction and shape (anipgjrbave a significant influence on
mechanical properties of ceramics. Ceramics aenéafly brittle in nature, thus they are
sensitive to the most critical defects which campbees.

Bouleret al.(1996) investigated the influence and interactioifé/e synthesis factors
including chemical composition, percentage of mpores, mean size of macropores,
Isostatic compaction pressure and sintering tenwo@raon compressive strength of
macroporous biphasic calcium phosphate (BCP) wsifagtorial design method (FDM).
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The results derived from FDM showed that compressivength can be described by a
first-order polynomial equation, with percentage mwiacroporosity and sintering
temperature being the two major influences.

Liu (1997) fabricated porous HA ceramics with diéfiet macropore size and fraction
by adding polyvinyl butyral (PVB) as a porogen andestigated their compressive
strength. He demonstrated that specimens with emaibcropores exhibit a higher
strength than those with larger macropores. Negkadls, the strength is likely to be

insensitive to macropore size at high levels obpity (Fig. 1-10).
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Fig.1-10 Evolution of compressive strength as a functioparosity created with different sizes of
starting PVB particles (Liu 1997)

Furthermore, porosity-strength relations for thidgeceramics could be described by
an exponential function, as proposed by Rice (199®6), with different exponents
which are related to the pore characteristics. @diyespeaking, a higher exponent is
related to a larger pore size, indicating a stronigpendence of strength on porosity for
larger pores (Bignon 2003, Kingery 1976). Howe\ew, (1997) got a contrary result,
with small pores being associated to a larger eepipra similar conclusion on flexural
strength was reported in his later work (Liu 1998¢. speculated that the contradiction
between experimental results and theoretical eapieos is related to differences in the
geometry of macropores left after burning off PMigjmerates, which are particularly

significant at higher contents of PVB phase (tshape is substantially deviated from the
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original near-spherical geometry of a single PVBtipke). Moreover, it is also showed
from Fig.1-10 that at a given porosity, the compras strength decreases with increasing
size of macropores, which further proves the detntal influence of macropore size and
is consistent with the work of Griffith (1920), vahi relates strength (at a given porosity)
to critical flaw size. The effect of macropores gwoed with other porogens (Lu 2003)
and fabrication techniques (Miranda et al., 2003dfyuez-Lorenzo et al., 2002; Deville
et al., 2006) on mechanical properties of biocecanarre reported elsewhere showing
similar conclusions to those of Liu (1997, 1998).

Moreover, micropores are also detrimental to thelrasical properties of bioceramics
(Le Huec et al., 1995), and this effect is usualbntrolled by sintering at different
temperatures and for various times (Bignon et 2003; Milosevski et al., 1999;
Thangamani et al., 2002).

As mentioned previously, the influence of porosity mechanical properties of
bioceramics has been widely studied, however, stasies focused on the effect of total
porosity or macroporosity and microporosity alomglly a few authors made the
distinction between the two types of porosity (Legd et al., 1995; Pecqueux et al., 2010;
Tancret et al.,, 2006). Le Huec et al. (1995) eualdighe effects of macroporosity
(> 10Qum, 6.5%-30% in volume) and microporosity (< 169 20%-40% of the total
volume) on the compressive strength of HA (Fig.1-11
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Fig.1-11 Isoresistance curves as a function of micropolame and macropore volume. Various
marks represent the fracture resistance of thelsanipeprinted from Le Huec et al. (1995).
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This graph shows that, over the range of poroduied, an infinite number of
macroporosity-microporosity couples can produce giwen value of compressive
strength.

Pecqueux et al. (2010) prepared macroporous BCleetaimics with varying
macroporosity and microporosity and systematicatlyestigated their mechanical
properties (Young’s modulus, fracture toughnessampressive strength) (Fig.1-12).
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Fig.1-12Experimental and modeled mechanical propertiesY@ung's modulus, (B) toughness, (C)
compressive strength as function of microporodity, different macroporosities. Solid lines are
calculated variations for given macroporositiespiitged from Pecqueux et al. (2010)
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Besides pore size and fraction, pore shape (isptrp anisotropy) influences
mechanical properties. Hing et al. (1999) found #masotropy has a significant effect on
the compressive modulus of porous HA but has daente on its compressive strength.

A varying composition or the presence of a secdrabe is another factor influencing
mechanical properties of bioceramics. Raynaud et(28102) fabricated BCP with
variable Ca/P atomic ratio under hot pressing &01°C and 1200 °C for 30 min and
measured compressive strength and toughness ef ¢bemmics. The authors found that
after hot pressing at 1100 °C a relative deviatibh% of the Ca/P ratio of initial powder
leads to very different mechanical characteristid$er hot pressing at 1200 °C, both
compressive strength and toughness were loweraftanhot pressing at 1100 °C. The
authors attributed this decrease to two reasomsease of grain size with increasing
temperature and residual stresses induced duriageptransformation frorf-TCP to
a-TCP. Similarly, in a recent review Wagoner Johnsoral. (2011) pointed out that
B-TCP is detrimental to strength, and that mechamiczperties of BCP decrease with
increasing amount @ TCP although the details of pore size and poritva of the BCP
studied are often missing. Finally, apart fromphesence of a second phase, an influence
of ion substitution such as fluoride for hydroxylogps on mechanical properties of
sintered hydroxyfluorapatites with the same density also been reported (Gross et al,
2004).

In conclusion, there are many factors such as (®re, fraction and morphology),
grain size and second phase influencing the mecalaproperties of bioceramics.
Therefore, all these parameters should be balameédontrolled so as to optimize the

overall performance for extensive applications.

1.5.2.2 Mechanical properties of CPC

Unlike bioceramics which need sintering at highpenature, CPC are formed through
a dissolution-reprecipitation process at room ahlemperature. During this process, an
entangled network of apatite crystals is formedictviis responsible for the mechanical
properties of CPC. With time, apatite crystals cor¢ growing and the entangled
network becomes denser (Fig.1-13) until CPC ackiggemaximal strength.
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Fig.1-13SEM micrographs af-TCP based cement after different times of reac{@anl5 min; (b) 1h;
(c) 4 h; (d) 8 h; (e) 64 h; (f) 360 h. Reprintedrfr Ginebra (1997)

The mechanical properties of CPC have been extgsstudied. Most of them were
assessed using compressive or diametrical tertsdagth (DTS) tests (Barralet et al.,
2004; Bermudez et al., 1993; Chow et al., 2000a8alet al., 1990; Ginebra et al., 1997;
Gbureck et al., 2003; Hofmann et al., 2009; Ishikaw al., 1995A; Martin et al., 1995;
Pina et al., 2010). In contrast, few studies altoughness and reliability are reported
(Barralet et al., 2002A; Barralet et al., 2002B;igen et al., 1997; Zhang et al., 2006). As
for bioceramics, mechanical properties of CPC arengly dependent on their
microstructure such as porosity, crystal size angbtallinity. Furthermore, these
microstructural features are related to all thehmetogical factors involved in the
fabrication of the cement. Therefore it is imagileathat all the factors such as chemical
composition of the cement, relative proportionha teactants in the mixture, powder or
liquid additives acting as accelerators or retadearticle size, L/P ratios, pressure
applied during sample preparation and ageing comgditwill affect its mechanical
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properties.

One special feature of CPC is that they are intaily porous. The pores resulting
from the setting process are normally of the oafenicrometers. They are left by extra
aqueous solution after hydrolysis of CPC. During tydrolysis process the&queous
solution usually plays two roles. Firstly, it wor&s ion carrier to dissolve tlelid phase.
Secondly, it participates, as a reactant, to tmmd&tion of HA. The porosity of CPC,
usually varying between 30% and 50%significantly dependent on théP ratia the
higher the L/P ratio, the higher the microporogidprozhkin, 2008). Like bioceramics,
CPC are naturally brittle and therefore they amy gensitive to large defects which can
be, for instance, pores. The mechanical propedieSPC are inversely correlated to
porosity. The higher the porosity, the lower thechamical performance (Fig.1-14).
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Fig.1-14Evolution of compressive strength with increasinigroporosity. Reprinted from Martin et
al. (1995)’

Besides intrinsic microporosity allowing for impregion of biological fluids,
macroporosity (larger than 1Q@n) is also desirable to enable bone ingrowth inRCC

concomitantly improving its bioresorption and aecating its replacement by new bone.

" The data points in the graph are a combinatiotatd from several studies which are shown withedfit marks.
Among these marks, only solid circles are the measents of compressive strength of CPC, the reskarame
measurements of ceramics. This graph is choserbleesise it is, to the best of our knowledge, tilg one relating
compressive strength with microporosity which restilom different L/P ratios and modeling them. Thedeling
work will be detailed in 1.5.3
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So far, the most common techniques used to creatzamores in CPC are porogen
leaching producing macropores after setting (Catred. £2009; Fernandez et al, 2005;
Barralet et al., 2002B; Li et al., 2009; Qi et aD09; Takagi et al., 2001; Xu et al., 2001)
and gas foaming creating macropores before sdgiingrall et al., 2004; Del Real et al.,
2002). Nevertheless, neither method is exempt ftemwn drawbacks. On tlene hand,
for porogen leaching, it is necessary to add aelamgpount of a porogenic agent to
guarantee interconnectivity. On the other handgés foaming, the liberation of gas after
the implantation of the cement paste could havenhareffects for the organism.

In order to avoid these problems, Ginebra (200@ppsed a new method to fabricate
macroporous CPC by mixing the cement paste witregppepared foam. Although the
resulting macropres enhance bone ingrowth and wdsgoation, it is extensively
accepted that since CPC is brittle and sensitivis fargest defects, its strength could be
reduced drastically by macropores, being severaddior even orders of magnitude lower
than that without macropores. Xu (2001) preparedroporous CPC with almost 71%
total porosity by adding mannitol in a mass fractiof 40%. In that study, all the
measured mechanical properties including Young'sduhes, work of fracture and
flexural strength decreased sharply from 8.5 GP&3D kJ/m, 15 MPa without
macroporosity to 0.8 GPa, 0.005 k3/rh.5 MPa with 46% macroporosity respectively.

Fig.1-15 shows the compressive strength of CPCfasatiion of macroporosity.
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Fig.1-15 Evolution of compressive strength of CPC with @asing macroporosity. In the ordinate,
(p/po)™ is a constant in the present case . Reprinted @orabra et al. (2007)
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Besides the effect of macropore fraction, simitabtoceramics, macropore size also
significantly affects mechanical properties of CPBai et al. (2010) fabricated
macroporous CPC with equivalent total porosity tith different macropore sizes,
finding that the compressive strength of CPC igisely proportional to macropore size.
Moreover, this difference on compressive strengdtomes more evident after
immersion in a dynamically flowing phosphate bufféisaline (PBS) solution for up to
24 weeks (Fig.1-16).
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Fig.1-16 Compressive strength of CPC with different macreizes as a function of immersion time
in a dynamically flowing PBS solution. Reprintedrir Bai et al. (2010)

The amount of different additives functioning asederators and retarders and mixed
in with the powder or liquid phase of the cememsibahave important effects on the
mechanical properties of CPC by controlling therdegf cement setting and finally its
microstructure. CDHA powders are solid phase adshtirequently employed as seeds to
promote the formation of apatite in CPC (Bermuded.e1993, 1994; Brown et al., 1991,
Durucan et al., 2002B; Liu et al., 1997; Yang et 2002). Brown et al. (1991) indicated
that CDHA seeds accelerated the initial settingtreas but did not appear to have major
long-term effects on the extent of reaction or omcrastructural development. Both
Bermudez et al. (1994) and Yang et al. (2002) oleskthat by adding certain amounts of
CDHA seeds the setting time of CPC decreased amcboaitantly compressive strength
increased; however, conversely, excess CDHA pradrfe setting time and decreased
compressive strength. Furthermore, in contrashéséd studies, Liu et al. (1997) argued
that both setting time and compressive strengtiiedsed with increasing amount of
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CDHA seeds. Besides the addition of acceleratthrécolid phase, adding accelerators to
the liquid phase has also been reported. Ishikaved. €1995C) used a cement liquid
containing P@* anions in a TTCP+DCPA system, finding that bothSDdnd formation

of HA during the first three hours were signifidgnhcreased by the phosphate. However,
the phosphate produced no significant effects emptioperties of the cement after 24 h.
Unlike cement accelerators, cement retardants dsédiyng, which is nevertheless
positively correlated with a higher strength (Boheeal., 2000; Durucan et al., 2002B;
Fernandez et al., 1998). Fernandez et al. (199®&)dfdhat incorporation of 10 wt%
CaCQ improved compressive strength of CPC by 40% cosethén samples free of
CaCQ. Similarly, Bohner et al. (2000) demonstrated thia¢ addition of S
pronouncedly improved diametral tensile strengthaop-TCP based cement. The
improvements of strength are mainly attributed tefenement of the cement structure
(for instance, the incorporation of carbonate m dipatite causes a decrease in crystallite
size, thus resulting in an increase of final medawmproperties). Other major cement
retardants that have been tested as increasingetiment mechanical properties are
pyrophosphates or carboxylic acids (citric acidgbyrcolic acid) which allow easier
mixing of the cement and processing with a decekds® ratio, thus resulting in
improved mechanical properties (Barralet et alg&20Marino et al., 2007). However,
each of these additives has an optimal concentratloreover, the addition of free ions
(SP*, Mg?*, Si*") to the cement system usually has a retardant effect oiinget
Nevertheless, they do not always have a benetfiatt on cement strength. Lilley et al.
(2005) found that the compressive strength of Migsstuted HA decreased with an
increasing amount of added Mg. The authors ateibtitis to increased porosity which
was related to the addition of Mg. Similarly, Sallean et al. (2005) revealed that the
substitution of HA by Sr was detrimental to its qoessive strength. The authors
suggested that this inferior strength was relabethé presence of larger voids between
the crystals.

As mentioned previously, particle size significgraffects the kinetics of CPC setting,
thus controlling the amount and size of entanglgdtals which are responsible for
strength. The smaller the particle size, the fas&eiconversion of starting materials into
hydration product, which would lead to more entadgirystals and thus to an increase in
strength (Liu et al., 2003). Otsuka et al. (199%5arted an increase of the compressive
strength of a CPC when the specific surface of theijpitated phase increased. However,

Ginebra et al. (2004) argued that there was noaw®nent of final strength of CPC
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prepared from a fine powder. The authors explathatafine initial powder could lead
to a more compact microstructure but with a smdhgction of empty space between
crystals and some cavities where initial particlese located, which had a weakening
effect; in contrast, a coarse initial powder coddult in a less densely packed but more
homogenous microstructure.

The aging condition is another factor influencihg tmechanical properties of CPC,
although in most cases it is made in a Ringer’atgmi at 37°C. At higher temperatures
the rate of transformation of starting particleé®i@DHA is faster and the microstructure
of CPC is more homogeneous and dense, leadinghighar strength, which is much
apparent in the early stage of hardening (Ginebah,1995). However, with the increase
of hardening temperature, the growth rate of pitdgd CDHA crystals is also faster,
resulting in larger crystal size (TenHuisen et H98), which might have a detrimental
effect on final strength.

In summary, mechanical properties of CPC strong|yethd on microstructure which is
related to all the technological factors involvedthe fabrication such as chemical
composition, powder or liquid additives acting asederators or retarders, particle size,
L/P ratio and ageing conditions. Moreover, a gdnasaclusion is obtained: crystalline
structures that are more compact with smaller alysteem to give better mechanical

properties than less compact ométh larger crystals.

1.5.2.3 Reinforcement of mechanical properties of BC

Despite numerous advantages compared to bioceramgwidely accepted that CPC
need further improvements on mechanical properigsecially on fracture toughness, to
broaden their potential clinical applications sashamong others, the repair of multiple
fractures of long bones, fixing of cemented ar&tioin prostheses or substitution of
vertebral bodies.

Various methods have been used to improve mechHamioperties of CPC. Since
porosity is the most detrimental factor to mechahniproperties, one simple and
predominant strategy to improve them is to redheesize and volumiaction of pores
in CPC to get a denser matrix. Since macroporesare essential than micropores for
bone ingrowth, many efforts have been made to edhe size and fraction of
micropores so as to get a denser CPC matrix witbootpromising their biological
performance (or in a limited range). Uniaxiallyaxially or isostatically compacting the

cement paste prior to hydratibave proved to be aifective method. Chow et al. (2000)
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demonstrated that compaction pressure rather trapaction time could pronouncedly
increase tensile and compressive strengths as cethpa CPC obtainetty simple
mixing, even though the pressure is very low (28a)l Barralet et al. (2002A) showed
that with increasing compaction pressure betweenad8 106 MPa, the porosity
decreased from 50 to 31% (Fig.1-17), which resultedan increase in the wet
compressive strength from 4 MPa to 37 MPa. Ishikeiad. (1995B) applied compaction
pressures up to 173 MPa, reducing the porosityRs Gown to approximately 26%-28%.
However, the authors found that, when compactiasgures above 100 MPa were
applied, only a little decrease in porosity washeal and the DTS was not pronouncedly
improved.

Although the above approaches to increase thegthreri CPC by improving particle
packing of the powder reactants with a pressuritg@agnique work effectively, they have
the same function as decreasing L/P ratios (sed-Ei), which would influence the
workability and injectability of the cement and iinigprohibit its application in minimally
invasive surgery. Additionally, since these proeegzrovoke a decrease in porosity, they
might also affect the biological performance. listbense, further improvement should
be considered to balance handling properties anchamecal properties of CPC or to

improve them at the same time.
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Fig.1-17 Effect of compaction pressure on the relative igref CPC. Reprinted from Barralet
(2002A)

Sarda et al. (2002) added certain amounts of @tid to thecement liquid to study

38



Chapter 1 Literature review and aims

their effect on the injectability and setting prapes of ana-TCP based cement. It was
found that citric acid retards the formation of HAt improves injectability and strength.
One of the reasons for this improvement of stremgih fact just a reduced porosity, due
to the possibility to decrease the L/P ratio resglfrom an improved mixing behavior.
However, another strengthening mechanism is alspgsed. It is well known that the
more homogeneous and denser the microstructuréjgher the strength. As mentioned
previously, the mechanical properties of CPC commmfanentangled network of apatite
crystals. Citrate ions adsorb onto the surfaceeattants and of newly formed apatite
nuclei, providing Coulomb repulsion, which countddances the Van der Waals attraction
between them. In this way, the particles, instebdgglomerating in the liquid, slide
along each other easily and disperse homogenedbslyl-18). Then growth and
entanglement of apatite crystals are based on thasally more homogeneous

microstructures of small apatite nuclei, and thuglpces a stronger matrix.
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Fig.1-18 Schematic illustration of the microstructure ofremt pastes formed with water (A) and
sodium citrate (B). Reprinted from Gbureck (2004B)

According to this prominent effect of citric acid onprovement of strength, Barralet
et al. (2003) and Gbureck et al. (2004B) addedwndiitrate to the cement liquid in
conjunction with compacting of the resulting cemeaste, achieving a compressive
strength as high as 180 MPa and 154 MPa respegtwiich are in the strength range of
cortical bone, demonstrating a potential applicatd this CPC system in load-bearing

places. The effect of citric acid combined withetldditives such as chitosan, glucose
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or sodium hyaluronate on mechanical properties hbeen reported elsewhere
(Yokoyama et al., 2002; Liu et al.,, 2006; Kai et, &009). The authors also noted
increased strength of CPC by adding different artsouwf citric acid or sodium
hyaluronate. Moreover, besides the previous sthemjtg mechanism proposed by
Sarda and Barralet, they suggested that therehslate reaction between citric acid and
calcium, which could account for the increase cérggth.

Another main strategy to improve mechanical propeuf CPC is to add fibers to their
matrix. Actually reinforcement with fibers has bestiensively developed in the field of
hydraulic cements and concretes for civil engimepiand building applications. The
incorporation of fibers into a brittle cement mathas been proved to be an effective
method to improve fracture toughness as well asileeand flexural strength (Beaudoin
et al., 1990).

As for civil engineering, choosing the proper fibier the premise of successful
reinforcement of CPC composites. Generally spealargper with high tensile strength
is essential. However, not only fiber type is intpat. Other factors, such as fiber length,
volume fraction, orientation and fiber/matrix adlo@sare also critical for the final
properties of the composite. Cement paste or psecpowder can be mixed with fibrous
materials having different structures (Fig.1- 19).

Short fibres Long fibres or Cut random Knitted or Yarns —
oryams yarns — random bundle of long woven oriented
bundle fibres structures

Fig.1-19CPC composite reinforced with fibers of differéorims. Reprinted from Canal (2011)

Moreover, to be used in CPC, specific requiremenist be taken into account in the
selection of the fibers. First of all they must tiecompatible. Furthermore, in some
cases, they can be used not only as a reinforceforethie cement matrix at early stage of
hardening but also as porogen to create poresaifteplete hardening. Then in addition
to being biocompatible, they must also be biodegpbel Various fibers have been

employed in the reinforcement of CPC until now. yhen be classified into two
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categories: (1) non-resorbable fibers includingypatides (Dos Santos et al., 2000; Xu et
al., 2000), carbon fibers (Wang et al., 2007; Xalet2000) and glass fibers (Xu et al.,
2000), and (Il) resorbable fibers which are natwalsynthetic polyesters such as
polylactide (PLA) (Zuo et al., 2010), polyglycoligelylactide copolymers (PLGA)
(Burguera et al., 2005; Gorst et al., 2006; Xu.e2@02, 2004A) and poly-caprolactone
(PCL) (Zuo et al., 2010).

Xu et al (2000) investigated the CPC reinforcemieytadding polyamides with
different lengths and volume fractions. The authHowhd that both fiber volume fraction
(with fixed fiber length) and fiber length (at ceast fiber volume fraction) have
significant effects on mechanical properties (fl@ustrength, Young’s modulus and
work of fracture). The mechanical properties grdigiuacreased with increasing fiber
volume fraction. However, high fiber volume mightnepromise their workability,
making them difficult to be mixed and wetted by BBC paste. Similarly, increasing
fiber length progressively improves the mechanmalperties of the composite CPC
except for the longest fibers. The authors ascribexdto heterogeneous distribution of
the longest fibers. This negative effect of hetermpus fiber distribution was also
observed in Dos Santos’s study (Dos Santos €2@00), where compressive strength of
composite CPC showed a great variability. Beingsatered as the shortest “fibers”,
carbon nanotubes (CNT) have also been used asmaimj agents in CPC (Wang et al.,
2007). The authors mineralized CNT with an HA nartiple layer to improve their
wettability towards CPC. Compared to pristine CNHfiah only slightly improved the
compressive strength of the CPC, the mineralizedT Csignificantly improved
mechanical properties of CPC due to the enhandedfacial bonding between them.
However, the addition of non-resorbable fibers #CCcould be a meaningful strategy
only for non-resorbable CPC. The incorporation loése non-resorbable fibers to
resorbable CPC could cause fiber release in thewuding tissues, with the subsequent
biocompatibility risks (Canal et al., 2011)

Unlike non-resorbable fibers, the reinforcement ©PC with resorbable or
biodegradable fibers relies on a different straté@y the one hand, the addition of
resorbable fibers can provide early temporary ceggment at the implant site. On the
other hand, after fiber degradation, the resulth@gropores can facilitate bone ingrowth.
Xu et al. (2002) investigated the evolution of mawbal properties (flexural strength,
Young’s modulus and work of fracture) of CPC renotd with 8 mm long PLGA fibers
at 25% fiber volume. Their results showed a thrigefacrease in flexural strength and a
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hundred times increase in work of fracture butantrast, no prominent differences were
observed in the Young’'s modulus. With increasingnension time, the mechanical
properties of the composite CPC progressively dsa@ at different rates with fiber
degradation. Laminar-like mesh consisting of kuitfdoers was also used to improve
mechanical properties of CPC (Xu et al., 2004Ai&ir to their previous study (Xu et
al., 2002), by adding mesh, the authors obsertbdeafold increase in flexural strength
and 150 times increase in work of fracture. Aftdr @days of immersion and mesh
dissolution, interconnected macropores suitablebfore ingrowth were created in the
CPC. Recently, Zuo et al. (2010) tried to improweciranical properties of CPC by using
ultrafine PLA fibers with controllable diameter neadith an electrospinning technique.
However, due to their hydrophobic properties, mbiers displayed an obvious
separation from the CPC matrix. The flexural stterand Young’s modulus decreased
gradually with the addition of fibers. Converselye work of fracture progressively
increased with increasing fiber content, which atisbuted to an increased flexibility of
the CPC.

Moreover, in conjunction with fibers, various diltks such as chitosan lactate or
HPMC have been incorporated to CPC to attempt fwone different properties. Zhang
et al. (2005) incorporated chitosan lactate to GBE&- composite as an additional
reinforcing agent. Their results show significarittyproved mechanical properties with
respect to the separate contributions of fiberpatymer alone. Xu et al. (2006) added
HPMC at a mass fraction of 1% to a macro CPC-fdoenposite, as a gelling agent. The
incorporation of HPMC maintains the injection foafeCPC-fiber composite of different
fiber volume fractions within a low range (6 — 19 Which greatly facilitates injection.

Among the above studies, three mechanisms of fiseforcement (fiber bridging,
crack deflection and frictional sliding) appearht® operative. Firstly, when the matrix
started to crack, the fibers bridged the craclesust its further opening and propagation.
Secondly, crack deflection by the fibers causedtiplal cracking in the matrix,
consuming more energy in more newly formed surfa€eslly, the frictional sliding of
fibers against the matrix during pullout furthensamed the applied energy and further
increased the fracture resistance of the comp@siteet al., 2001).

In summary, basing on the above review, two maiatesgies can be proposed for
enhancing the mechanical properties of CPC. Finstler the premise of remaining
critical factors for bone ingrowth or other biologi performance, a more dense and

homogeneous matrix consisting of smaller crystatsild/ be desirable to improve the
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intrinsic mechanical properties of CPC. Secondoriporation of fibers into the CPC
could supply extra enhancement to intrinsic medarproperties of CPC. However,
deliberate selection of fibers with proper typagth and volume fraction should be taken

into account.

1.5.2.4 Reliability of mechanical properties of CPC

As discussed previously, mechanical propertiesRE @re critical for their successful
application in surgery and have been extensivelgist. However, most of them were
evaluated using strength tests. On the contramystadies mentioned fracture toughness
and reliability which are real limitations for CP@ther than strength per se. For this
reason, some examples on the reliability of cerarfBhiamra et al., 2002; Cordell et al.,
2009; Salehi et al., 2008; Villora et al., 2004y alental cements (Fleming et al., 1999)
with different microstructures resulting from vargfabrication processes will be briefly
discussed in the following subsection so as toidemsome useful references for CPC.

The reliability of a brittle material can be chaezed using Weibull statistic3he
basic Weibull probability function (Weibull, 1939951) using the strength data ranked in

an ascending order is usually written as

P, :1—ex;{—[ara_0“j ] (1-3)

where Ris the probability of failureg, is the fracture strength, is the threshold stress

below which no failure occurs in the materi@,is a normalizing parameter determined
from the stress at which 1/e of the population srand m is called the Weibull modulus;
the meaning of the latter will be discussed lddawvies (1973) showed thag = 0 can be

taken as a safe stress level for brittle materthbx) equation (1-3) can be reduced to the

P =1- ex;{— (ﬂj } (1-4)
O,

The Weibull modulus, m, is a dimensionless numieduo characterize the variability

form

in measured strength of components made froménttterials, which arises from the

presence of flaws having a distribution in size anéntation (Karageorgiou et al., 2005).
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A high value of m indicates a sharp distributionstfength data while a low value
represents a large scatter. It should be notedebhenvthat the Weibull model is based on
an empirical description of the probability of tak of individual volume elements of the
material (i.e. not relying on fracture mechania)d as such cannot be considered a
physically sound model. Nevertheless, because sofpiictical applicability, it has
become the most widely used model to describeuradtatistics in brittle materials.

Cordell et al. (2009) used Weibull modulus to deiee the strength reliability
(compressive strength and flexural strength) obpsrHA ceramics with the same total
porosity but with different pore sizes. The auth@wand that Weibull modulus for
bending test increased (more reliable) with deangapore size while the Weibull
modulus for compression test decreased (less Ie)ialith decreasing pore size. They
attributed the opposite trend of Weibull modulughte different distribution of pore sizes
in bending and different number of pores per uaitugne in compression.

Fleming et al. (1999) investigated the influenceddferent preparation methods
(mechanical mixing of encapsulated cement and mamnixang) on the reliability of zinc
phosphate dental cements. They observed that tial@ement prepared with the former
method had smaller average strength and Weibullunsdlower reliability) than with
the latter method. Moreover, both average streagthreliability of the cement prepared
with mechanical mixing could be enhanced by an owed capsule design. The authors
attributed the discrepancy on strength and religtoif dental cements prepared with
different methods to the effect of entrapped aibldes. The cement prepared using
mechanical mixing contains more bubbles which ae¢rimental to strength and
reliability. On the contrary, the problem could éased or avoided in the hand-mixed
cement.

Villora et al. (2004) analyzed the strength andakelity of three series of ceramic
Raschig rings prepared from industrial and urbassteyausing three different green
processes: uniaxial pressing, extrusion and slgiirgqa The authors found that the
Raschig rings made from extrusion had the loweshgth, but at the same time had the
highest Weibull modulus compared to that made father methods. They ascribed the
results to the effect of defects produced durirggfétbrication process of the rings. Large
and uniform defects are observed in extruded riflgsontrast, small defects but with
variable sizes are found in the rings prepared wifitler methods.

Salehi et al. (2008) studied the effect of moistortent on strength and reliability of

ceramicRaschig rings made from kaolinitic-illitic clay thwgh an extrusion process. The
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authors found that the Weibull modulus of the ridgsreased with increasing moisture
content. They related the decreasing reliabilityirioomogeneously distributed pores
brought by an excess moisture content.

Bhamra et al. (2002) assessed the effect of surtagghness on the flexural strength
and reliability of an alumina reinforced all-cerangdentalcrown material. The authors
identified a pronounced increase in flexural sttengnd Weibull modulus for the
material with a smooth surface compared to thét @itough surface.

In summary, Weibull modulus (strength reliabilityy strongly dependent on the
microstructure of the material. The more homogerébe microstructure, the higher the
material reliability. Weibull modulus has been whdased to characterize the strength
reliability of various materials. However, surpngly, this method has been rarely
applied to CPC. For this reason, it will be dedeab use Weibull statistics to evaluate

the mechanical reliability of CPC in addition toanevalues of properties.

1.5.3 Modeling of mechanical properties

As mentioned previously, the mechanical properie€PC are strongly dependent
on their porosity (intrinsic micropores and incargted macropores). To optimize the
overall mechanical behavior of CPC, it is thus seaey to understand how their
microstructural parameters (micro- or macroporgsifluence mechanical properties.
To this end, it would be useful to model the meataproperties of CPC as a function
of the amount and morphology of porosity. Howewerfortunately, there are very few
studies attempting to model mechanical propertigSRC with their porosity, may it be
either microporosity, macroporosity or total potpgiGinebra et al., 2007; Martin et al.,
1995; Zhang et al., 2006). Martin and Brown (199&gasured the compressive strength
of CPC with different microporosities and plottedr conjunction with results from
other studies as a function of microporosity usingexponential law. Similarly, Ginebra
et al. (2007) measured the compressive strengtivashed-CPC and plotted it with
macroporosity by means of an exponential law. Intrast, Zhang et al. (2006) prepared
CPC with various amounts of macropores created d&ynitol particles as porogen. The
authors measured Young’s modulus, flexural streragid work of fracture of the
macroporous CPC and plotted them as a functiomtaf porosity using power laws.
Until now, many models have been proposed to dasdhe mechanical behavior of

porous materials. Nevertheless, showing all thesdets here would be at the same
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time extremely long and not appropriate, so théowahg section will briefly review
several well-known or relevant models; the knowkedgined could help to extend the
application of modeling principles to mechanicaparties of CPC.

Rice (1996, 1998) reviewed several existing modslggesting that the variation of
Young's modulus of all porous materials, regardt@stheir structure, depends only on
their minimum solid area (MSA) which correspondsthe minimum relative area
occupied by the matrix over a section of the spenimormal to the applied stress. A
representation of the MSA is shown schematicallfigure.1-20 for different porous
structures.

Moreover, basing on the concept of MSA, the auttemonstrated that most of the
existing models reviewed could be mathematicallgrapimated in a common manner

using an exponential law of the form:
E=E,e™ (1-5)

In this equation, E is the Young’s modulus of tleequs material, &is the Young’s
modulus of thdully dense material, p is the porosity of the mialeand b is a constant

related to pore characteristics.

(A) (B)

Fig.1-20 Schematic illustration of the MSA for materialsthvidifferent structures. (A) dense
material, (B) material containing pores lying ineoplane, (C) material consisting of contacting
spheres, and (D) material comprising isolated pdReprinted from Rice (1996)
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Gibson and Ashby (1982, 1999) have extensivelyistuthe influence of various
forms of porosity on the mechanical properties atemnals. In particular, they used a
power law to describe the mechanical propertieset@ilar materials whose structure is

represented in Figure.1-21 by stacks of open cells.

o i
| M e (B) J

PR SROKEN CELL

f

Fig.1-21 Deformation (left) and break (right) of a britttellular material subjected tocampressive
stress. Reprinted from Gibson et al. (1982)

The mechanical property of an open cell materidhén described by the following

power law:

E 2
—=C.Q0- 1-6
E, 1-p) (1-6)

where C is a constant comprideetween 0.8 and 1.

In order to better understand the effect of poyosit Young’s modulus, Wagh et al.
(1991) developed a new procedure to gradually amdamly introduce pores into a
dense material and then investigate the influenicéhe resulting porosity on the
Young’s modulus. To achieve this, they began frannitially dense body consisting of
a stacking of identical bricks. Then, a random setiiction algorithm is applied to the
bricks so as to produce a gradually increasingptyr¢Fig.1-22).
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Fig.1-22 Schematic illustration of gradual and random idtrction of pores into a dense material.

One dimensional simulation of material channels) (fcontracted structures, (B) radii of the

cylinders are reduced by a factor of x, (C) theuotidn is repeated choosing cylinders again at
random. Note that same cylinder may be chosenratitht case the radius is reduced by a facor x

and (D) third simulation presents a more realigiicture of ceramic structures. Reprinted from

Wagh et al. (1991)

The material maintains its cohesion until nearlY0%0porosity. Then the authors
deduced by calculation the relation between Youmgédulus and porosity using a

power law:

E=E,.0-p)" (1-7)

where n is a parameter depending on the “tortupsity “disorder”, of the porosity,
which was later confirmed using numerical simulati®ecqueux, 2009). Moreover,
Wagh et al. (1993) proposed an approach, basedneryetic considerations during
fracture, to set an equivalence between Young'sulusdand toughness models for
brittle materials. This procedure was later coeddby Arato (1996) and Tancret al.
(1997) to show that, if one can write the evolutairivoung’s modulus as a function of
porosity as
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E=E.f(p) (1-8)

with f(p) a dimensionless function of porosity, théhe relationship between fracture

toughness and porosity is given by

Kic =Kico-T(P) (1-9)

where Kc and Kco are the fracture toughnesses of the porous anbdeofully dense
materials, respectively. Moreover, by assuming thatcritical flaw size of the material
is almost constant in certain cases, Tancret ¢2@06) extended the above approach to

fracture stress, which can be written as:

0. =0, (p) (1-10)

whereg; is the strength of the porous material apds the strength of the fully dense
material.

Tancret et al. (2006) prepared macroporous BCPebamaics with almost constant
macroporosity and varying microporosity and devetb@ new model on Young's
modulus combining the effect of both macropores amcropores and extended this
model to other mechanical properties such as fractaughness and compressive
strength. The development of the new model is etan the following section. For
this new model, at the macropore scale, a closeolsjip model is firstly used, like the
one in equation (1-7). However, the value of pdyosn the new model must be
macroporosity, pacro 1.€. the fraction of the total volume occupied tmacropores.

Therefore, the model is written as:

E= EOm'(l_ pmacro)n (1_11)

Eom is the Young’s modulus of the “continuous matrixthich is actually, at the
“micro scale”, itself microporous. Thus it is impére to define &, as a function of
microporosity, pmicro, the latter being the fraction of the “matrix” wohe occupied by
micropores. Because this matrix is the result ef ittcomplete sintering of a pressed
powder, a model proposed by Jernot et al. (198&)hmving been successfully proved

in various sintered materials is used and can litewras follows:
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EOm = EO[NC (1_ pmicro) - (NC - 1)(1_ pmicro) 2/3] (1_12)

where N is the average number of neighbours of each gnaihe microstructure. By
combining equation (1-11) and (1-12), the new mocteitaining the two types of

porosities is finally written as:

E= EO'[NC (1_ pmicro) - (NC _1)(1_ pmicro)Z/s]'(l_ pmacro)n (1_13)

Furthermore, based on the aforementioned developimen equation (1-8) to (1-10),
equation (1-13) can also be used to describe t@vbhition of fracture toughness and

compressive strength and therefore a general equistobtained:

X = XO'[NC (1_ pmicro) _(NC _1)(1_ pmicro)Z/s]'(l_ pmacro)n (1_14)

where X and X are the mechanical properties (Young’s modulusgioess or strength)
of the porous and fully dense materials, respelgtiiEexperiments were conducted to
prove the proposed models (see equation (1-14)veMer, they were not completely
validated because of a lack of available experialentata (only one level of
macroporosity and a narrow range of microporosityius, Pecqueux et al. (2010) from
the same group performed more experimental measmtsnof several properties
(Young’s modulus, fracture toughness and compressirength) on extended ranges of
both macroporosity and microporosity and furthetideded these models with a
satisfying resulin the case of Young’s modulus and toughness. Cesspre strength,
however, could not be described using the samerexjm as the other two properties.
This was interpreted in terms of a subcritical kragrowth inside “clusters” of
macropores during compressive loading, before tafasc failure occurs. These groups
of macropores, hence constituting the actual afiflaws at final fracture, are more likely
to be present in highly macroporous ceramics, whakld explain a higher exponent n
for strength than for elastic modulus and toughn#gssugh an increase of the critical
flaw size with macroporosity.

In summary, this section reviewed several mainteganodels used to describe the
evolution of mechanical properties with porositywol major models based on
exponential and power laws have been extensivegd.u$he role of modeling is

interesting and useful since, even if it cannotibed as a proper predictive tool, it is a
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way to explain and understand experimental observathus it is desirable to try and
model the mechanical properties of CPC so as tiong@ their mechanical behavior.

1.6 Aims of the study

According to the above literature review, we caawdsome conclusions which show
the current status on the study of mechanical ptiggeof CPC and then further lead to
the goals of this PhD thesis.

Numerous calcium phosphate based materials are eccratly available nowadays.
Among them,o-TCP has attracted great interest due to its cgpaaihydrolyze into
CDHA which, compared to stoichiometric HA, is maienilar to biological apatite in
terms of structure and chemical composition. Me#mproperties of CPC are critical
for their successful application in surgery andehbeen extensively studied. However,
most of them were evaluated using strength testd 13 compressive strength and
diametrical tensile strength. On the contrary, f#udies mentioned fracture toughness
which is one of the real limitations for CPC, rathlean strength per se. Moreover,
besides the lack of a systematic study on the nmecdigproperties of CPC, there is also
almost nothing on the evolution of mechanical proges with microporosity (L/P ratio)
and macroporosity considered separately, as welhatss modeling which is considered
to be a useful tool not only for a better underditag of the mechanical behavior but also
to help in the design of materials with desirabkchmanical properties. Furthermore, the
role of particle size on mechanical properties &CChas not been studied either with a
similar approach although its effect on kinetics iell understood. From these
observations, it appears that one of the main wesdes of the existing literature is the
lack of a comprehensive and systematic comparativdy of the relations between
processing, microstructure and mechanical propeofi€PC, produced by a unique team
although, of course, each individual publicatiosdgentifically sound and valuable. To
address this issue, we will first synthesize labgéches of pure-TCP and define
standard fabrication and testing procedures of C#®C,comparative purposes and
systematic parametric studies; this will be addrdss Chapter 2.

It will then become possible to measure systemitiedastic and fracture properties
of CPC, and in particular toughness since this gntyphas rarely been investigated, as a
function of initial particle size, microporosity l{tained by varying the L/P ratio) and

macroporosity (obtained by using recrystallized nih as a porogen). This will be
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dealt with in Chapter 3 along with an attempt tealtve mechanical properties with
analytical models as already proposed for calciuhosphate bioceramics. For
experimental simplicity, mechanical properties Wiilst be measured in dry conditions.
Chapter 4 will extend partly such investigations.

However, it also appears from the literature thiaiga variability of measured strength
values exists from one team to the other, whicHdcbe due to variability introduced
during processing and testing (setting and hardekiimetics, effect of testing in dry or
wet conditions). Once more, it would be interestmfring some light on these issues for
materials prepared in comparable conditions; amathgrs, this will be explored in
Chapter 4. Nevertheless, even with fixed conditioragiability in strength still exists,
implying reproducibility (reliability) issues, whicis another real limitation for CPC.
This has never attracted much attention in spitésdiuge practical importance. It will
thus be addressed using Weibull statistics in Graptto try and establish links between
processing, microstructure and mechanical religbili

From another point of view, in a recent study (Recx et al., 2010), the authors
proposed that the critical flaw size of BCP biooeia increased with increasing
macroporosity, due to subcritical crack growth dgricompressive loading inside
“clusters” of macropores. From a scientific poiht/ew, there is also a need to confirm
this evolution of the critical flaw size with magmarosity in CPC. An interesting point to
identify the role of macropores as critical flawsd the possible subcritical crack growth
during loading) would be the comparison betweerdimgnand compressive strengths,
which will be also studied in Chapter 4.

Finally, as stated in the literatu@PC remain very brittle from their nature, with tgui
low mechanical properties, thus it would be neagssadevelop new materials with
optimized properties (handling/biological/mechalicahich could in particular be less
brittle and exhibit a sort of tolerance to damdgewever, it appears that the “fibers”
option has been largely investigated and seemsnpomise the handling properties of
CPC. In contrast, composite cements with HPMC seem tanberesting from the
cohesion viewpoint, although, once more, no systiersaudy is available on the effect of
the addition of HPMC on both handling and mechdngraperties (for instance on
fracture toughnessThis will be investigated in Chapter 5. Finallylasized HPMC
(Si-HPMC) is a rather “new” biomaterial in the stagf research and development, with
interesting biological and rheological propertieés combination with calcium

phosphates for bone and joint repair has beentegpbut only on the polymer-rich side
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(Si-HPMC being the “matrix” in which CaP particlee embedded) (Weiss et al., 2008).
Given what has been seen in the literature on d¢he of viscosity on cohesion and
injectability, it would therefore be of great ingst to try and incorporate it to CPC. This
will also be tried in Chapter 5, in an attempt avelop biomaterials with an improved

overall performance for bone substitution.
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Chapter 2 Materials and methods

2.1 Preparation and characterization of materials

This section mainly introduces the process of ssitingoa-TCP and mannitol and
preparing CPC by using the above synthesized ralgeni TCP is used as the main
composition of the solid phase of CPC throughomststudy. Mannitol is selected here as
a porogen to create macropores because it happhepsiate solubility, is nontoxic and is

physiologically biocompatible (Xu et al., 2001).

2.1.1 Synthesis oé-TCP powder

TCP has three crystalline polymorpRsTCP, the low temperature form; and the high
temperature forms;-TCP andu/'-TCP. In practicer’-TCP is less interesting since it only
exists at temperatures higher than 1430 °C andtapeously transforms t@-TCP on
cooling below the transition temperature. On that@y, B-TCP is stable at room
temperature and converts 66TCP above 1125 °C, but it can be maintained as a
metastable phase during rapid cooling to room teatpee (Carrodeguas et al., 2011;
Yashima et al., 2003).

However, despite having the same chemical compositi-TCP andp-TCP are
considerably different in their structure and sdltyp which in turn determines their
biological properties and possible clinical appiiwas. B-TCP is applied mainly for
preparing biodegradable bioceramics which are shapelense or porous granules and
blocks, whereas-TCP is used mainly in the form of powder for thegaration of CPC,
although some commercial bioceramic granules anckslmade ofi-TCP can be found
on the market. Table 2-1 shows the structural patars of these TCP polymorphs.

At present, there are two major routes for synttegi a-TCP: (1) thermal
transformation of a single precursor with a molatiar Ca/P~ 1.5 (either CDHA,
amorphous calcium phosphate, ACP6eFCP); (2) solid-state reaction of a mixture of
solid precursors at high temperatures.

In this studyp-TCP powder was synthesized by a high-temperatlie state reaction
between DCPA and calcium carbonate, as follows:
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2 CaHPQ + CaCQ > a-Cay(PQy), + COs + H,0 (2-1)

Table 2-1Structural data of polymorphs of TCP. ReprintemhfrCarrodeguas et al. (2011)

Property CgPQy)2 polymorph
p-Ca(PQy)2 a-Cay(PQy)2 o-Ca(PQy)2
Symmetry Rhombohedral Monoclinic Hexagonal
Space group R3C rPa P&/mmc
a (nm) 1.04352(2) 1.2859(2) 0.53507(8)
b (nm) 1.04352(2) 2.7354(2) 0.53507(8)
¢ (nm) 3.74029(5) 1.5222(3) 0.7684(1)
a(°) 90 90 90
B () 90 126.35(1) 90
v (°) 120 90 120
z 21 24 1
V (nnt) 3.5272(2) 4.31(6) 0.19052(8)
Vo (NnP) 0.1680(2) 0.180(6) 0.19052(8)
D (g cm®) 3.066 2.866 2.702

The commercial DCPA powder (CaHROAIlfa Aesar, Germany) and calcium
carbonate powder (CaGOVWR, BDH, Prolabo) with a molar ratio 2:1 werexad
together in a blender for about 1 h. After blendiagout 45 g of the mixture were
transferred to a tubular plastic probe cover (Balepan), vacuumed and shaped into a
cylindrical bar within a mould. The cylindrical Isawere then cold isostatically pressed
(NOVA, Swiss) under a pressure of 120 MPa for threeutes. Then, the pressed bars
were calcined in a furnace (VECSTAR, UK) at 1360 fa€ 15 h and subsequently
guenched to room temperature in a flow of compikage The calcining temperature of
1360 °C is chosen according to a pretest whiclcatds formation of pure-TCP at this
temperature (Fig. 2-1) Heating at higher temperatures and/or for lorigees would
lead to microstructural coarsening (Durucan et 2002B; Kingery 1976), i.e. to the
production of large crystals and hence to a lowercHic area associated to a low rate of
hydrolysis. Cooling with compressed air is helgfulaccelerate the quenching speed of
the calcined bars during cooling to avoid revertiigi-TCP top-TCP although it was
reported in a recent review that this process mightbe necessary (Carrodeguas et al.,
2011).

After calcination, the bars were broken and grotmna coarse powder, using a Retsch

8 It is worth reminding that the CPC studied in tiiissis hasi-TCP as the only active reactant, so proper sirgerin
schedules and quenching method is critical to ggiuaea-TCP as possible. The temperature of 1360 °C is chose
since it is the lowest temperature to reproduciipy large batch of “pureé-TCP in our present lab condition.
Moreover, this temperature cannot be compared arddfegent labs and needs to be adjusted since strongly

influenced by many factors such as: purity of preots, amount of green body and type of furnace.
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ZM100 Centrifugal Grinding Mill. The coarse powdeas subsequently milled for 1 h in
a Retsch RM100 Mortar Grinder to get a finer powlerother phases thanTCP were

detected by XRD (Fig. 2-1).
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Fig. 2-1(A) XRD pattern otx-TCP powder synthesized at different temperatEsa small amount
of B-TCP is observed in the TCP calcined at 1300 °C and 1330 °C respectindf-TCP is seen in

a-TCP prepared at 1360 °C.

In addition, it is worth noting that it was indeatthe beginning of the study expected
to get three batches afTCP with distinct particle sizes (specific surfazea): “small”
(d < 1um), “middle” (5 <d < 1Qum) and “large” (1um < d ). As mentioned previously,
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sincea-TCP is a high temperature phase obtained by d¢atriand milling, the easiest
approach to decrease patrticle size is to proloagltination of milling. Unfortunately, the
particle size ofi-TCP does not decrease further than a few micrasatih our present
equipment (Retsch RM100 Mortar Grindér) Upon further grinding, powder
amorphization happens (Camire et al.,, 2005; Gbuetckl., 2003) and could bring
potential contamination from the grinder. Therefardy “middle” (refers to fine powder
throughout the whole study) and “large” (referct@mrse powder throughout the whole
study)a-TCP powders were used and their particle sizdsllision were measured by
means of laser diffraction, after dispersion inaatbl in an ultrasonic bath. The mean
particle sizes are pm and 14um for the fine and coarse powders, respectively;whi
allow us to investigate the influence of initial fiee size on cement properties. Fig. 2-2

shows the morphology of the fineTCP particles.

2um
EHT =15.00 k¥ |“_| Mag= 250 KX Signal A =SE1

Fig. 2-2 SEM micrograph of fine-TCP patrticles

® Actually we also tried to decrease the particke &y using high energy ball milling (PulverisegteFritch Gmbh)
for different times (30 min, 60 min and 120 min)owkver, this method could not bring noticeable d¢esnin
particle size as measured by means of laser diffracMoreover, the compressive strength of cylicalrspecimens
prepared using the above thred CP powders were not significantly different frormch other and from that of

specimens fabricated usingTCP powder milled with the present equipment (ReRBM100 Mortar Grinder).
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2.1.2 Recrystallization of mannitol

Macropores are critical for bone ingrowth in CPQ@r Fhis reason, water-soluble,
rod-like mannitol particles were used to create nmaares in the cement. However, the
particles of commercial mannitol (GBH(CH(OH),)CH,OH)(Sigma) were usually too
small to create macropores of desirable size, swag recrystallized for both size
regulation and purification. Mannitol was dissolhestd saturated in 100 mL of a 80/20
(V/V) water/ethanol solution at 70 °C, filtered atieen slowly cooled to 40 °C and
incubated in a homothermal bath for 24 h. Aftesthhe recrystallized mannitol was
dried and passed through sieves with an opening06fum (top sieve) and 200m
(bottom sieve) (Tajima et al., 2006; Xu et al., 20@ebra Vazquez 2010). The
morphologies of the pristine mannitol powder andeafystallised mannitol are shown in
Fig. 2-3. From these micrographs, we could obs#draethe sizes of mannitol particles

are significantly increased after recrystallization

200 200
EHT = 4.00 KV Hum Grand.= 25X Signal A = SE1 EHT = 4.00 kV Hum Grand.= 25X Signal A = SE1

Fig. 2-3SEM micrographs of mannitol particles (A) beforeldB) after recrystallization.

2.1.3 Preparation of CPC
Cements made of apatite (CDHA) have been fabricttenligh the hydrolysis of
a-TCP, which proceeds as follows (Bohner, 2007; T@séh et al., 1998)

3 a-Ca(POy)2 + HO —Cay(HPOy)(POy)sOH (2-2)

To achieve this, specimens using fine or coar3€P powders have been fabricated.
In both powders, 2 wt.% of precipitated CDHA wagled as a seed for subsequent
crystallisation of apatite in cements; the mixtaeoa-TCP and precipitated CDHA
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constituted the “solid phase” of all cement pasfes.aqueous solution of 2.5 wt.% of
disodium hydrogen phosphate @N#®0Os) was used as the liquid ph&eNaHPO, was
used because it was shown to accelerate cemeimgs@iontufar et al., 2010). CPC
paste was prepared by manually mixing the liquidsghand the solid phase in a mortar
for around 1 min and then the resulting paste veasl dor assessment of both handling
properties and mechanical properties. For ther]dlte paste was packed into cylindrical
moulds (diameter = 6 mm, height = 12 mm) or intombohedral Teflon moulds of
36 x 8 x 8 mmusing a spatula. Before packing, the paste waateéb so as to remove as
many air bubbles as possible. The mould containieg paste was kept in a small
chamber with 100% relative humidity at 37 °C forrAbhutes, then immersed in 100 mL
of a saline solution (0.9 wt.% sodium chloride) amclibated in a homothermal oven at
37 °C for five days. Macroporous specimens fabedaising recrystallized mannitol
particles as porogen were made with the fine powide fabrication procedure of these
macroporous specimens was the same as the orwitafa the specimens with fine and
coarse powders except that after preparation of2RE paste, mannitol particles were
added into the paste and mixed homogeneously asspgtula.

Two series of experiments were conducted to ingasti the effect of various
parameters (particle size, L/P ratio, amount andpimaogy of porosity including
macropores, measurement in dry or wet conditionthermechanical properties of CPC
(results will be presented in Chapter 3 and Chapter

The specimens which will be used in Chapter 3 weaide using fine or coarselT CP
powders. For convenience, the specimens prepatédine and coarse-TCP powder
are coded as Cement F and Cement C respectivel.specimens were made for each
L/P ratio. The L/P ratios of Cement F are 0.3050(840, 0.45 and 0.50, expressed by
default in mL/g throughout the thesis. In contraisé L/P ratios of Cement C are 0.30,
0.40, 0.50 and 0.60. Specimens using recrystallzadnitol as porogen are made with
the fine powder. The recrystallized mannitol paescare mixed with the fine-TCP at
the following mannitol / (mannitol+fine-TCP) mass fractions: 10%, 20%, 30%, 40%
and 50%. A fixed L/P ratio of 0.35 is used, due t@ther good moldability. The total
amount of liquid phase in the paste is determimedifthe total weight of powders
(o-TCP + mannitol). Five specimens are made for eaghnitol fraction for a total of 25

10 The aqueous solution of 2.5 wt.% of N®0, is used as the liquid phase throughout the theesiept in Chapter 5
in which the liquid phase is a solution of cellidosthers. The specific method of preparing solstiohcellulose

ethers will be detailed in that chapter.
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specimens.

The study conducted in Chapter 4 is partly an esttenof the study in Chapter 3; this
will be discussed and explained later. In ChapteCement F are prepared and the L/P
ratio is extended from the range of 0.3-0.5 to @Zb Twelve specimens are prepared for
each L/P ratio for a total of 96 specimens. Morepgpecimens using recrystallized
mannitol as porogen are also made with the fine daow Five
mannitol / (mannitol+fine-TCP) mass fractions are chosen: 10%, 20%, 30%, @936
50%. A fixed L/P ratio of 0.35 is used. Twenty-f@pecimens are prepared for each
mannitol fraction for a total of 120 specimens. [€ab-2 shows the experimental design
of the studies in Chapter 3 and Chapter 4 withowerifactors and levels. Furthermore,
since the method of preparing the liquid phaseRE@ Chapter 5 is much different from
that of other chapters, for convenience, the erpantal design of Chapter 5 will be

detailed there.

Table 2-1Experimental design in Chapter 3 and Chapter ¥ different variables and levels

Factors
Code Particle size . Mass fraction Testing
L/P Ratio ; under
of o-TCP (mL/g) of mannitol drviwet
powder 9 (Wit%) Y
condition
Cement C Coarse 0.30, 0.40, 0.50, 0 Dry
0.60
. 0.30, 0.35, 0.40,
Chapter 3 Cement F Fine 0.45, 0.50 0 Dry
Macro-CPC Fine 0.35 10, 2%’030’ 40, Dry
0.25, 0.30, 0.35,
Cement F Fine 0.40, 0.45, 0.50, 0 Wet
0.55, 0.60
Chapter 4 pacro-cPC  Fine 0.35 10,20, 5040, wet
Macro-CPC Fine 0.35 10, 2%’030’ 40, Dry

2.2 Determination of density and porosity

CPC is intrinsically microporous. The porosity oPC significantly influences its
biological and mechanical properties. For this eeast is critical to characterize and

guantify the porosity (micropores left by water amacropores created by porogen).
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Fig. 2-4 shows the morphologies of micropores im€et F and macropores created by
recrystallized mannitol particles.

Fig. 2-4SEM micrographs of (A) micropores in Cement F ¢evairrow points to micropore) and (B)
macropores produced after dissolution of mannitgdtals

After drying in a homothermal oven for several dégisout seven days) until there is
no more weight los$, the total porosity of the specimens are meashyegravimetry
according to the equation:

ptotal =1- P (2'3)

CDHA

wherepcpua is the density of fully dense CDHA (2.79 g:&hfMonma et al, 1981) angd
is the apparent density of the specimen measuretiviing its weight by its volume.
The volume of the rhombohedral specimens was kil from their dimensions,
measured with a micrometer, with each linear dinend®eing the average of three
locations along the specimen, following a procediescribed previously (Zhang et al.,
2006). Six specimens are measured to calculatamien porosity and its standard
deviation.

For macroporous specimens fabricated with managa porogen, it is assumed in the

first instance that the microporosity of the cemanitrix” between macropores is

1 The efficiency of this drying procedure and itmsequences will be discussed in Chapter 4. Thisglgrocess is
used throughout the thesis. Moreover, the ordeathefdrying process is reversed for the specimerasuned in
different conditions. Specifically, specimens meaduin dry condition are dried before the measurdgnaf
mechanical properties. In contrast, specimens medsin wet condition are dried after the measuramn
mechanical properties.
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independent of the mannitol mass fraction, becapseimens are all fabricated with the

same L/P ratio (0.35). Thus microporosity is ddfias:

V.
= micro 2-4
Pricro V. Vv ( )

total-s ~ Ymacro
With Vitars Vmicro @nd Mnacro being respectively the total volume of the specitbe
microporous volume and the macroporous volume. heéamtore, macroporosity is
defined as the ratio betweenn). and M. These definitions yield a relationship
between total, micro- and macroporosities, whiah lea deduced in the following steps:
First, we can get
Viotas =V,

otal — Ymicro

+Vinacro (2-5)

where \qta is the total volume of porosity in the specimeftsen by dividing both sides

of equation (2-5) by Ma-s We can further get

V..~V

- Vmacro — _total ~ Vmicro (2_6)

pm acro V V

total-s total-s

By combing equation (2-4) and (2-6), we can getdh&tion between total, micro- and

macroporosities:

— ptotal - pmicro
= Zlotal_Tmicro 2-7
1_ pmicro ( )

pm acro

which is equivalent to a previously reported metl§d et al., 2005) used to estimate
macroporosity from the measurement of total poyasfitnacroporous specimens and of
the microporosity of cements without macroporesprapared with the same L/P ratio.
The validity of this hypothesis will be discussaddhapter 3.

Indeed, in addition to the aforementioned methodjract measurement based on
guantitative image analysis on polished cross-aest(Friel, 1992) was also used to
determine the macroporosity of the CPC. After mearsent of mechanical properties in
bendind? , cubic blocks (8 x 8 x 8 mincut out from 36 x 8 x 8 mirbars were

2 The measurement of mechanical properties willdtaild in section 2.5.
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impregnated under vacuum with an epoxy resin (BEpdkit, Struers, Denmark),
followed by aging at room temperature for 12 h.effthis process, the blocks were
polished with SiC papers down to grade P4000. Therpolished surfaces were coated
with carbon and observed with SEM (Leo 1450VP) gisifback-scatter electron detector.
Fig. 2-5 shows the morphology of the cross-seatifose CPC with 50% mannitol.

Finally, the SEM micrographs of macroporous CPCenaralysed and the volume of
macroporosity were quantified by means of softwaeeca Qwin V3, based on the

different contrasts of epoxy resin (dark areas) @R (bright areas).

Fig. 2-5 SEM micrograph (back-scatter electron) of macropsrCPC (50% mannitol) impregnated
with epoxy resin.

2.3 Phase and microstructure characterization

The compositions of hardened CPC specimens wetgzadaby X-ray diffraction
(XRD, X’pert pro, PANalytical, Netherlands) usingi®a radiation (40 kV, 40 mA) in a
continuous scanning mode. The diffraction anglen&s varied from 10° to 80° at a
scanning speed of 0.017°/s. Moreover, infrared qibem spectra were recorded by
Fourier transform infrared spectroscopy (FTIR; MadR 550, Nicolet Co., USA) in the
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4000~400 crit range. Finally, fracture surfaces of CPC specimvear® observed by a
scanning electron microscope (SEM; Merlin, Carls8eiGermany).

2.4 Evaluation of handling properties

Handling properti€s (injectability, cohesion, anti-washout, and batktial and final
setting times of CPC have been evaluated. The guves for examining the above

mentioned handling properties are detailed in thlewing sections.

2.4.1 Injectability

The injectability of the CPC was tested followirge tmethod reported in a previous
study (Khairoun et al., 1998), using a 5 mL syringiich is fitted with an orifice of
1.2 mm inner diameter. CPC paste was preparedamediately packed into the syringe.
Before the test, trapped air bubbles between thEemrand the gasket of the syringe
plunger were eliminated by manually shifting thanger. Six minutes after mixing the
cement powder and liquid, the syringe was pressea ynultifunction testing machine
(TAHD plus, Stable Micro Systems, UK). The CPC pasas extruded from the syringe
at a speed of 15 mm/min until a maximum force d¥ Nowas achieved, the force during
injection was recorded. The injectability was judges the mass of the paste extruded
from the syringe divided by the original mass @& fgaste inside the syringe (Khairoun et
al.,, 1998). The tests were performed at 25 °C V@@ relative humidity. Each

measurement was carried out in triplicate.

2.4.2 Cohesion and anti-washout ability

The cohesion time was measured with a specialligded method (Chen et al., 2009),
consisting in putting the newly prepared CPC pastmarly contact with saline solution
and visual inspection for cohesion or disintegratibhe cohesion time was recorded
when there were no visible particles released filoeenCPC paste.

For the measurement of anti-washout ability, thevipeprepared CPC paste was
manually shaped into a ball and placed into thmeaolution (Xu et al., 2004B). The

specimen was considered washout-proof if thereigisible surface abrasion from the

13 The evaluation of handling properties of CPC isniyailemonstrated in Chapter 5 although setting tisnalso

examined in Chapter 3.
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CPC ball by hand scrubbing it in saline solutioack measurement was carried out in

triplicate.

2.4.3 Setting time

The setting time of the CPC was measured usingn@ik needles (H-3150, Humboldt
Mfg. Co. USA) according to ASTM C266 standard. Atiee newly prepared CPC paste
was packed into a stainless-steel mold. A lightie€113.4 g in weight and 2.12 mm in
diameter) was vertically and lightly loaded to sugface of the cement. The cement was
considered initially set when the light needle donbt mark the cement surface with a
complete circular impression for the first timerthermore, to verify the initial set, two
additional penetration measurements on differeeisarof the cement surface were
obtained within 90 s of the first “initial set” m&aement. Final setting time was recorded
with a heavy needle (453.6 g in weight and 1.06 mrdiameter) following the same
procedure as for determination of initial settimgd. The measurement of setting time

was conducted with 100% relative humidity at 37 °C.

2.5 Measurement of mechanical properties

Mechanical properties (Young’s modulus, flexuraksgth, fracture toughness and
compressive strength) of CPC have been measuredpitedures for measuring the

aforementioned mechanical properties are detailéld following sections.

2.5.1 Young’s modulus

A standard three-point bending test with a spaB2mm was used to measure the
Young’s modulus of CPC at a crosshead speed ahfhimin on a computer-controlled
universal testing machine. Before the test, alBfienm x 8 mm surfaces of the specimen
were slightly polished by using SiC paper of gr&d€00. Moreover, special care was
taken to ensure that the loading roller was prgpaligned on the sample surface to
prevent off-axial load. Specimen deflection was saeed using a Linear Variable
Differential Transformer (LVDT), with a precisior k@ss than a micrometer. The LVDT
was directly linked to the upper roller on the traed, and to one of the lower rollers on
the other hand, to ensure that the deflection iasmed as close as possible to the
specimen. The test was conducted until the specmasrbroken, and both loading force,
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F, and specimen deflection, d, were recorded. Téasorement was conducted in air at a
relative humidity between 40% and 55% at room teaipee (20 °C-25 °C), and this
condition was used throughout the study for all theasurement of mechanical
properties. The schema for the measurement of Yeumgdulus is shown in Fig. 2-6.

After measurement, the Young’s modulus (E) of C®€alculated according to:

L3

— 2-8
4BW? 2-8)

where S is the stiffness, SAF/Ad (expressed in N/m), i.e. the slope of the lineglastic

portion of the loading curve.

F

Yy )
P

LVDT

Fig. 2-6 Schematic diagram for the measurement of Youngdutus of CPC. L (32 mm), span
between two supports; B (8 mm) and W (8 mm), wattt height of the specimen respectively. LVDT
is affixed to the mounting and is in contact whie toading roller.

2.5.2 Flexural strength

The bending setup for the measurement of flexuesigth of CPC is the same as for
determining the Young’s modulus. For this reasdterdhe measurement of the latter
property, the former property can be calculatedcoanitantly using the following

equation:
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3F L
MNP VE (2-9)

where Faxis the maximal (i.e. breaking) force during bemgdin

2.5.3 Fracture toughness

At present, a number of techniques have been ddmted which all aim at
determining the fracture toughness of differentamats. Moreover, these techniques can
be divided into two groups. One group of them csingf fracture mechanics using large
cracks (notches) and in some cases secondarily céalduprecracks: the
single-edge-notched-bend (SENB), and its two dévies, the single-edge
pre-cracked-beam (SEPB) and the single-edge-V-rdttieam (SEVNB), double
cantilever beam (DCB) and chevron-notched (CN) b&dra other group is based on the
sharp-indenter approach, introducing diagnosticrociacks by Vickers or Knoop
indentation: indentation fracture (IF) and indeiatat strength (IS). Among these
techniques, the CN beam fracture toughness metasdhe advantage of not requiring
precracking of the sample to produce an atomicsiigrp crack and not needing to
measure the actual crack length, and has beerextaasively for brittle materials testing,
where precracking is extremely difficult (Morganadt, 1997). For this reason, in this
study, the fracture toughness of CPC is measuré&Nospecimens following a procedure
described by Dlouhy et al. (1994), using the samedmg setup as for the Young’s
modulus. The schema for the measurement of fratdughness and the cross-section of

specimen after measurement are shown in Fig. 2-7.

(a) . (b)
b
&4

Fig. 2-7 (a) Schematic diagram for the measurement of dractoughness, (b) cross-section of a
broken CPC specimen, showing the initial notch ldegt
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The fracture toughness of CPC is calculated wighfefiowing equation:

Ynin Fmax
Kic = 2wz (2-10)

where Y min is the minimum value of the geometrical factordépending mainly on the
shape of the plane defect on which fracture imgDlouhy et al., 1994). To obtain it, the
theoretical evolution of Yas a function of crack extension is computed,itnminimum,

Y min, is calculated numerically.

2.5.4 Compressive strength

After measurement of the Young’s modulus, bendingngith and fracture toughness,
specimens of approximately 16 x 8 x 8 mout out from 36 x 8 x 8 mhbars, are used
to measure compressive strength. It is worth maintgpthat appropriate aspect ratio and
specimen dimensions are critical to get correangjth values. On the one hand, an
aspect ratio lower than one and small specimen mBiors can often yield an
overestimated strength (Barralet et al., 2003; ymtet al., 1999). On the other hand, if
the aspect ratio is too large, it can result iruadesirable bending of the specimen, also
called buckling (Wang et al., 2003). In this stutthg aspect ratio of the specimen is two,
which has been extensively used in the communitybiomaterials. The tests are
performed with a loading speed of 0.5 mm/ min agahme machine. During the test of
compressive strength, a single sheet of thin camtbwas inserted between the loading
plates and the specimen to reduce the high corsiaesses at the loading lines,
compensate for any surface irregularities of thecspen in contact with the loading
plates and lead to a uniform load distribution. Tdmmpressive strength of CPC is
calculated using the equation below:

g, = e (2-11)

2.6 Experimental design of the thesis

Finally, in order to better understand the thesiiow chart (Fig. 2-8) has been drawn
as follows to illustrate the fabrication routes €@PC with different parameters, and the
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corresponding mechanical tests (evaluation of haggroperties for composite CPC)
conducted on each.

Synthesis of a-TCP PHA
Na,HPO, . Polymer + Na,HPO,
\ Inorgan r .
solution SIE<Is powte or Na,HPO, solution
_ - Recrystallized :
CPC paste Mannitol Composite CPC paste
Cement-C Cement-F Macro-CPC 'cgn;;;? -
- , -
Chapter3 Chapter4 Chapter5

Fig. 2-8 Flow chart showing experimental design of theithes
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Chapter 3 Influence of microporosity and

macroporosity on the mechanical properties of CPC

As reviewed in the first chapter, there is a cosssnn the biomaterial community that
CPC is still too weak to be used in load-bearirages$. For this reason, lots of works have
been focused on mechanical properties, and thailuation is still necessary in the
development of CPC. However, most of them were exathusing strength tests such as
compressive strength and diametrical tensile stherig contrast, few studies mentioned
fracture toughness which is one of the real linotag for CPC, rather than strength per se.
Moreover, as reviewed in Chapter 1, despite nungevoarks on it, there is a lack of a
systematical study on the mechanical propertigSRE. There is also nearly nothing on
the evolution of mechanical properties with micnagsity and macroporosity
considered separately, as well as on its modelinigiwis generally considered to be a
useful tool not only for a better understandinghef mechanical behavior but also to help
in the design of materials with desirable mechdmoaperties. For these reasons, in this
chapter we will investigate the influence of miansjty (controlled by the L/P ratio) and
macroporosity (generated by the dissolution ofystallized mannitol particles) on the
mechanical properties (Young's modulus, fracturggtmess and compressive strength),
and describe them with models as functions of nmpigrosity and macroporosity. In
addition, before describing the above-mentionedkwar preliminary kinetics study
based on the same CPC system will be presentedhwhcritical for the preparation of

CPC specimens and for the comparison of their nmedsuechanical properties.

3.1 Kinetics study ofa-TCP based CPC

3.1.1 Setting time of CPC

Setting time (initial and final) of CPC is a vemportant parameter for its surgical
application. Its clinical meaning is that the cempaste should be implanted before
initial setting and that the wound can be closedrdinal setting. Moreover, the cement
should not be deformed between initial and fin#irsg times because during this period

any deformation could cause cracks (Dorozhkin, 200&ssens et al., 1998). In general,
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CPC should set slowly enough to provide sufficiime for surgeons to perform

implantation but fast enough to prevent delaying tperation (Dorozhkin, 2008).

Although this chapter mainly focuses on mechanicaperties, it is still necessary to

gain some knowledge on the setting behavior opteeent CPC system, which is critical

for the preparation of CPC specimens with the mimmpossible defects. The initial and

final setting times of CPC prepared with fine amdrse powders, as well as by adding

different amounts of mannitol, were measured (Bid).

A 35 4 °
1 ®m  |nitial setting time
30 ® Final setting time
25 4
g 20 4 °
g 15-
[ °
10 °
[ ]
1 u
5 u . " "
0 T T T T T T T
0.30 0.35 0.40 0.45 0.50
L/P ratio
Fig. 3-1A Initial and final setting times of Cement F
B 70 T T T T
°
1 [
60 -
50
© 404 L
E
O 30
E [}
= 20 4 m Initial setting time
. ® Final setting time
10 + -
0
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0.6

Fig. 3-1BInitial and final setting times of Cement C. Theen dashed line indicates that above the
line the setting times are longer than 60 minukebwaill not be shown or shown as a symbolic setting
time rather than an actual one.
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C 8o
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Fig. 3-1ClInitial and final setting times of CPC with diffart amounts of mannitol. The green dashed
line has the same meaning as in Fig. 3-1B.

Fig. 3-1A (and B) shows that both initial and firsdtting times of Cement F (and
Cement C) increase with increasing L/P ratio. Tikisimply due to the fact that with
increasing L/P ratio, the distance between initidlCP particles increases. This modifies
the interaction betweemTCP particles, and then delays the formation ef@htangled
network of apatite crystals which is responsibletfee mechanical properties of CPC,
therefore prolonging the setting time. It can dilsmbserved that at the same L/P ratio, a
reduction of particle size results in a substamtedrease of both initial and final setting
times (Cement F sets faster than Cement C). Thiavier can be explained by
considering the different interactions occurringhe cement paste. In fact, it should be
kept in mind that, generally speaking, both thengical reaction that is taking place, and
physical attractive forces between the cementgesti contribute to setting. In the case
of Cement F, owing to its higher specific area, diesolution reaction takes place at a
much faster rate. Furthermore, the smaller theigkestthe stronger the electrostatic
attractive forces are (Ginebra et al., 2004). Rer@PC with mannitol, both initial setting
time and final setting time increase with incregsamount of incorporated mannitol
particles. Before explaining this, it is worth reming that in the case of CPC with
mannitol the total amount of liquid in the pastesvdgtermined from the total weight of
powders ¢-TCP + mannitol). Then the results can be explaimederms of liquid
availability: when the amount of mannitol addedr@ases, there is leasTCP available

for the dissolution reaction, which increases tbtual liquid toa-TCP ratio and thus
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prolongs the setting time, as in the case of Cerremd Cement C.

3.1.2 Evolution of mechanical properties with hardeing time

From Chapter 1, it appears that one of the mairkmesses of the existing literature is
the lack of a comprehensive and systematic comparstudy of the relations between
processing, microstructure and mechanical progedieCPC. To address this issue and
for the purpose of comparison, proper experimgraedmeters such as hardening time or
specimen dimensions throughout the whole studyldHmideliberately chosen and then
fixed. For the hardening time, a kinetic study loa development of compressive strength
as a function of time up to 35 days has been peaddr Finen-TCP was selected due to a
faster reaction rate as shown in section 3.1.1in@gtal CPC specimens with a L/P of
0.35 have been prepared and immersed in a salmgosofor different times to provoke

hardening. After hardening and drying, their corspiee strength and corresponding
porosities were measured (Fig. 3-2).
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Fig. 3-2 Evolution of compressive strength and pityoof CPC with hardening time. Each point
represents the mean of six specimens * one staddaiation.

From Fig. 3-2, it is observed that the compressirength of Cement F slowly

increases in the initial 8 h, reaching a strengtluer of 18 MPa. In contrast, the value
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jumps to 53 MPa in the following 8 h. Four day®athe preparation, it further increases
to 95 MPa and then maintains a similar level durthg whole hardening time.
Furthermore, in order to better understand thigties, the evolution of strength value
with the hardening time was fitted with an exporartinction (Ginebra et al., 2004), as
shown in Fig. 3-2. In the function,s@presents the compressive strength at saturation
andr is a time constant which indicates the time winen@PC can reach 63% of. Che
smaller the time constant, the faster the reactten Unlike the development of strength,
porosity remains almost the same (around 40%) dutie whole hardening process,
which is due to the fact that the same mass ofisadi kept in a nearly constant volume.
After measuring porosity and strength, CPC was éxadnby means of XRD (Fig. 3-3)
to determine the phases in presence.

From the figure, we can monitor the evolution oapd composition (disappearance of
a-TCP and formation of CDHA) as a function of haraertime. Furthermore, the above
evolution of phase composition can be quantitagigdelscribed by plotting an indicative
reaction ratio R, which was calculated on the bakihe peak intensity ai-TCP as a
function of hardening time (Fig. 3-4). Similar togF3-2, the degree of reaction R with
the hardening time can be fitted with an exponéfiaction but with slightly different
parameters. In the present casggRresents the reaction ratio at saturationcasid time
constant which indicates the time when the CPCreanh 63% of R The smaller the
time constant, the faster the reaction rate. Intiohd it is important to note that the
calculation of R is based on the peak intensitjati@n of a main peak (30.720f a-TCP,
which is just a rough estimation. However, the drealculated from the estimation is
very obvious and thus can help to understand tieagth evolution.

Finally, after comparison between Fig. 3-2 and Big, a relation could be established
between strength development and phase evolutionobgidering the origin of the
strength of CPC. As a first approximation, it candescribed by a straight line as shown
in Fig. 3-5. This shows a strong correlation betwstength and degree of reaction (the
strength of CPC globally increases with increasRg During hardeningo-TCP
progressively reacts with water, and an entang&tdiork of apatite crystals is formed,
which is responsible for the mechanical propertégh time,a-TCP further disappears,
apatite crystals continue growing and the netwdrkrgstals becomes more and more

entangled, so the cement becomes stronger.
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Fig. 3-3XRD diagram of Cement F after different hardertinges
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Fig. 3-5Compressive strength as a function of degreeaaftien R

In the present study, the presence of CDHA can Ilbarlg detected after 8 h
(see Fig. 3-3), corresponding to a degree of readRi of only 42%, which could explain
the concomitant low strength (18 MPa). Eight hdater, the amount of formed CDHA
noticeably increases, related to a degree of wa&iof 68%, and this is consistent with

the significantly increased strength value (53 Midaasured at the same time. Five days
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following the preparation, CDHA is already the pyednant phase with a degree of
reaction R of 92% although some unreactddCP can still be observed (the influence of
unreacted-TCP on mechanical properties will be discusseat)aln our study, five days

is considered to be sufficient to ensure hardemngrms of measured strength values
which are quite stable during the rest of hardeffitige errors are taken into account, and
in terms of the amount of unreacted CP. In general, we always want to avoid residual
reactant (unreactad TCP in our case) in the final reaction product, this seems to be
rather difficult within five days in our case. Hovex a longer time, on the one hand, does
not bring any noticeable changes in microstructumg properties (Ginebra et al., 2004),
and on the other hand would cause our experimentagt too long. Five days of

hardening can therefore be considered as an optongbromise.

3.2 “Microstructure” and mechanical properties of

microporous CPC

3.2.1 Influence of microporosity on Cement F

3.2.1.1 Porosity of Cement F
The porosity of Cement F with different L/P ratieplotted in Fig. 3-6.
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Fig. 3-6 Porosity of Cement F as a function of the L/Poraiach point represents the mean of five
specimens * one standard deviation.
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As expected, the total porosity of Cement F ingesasith an increase in the L/P ratio,
ranging from 36% to 51%. This is due to the high@portion of liquid in the constant
volume of the mold. Furthermore, it should be resheththat our assessment of porosity is
based on the theoretical density of pure CDHA (2g7&t, Monma et al, 1981).
Nevertheless, this could be somewhat different wdmene unreacted TCP is present in
the final composition. However, the latter haseotietical density of 2.86 g/ciso that
the detected amounts of unreacted@CP (see Fig. 3-8 below) may not influence the
calculated porosity by more than 1%. This principié also be used in the following
sections to evaluate the total porosity of Cemeanh@ macroporous CPC. The intrinsic
porosity (Fig. 3-7) of CPC comprises two types oidg: inter-crystallite voids and voids
between aggregates (Espanol et al. 2009), whiclusually smaller than 10m and
beneficial for impregnation of biological fluids.

Fig. 3-7 SEM micrographs of micropores in Cement F. (A) oselary electrons imaging,
(B)back-scattered electrons imaging of the sama ase(A), showing the morphology and size of
micropores.

3.2.1.2 Phase and microstructural features of CemeéR

The XRD patterns of Cement F prepared with diffetgR ratios are shown in Fig. 3-8.
The first XRD pattern corresponds to the pristr€CP powder, in which n@-TCP is
observed. These patterns are consistent with tidénfy of section 3.1.2. After five days
of hardening, it is observed that most of the &iFECP powder mixed with different L/P
ratios has reacted with water and has transformedd3DHA. Similarly, some unreacted
a-TCP can still be detected, but the amount of theactedn-TCP globally decreases
with the increase of the L/P ratio, as can be $geobserving the intensity of the main
peak ofa-TCP (the large peak at 30.7° on the 0.30 and @i&§rams, a small peak on
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the 0.40 diagram and even smaller peaks on theahd®.50 ones).
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Fig. 3-8 XRD patterns of Cement F prepared with differefit tatios.

Two hypotheses can be formulated to explain tleisdr One can be stated in light of
liquid availability: when the L/P ratio increasd®ete is more liquid available for the
dissolution reaction, which could end in less uatedo-TCP in the final cement. The
other explanation could be based on “geometrictuies: when the L/P ratio increases,
porosity increases (see Fig. 3-6), leaving morenofmds for the saline solution to flow
inside the material and react witiT CP, causing a decrease in the amount of unreacted
a-TCP.

The fracture surfaces of Cement F with two différeff® ratios as observed by SEM
are shown in Fig. 3-9.
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#

Fig. 3-9 SEM micrographs of Cement F fracture surfaces; (8), (E) Cement F prepared with L/P
ratio 0.30; (B), (D), (F) Cement F prepared witl ltAtio 0.40.

Fig. 3-9A shows some voids of tens of micrometensdomly distributed on the
surface of Cement F with a L/P ratio of 0.30 at agnification of 200x. At a higher
magnification (Fig. 3-9C), particle clusters composf unreacted-TCP* can be found
inside the void but apparently separated from tineosinding apatite matrix. This finding

1 There is no direct evidence to prove that thestcpaclusters are unreactedTCP, which has the same chemical
constituents as the surrounding matrix, and cabadlistinguished with our equipment. However, asashin Fig.
3-8, thea-TCP synthesized is very pure and there is a raftieedifference, between Cements F prepared wittof/P
0.30 and 0.40, in the results of XRD (Fig. 3.8) &M (Fig. 3.9 A, B, C, D), which in all strongly irdites the
presence of unreactedTCP. Additionally, the morphology of these particlasters shown in Fig. 3-9C is similar to
that of pristinen-TCP (Fig. 2-2), which can further support this bifesis.
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is consistent with the result of XRD (Fig. 3-8)rther verifying the existence of
unreacted-TCP in the final composition of Cement F preparsiohg the same L/P ratio.
On the contrary, no such large voids can be sedneosurface of Cement F with L/P ratio
of 0.4 at the magnification of 200x (Fig. 3-9B).rtfermore, no unreactedTCP can be
observed on the same surface at a higher magmoinc@tig. 3-9D). This is probably due
to the small amount of unreactedl CP for this L/P ratio, which is very difficult tbe
observed by means of SEM. Despite this differetive, morphology and size of the
formed apatite crystals, which are mainly needte-land at nanometer or submicron
level, of the two Cements F using L/P of 0.3 (BKRE) and L/P of 0.4 (Fig. 3-9F) seem to

be similar.

3.2.1.3 Mechanical properties of Cement F

Mechanical properties (Young’s modulus, E, fractmgghness, & and compressive
strengthg,) of Cement F prepared using different L/P ratiessinown in Fig. 3-10. Each
value is the mean of five measurements with thar éar showing one standard deviation.
The solid curve in each figure is a power law ritiof the measured data, and the
corresponding equation in the figure shows theticelahip between each mechanical
property and porosity. This modeling part will bealissed later. As expected, all the
above measured mechanical properties decreaséhwithcrease of porosity. Indeed, it is
well known that porosity has a great influence lwsmechanical properties of materials.
The porosity dependence of elastic modulus andagtineof materials has been widely
studied (see for instance Barralet et al., 200Bs@n, 1985; Hing et al., 1999; Liu, 1997,
Rodriguez-Lorenzo et al., 2002; Tancret et al.,&@hang et al., 2006;).

In order to better understand the physical phenamamd help in the design of
materials with desirable mechanical properties, yndifferent models have been put
forward to describe the evolution with porosityneéchanical properties of materials. In
the present situation, we have deliberately safleatanodel with a small number of
parameters: given the usual scatter in the measuntesh mechanical properties of brittle

materials, models with two parameters are genesalffjcient.
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Fig. 3-10Evolution of Young’s modulus (A), fracture touglssgB) and compressive strength (C) as
a function of porosity. Each point represents tleamof five specimens + one standard deviation.

According to this requirement, both power law:

X = X,.0- p)° (3-1)
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and exponential law:
X = X,.e™ (3-2)

which are two of the most often used models, seemark very well on this point. In
these two equations, X is a selected mechanicalepty of a porous material,oXs the
same property of the fully dense material, p isgbeosity of the material, and both a and
b are constants related to pore characteristics.

However, with further comparison, the first onersseto be more suitable in our
present study. The first reason is that theordyidapredicts that when porosity p =1 (or
density is zero), X = 0, which must be fulfilledafi cases, while it is not the case for the
exponential law; the use of the latter should tfegeebe restricted to low porosities (Rice
1996). Furthermore, the present microstructuresiposed of thin entangled needle-like
and/or plate-like crystals at the microporositylecand/or of “isolated” macropores
(discussed in section 3.3), are similar to thoseetitilar materials, in which cells can be
either closed (“isolated” pores) or open (typichlteabecular” structures). These latter
structures have been extensively studied by GilaswhAshby (1982, 1985 and 1999),
proposing models based on power laws to descrilvesjpp-mechanical properties
relationships. Finally, basing on the power law elgafoposed by Wagh et al., (1991,
1993), and later corrected by Aratd (1996) and fietret al. (1997), Tancret et al., (2006)
further developed the models and successfully egpthem to macroporous BCP
ceramics. From a scientific point of view, therealso a need to try and confirm the
validity of the models in CPC. Therefore, accordioghe above reasons, a power law
(Eq. 3-1) rather than an exponential law (Eq. 3s2¢hosen throughout the study to
describe the evolution with porosity of mechanjmaperties of CPC.

In the present study, the modeling of mechanicapgrties with porosity can be
conducted in two steps. The first one is to continevalidity of a power law model to fit
the measured data. By fitting equation (3-1) to ineasured properties, the best fits
obtained are shown in Fig. 3-10. All the measurath ¢an be fitted rather well, with a
coefficient of determination &= 0.97, 0.99 and 0.96, for Young's modulus, fraetu
toughness and compressive strength respectivelghvetrongly supports the validity of
power law models. The regressions for the threehamacal properties result in the
following relationships:
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E=27201-p)*'GPa (3-3)
K, = 386.(- p) “’MPa.nt” (3-4)
6, =625(- p)*'MPa (3-5)

The above three equations may be used as predotiels for the corresponding
mechanical properties. However, the coefficienthie$e equations are property-specific;
therefore, from a theoretical point of view, it wdube more meaningful if an
inter-relationship could be established betweemthees initially proposed by Wagh et al
(1993). This demand guides the work of modelingg@econd step. In previous reports
(Tancret et al., 2006; Pecqueux et al., 2010)athbors developed series of models and
applied them to microporous BCP ceramics, propasiagthe same function can be used
to describe the three relative mechanical properiX, (Young’s modulus, fracture
toughness and compressive strength). The derivafiohe common function has been
reviewed in the section 1.5.3. Nevertheless, ferghrpose of better understanding, it is
still worth recalling the hypotheses required dgrihe derivation of a common function
i.e., in the present case, of a common exponetiterpower law: constancy of fracture
mechanisms over the whole range of porosity andteoy in the critical flaw size. In
the case of Cement F, it was, however, imposslé the three curves with the same
value of a. Afitting of all three curves, using@tbame exponent, is nevertheless shown in
Fig. 3-11.

Apparently, a common exponent value of a = 4.13 aaly be found for fracture
toughness and compressive strength, but not fongysumodulus. The solid curves in
Fig. 3-11B and C represent such a fitting of freetiwoughness and compressive strength,
with Kico= 3.31 MP.n{? ande,o = 730 MPa respectively. The solid curve in Figl13
shows the “virtual” evolution of Young’s modulusing the same value of a as for
fracture toughness and compressive strength, aradrftatched value ofy= 84 GPa. If
the trend seems to be justifiable for high poresitii.e. high L/P ratios), there is an

obvious overestimation for low porosities (i.e. o ratios: 0.3 and 0.35).
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Fig. 3-11Evolution of Young’s modulus (A), fracture touglssgB) and compressive strength (C) as
a function of porosity. Each point represents tleamof five specimens + one standard deviation.

This could be explained if the unreacte@CP is taken into account. In fact, as shown
in Fig. 3-8, unreacted-TCP could be detected with XRD, especially for k#fos of
0.30 and 0.35. Moreover, by means of SEM, it waseoled that the unreactedl CP
particles were separated from the CDHA matrix bypgmnspaces which can be compared
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to “cracks” (Fig. 3-9C), or at least to zones withoohesion. The more unreactedCP
left, the more “cracks” the Cement F matrix corgaiprovoking a decrease in Young'’s
modulus and the observed deviation from the cudexertheless, this “microcracking”
does not seem to influence toughness, which agne#s reported cases in other
multi-cracked materials (Tancret et al., 2001),wath the famous case of aluminum
titanate, which shows a toughness similar to thatwonina but a ten times lower Young’s
modulus due to serious microcracking.

Furthermore, from the microstructural point of viéwe. microcracks), the influence of
unreactedn-TCP on the mechanical properties of CPC seemstsirhilar to that of
B-TCP on the mechanical properties of some BCP desaalthough the specific effect is
different. For the lattef-TCP, in most cases, is proved to be detrimentdldgstrength of
ceramics due to the introduction of microcracks irdyra change in volume
accompanying the reversible phase transformafilenGP to and fronu-TCP) that can
take place during sintering (Wagoner Johnson gR@l1). In comparison, as discussed
above, the negative effect of unreaci@edCP crystals could be attributed to the
“microcracks” between them and the CDHA matrix. dfiy) the extrapolated values
(Eo = 84 GPagcyn = 730 MPa) can be compared to reported measureareaiense
sintered hydroxyapatite which has @117 GPa and,o = 800 MPa (De With, et al.,
1981). Therefore the present results for CPC dosaetn to be abnormal although the
microstructure is very different from that of ceiama Moreover, although the
extrapolated values for the mechanical propertiesdense CPC” agree well with
published results, it is here important to note shach “virtual” values might not be
reachable for real dense CPC, as the fracture merha may change when porosity is
reduced (this will be discussed in Chapter 4), alnalve all because it is impossible to
produce a dense CPC. Nevertheless, the role of Imgds still interesting, as it is a

useful way to explain and understand experimerisévations.

3.2.2 Influence of microporosity on Cement C

3.2.2.1 Porosity of Cement C

The porosity of Cement C prepared with differer® lcatios is plotted in Fig. 3-12.
Similar to Cement F, the total porosity of Cemenh&eases with increasing L/P ratio,
ranging from 38% to 52%. This can also be attributethe higher proportion of liquid

phase in the constant volume of the mold. Moreowben compared to Cement F, the
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total porosity of Cement C is significantly lowdrthe same L/P ratio (except for a L/P
ratio of 0.3); this is probably due to the differemass of paste loaded per mold. Indeed,
with the same paste volume the fine powder, whias & larger specific surface area,
requires more liquid to be wetted, thus reducirgabtual amount of powder in the mold,
and vice versa. Furthermore, this could also taedlto different particle morphologies,
hence to different packing abilities of the gramshe pastes.
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Fig. 3-12Porosity of Cement C as a function of the L/Pordfach point represents the mean of five
specimens * one standard deviation.

3.2.2.2 Phase and microstructural features of Cemeége

The XRD patterns of Cement C prepared with differefP ratios are shown in
Fig. 3-13. For easy comparison, the top patterresponds to the initial-TCP powder,
and just below is the pattern of the cement prepaith the fine powder with a L/P ratio
of 0.3. In comparison with the cement prepared ftbenfine powder, it can be observed
that the coarse-TCP powder has transformed into CDHA with a gzl of unreacted
a-TCP as evidenced by the obvious peaks-®fCP. This can be interpreted by a simple
size effect, that it is more difficult to completalissolve large particles than to dissolve
small ones (different kinetics). Moreover, simitarCement F, the amount of unreacted
a-TCP gets lower with the increasing L/P ratio, #md can also be explained by the same
hypotheses as those proposed for Cement F (sde23.2.
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Fig. 3-13XRD patterns of Cement C prepared with differefft tatios

The fracture surfaces of Cement C prepared withdifferent L/P ratios, as observed
by SEM, are shown in Fig. 3-14. Unreacte@CP can be seen on the fracture surface of
the Cement C with a L/P ratio of 0.3 at a magnifaaof 250% (Fig. 3-14A). Similarly,
some unreactedTCP can also be observed in the Cement C withPaatio of 0.5, but
with much less quantity (Fig. 3-14B). Both of tH®ae SEM observations are consistent
with the result of XRD that the lower the L/P ratiioe more unreactedTCP (Fig. 3-13).

At a higher magnification of 2500%, no matter th@ latio (0.3, Fig. 3-14C; 0.5, Fig.
3-14D), it is very easy to find some cracks aldmg @dge of unreactedTCP particles,
separating them from the surrounding CDHA matrig ardicating a weak link between
the unreacted-TCP and CDHA crystals. This finding is also simtiathe observation of
Cement F prepared with a L/P ratio of 0.3 (Fig.(3-9
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Fig. 3-14SEM micrographs of Cement C fracture surfaces; (@), (E) Cement C prepared with L/P
ratio 0.30; (B), (D), (F) Cement C prepared witP ltatio 0.50. The white arrows in (A) and (B) point
to unreacted-TCP.

Moreover, the morphology and size of the formedtisgecrystals of the two
Cements C with different L/P ratios were examined aagnification of 10 000x. No
noticeable difference can be seen between the amoeGts C, neither in the crystal shape,
which is mostly plate-like, nor in size, which is ranometer or submicron scale. In
addition, the formed apatite crystals of CementeClarger than those of Cement F (Fig.
3-9E, F). This can be explained by the higher degfesupersaturation achieved by the
dissolution of the powder with a higher specifiearin fact, a higher supersaturation in
the solution helps the formation of crystalline leiicresulting in the precipitation of
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more crystals. When the supersaturation is lowess Inuclei precipitate and crystal
growth is favoured (Espanol et al., 2009; Ginelbral.e 2004).

Fig. 3-14E and F also clearly reveal the procesapattite crystals formation from
a-TCP patrticles: layers of several micrometers ofnasized/submicron-sized,
plated-like apatite crystals are attached to theactedo-TCP particle with a gradual
densification of the apatite crystals from the mlédayer towards the inside layer.

3.2.2.3 Mechanical properties of Cement C

Mechanical properties (Young’s modulus, E, fractiogghness, I§, and compressive
strengthgs,) of Cements C prepared with different L/P ratics plotted in Fig. 3-15.

Each value is the mean of five measurements wétethor bar showing one standard
deviation. As expected, all the above measured amechl properties decrease with
increasing porosity. Moreover, like Cement F, idearto better explain and understand
experimental observation, a power law is also tiselgscribe the evolution with porosity
of mechanical properties of Cement C. However,issudsed in the case of Cement F
(3.2.1.3), it is firstly necessary to test the a#yi of the power law on the measured data.
The best fits of equation (3-1) to the data arevshim Fig. 3-15.

As can be seen, all the measured data can berfitieer well, with R = 0.98, 0.99 and
0.97, for Young’s modulus, fracture toughness aochpressive strength respectively,
which supports the validity of the power law modelthe case of Cement C. The
regressions for the three mechanical propertiadtresthe following relationships:

E=164.(- p)***GPa (3-6)
K. = 234(01- p)*°MPa.nt” (3-7)
o, =469(- p)“*’MPa (3-8)

Like Cement F, although the coefficients of the \aboathree equations are
property-specific, these equations can still beduss predictive models for the
mechanical properties of Cement C.

After confirming the validity of the power law ihé case of Cement C, which can be of
practical interest, it is also desirable, from edtetical point of view, to try to establish,

between the three measured mechanical propenigstea-relationship where the same
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coefficient “a” can be used in the equations foulYg's modulus, fracture toughness and

compressive strength.
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Fig. 3-15Evolution of Young’'s modulus (A) fracture tougheéB) and compressive strength (C) as a
function of porosity for Cement C. Each point resanats the mean of five specimens + one standard
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Unlike Cement F, all three properties can be dbedrin Cement C with the same
exponent a = 3.77 (Fig. 3-16), although the eftéctmicrocracking” on stiffness due to
the presence of unreacted CP can also be observed (Fig. 3-16A, Fig. 3-IWeed, all
the cements prepared with the coarse powder coptaiminent amounts of unreacted
a-TCP (Fig. 3-13), and are therefore more “microkeal than Cement F, which is
consistent with the previous observation on Cenkteninreactedh-TCP reduces the
Young’s modulus through microcracking; this carréfi@re partly explain why the value
of Ep = 26.9 GPa for Cement C is only one third gEB4 GPa of Cement F. In addition,
the data point for a L/P ratio of 0.30 appears iSgantly lower than what can be
expected from the fitted curve; this is also caesis with a higher degree of
“microcracking”, associated to a higher fractioruofeacted-TCP (Fig. 3-13).

The inter-relationship also givesd§ = 2.31 MPa.i? for Cement C, which is lower
than that (3.31 MPa.ffl) of Cement F. This can be explained by considetierigin of
fracture toughness (crack resistance ability) iI€CIR fact, without considering extrinsic
toughening mechanisms such as fiber bridging aackaleflection (Launey et al., 2009;
Ritchie, 2011), CPC is naturally brittle and itak resistance ability mainly derives
from the entangled apatite crystals. In the cageéavhent C, it contains more plate-like,
large apatite crystals than Cement F. In cont@atent F has more needle-like, smaller
apatite crystals. The smaller the apatite crysthésmore the contact points, which may
contribute to the higher fracture toughness of Gene Similar phenomenon has also
been observed on other materials (Tancret et #&Q32 Moreover, this denser
entanglement of apatite crystals in Cement F madgd account for its higher Young’s
modulus than Cement C, in addition to the aforeioaeti mechanism. Finally, a strength
value ofe o = 245 MPa could be derived for Cement C from thierirelationship,
which is much lower than that (730 MPa) of Ceme@uUeh a large difference in strength
cannot be explained by toughness values alonesatidg a larger critical flaw size than
in Cement F; this is consistent with a coarser asitucture, that additionally contains
many “cracks”.

This result appears different from a previous st(Eypanol et al., 2009) where the
strength of Cement F and C are rather similarfiitnvestigated particle sizes are quite
different: 6 and 14um in our study, and 2.8 and Ju in the reported study. In the latter
case, the particle sizes are smaller and mighdinettly influence the critical flaw size,
whereas in our study both the coarser microstracamd the presence of “cracks” can

play roles in the fracture initiation.
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3.3 “Microstructure” and mechanical properties of

macroporous CPC

3.3.1 Porosity of Macro CPC

Before showing the results, it is worth restatihgttmacroporous specimens were
fabricated by adding, to the cement paste, manpisoticles as a porogen which is
subsequently dissolved during the setting and mamdeprocess. Because it was not
possible to systematically map many couples of mamass fractions and L/P ratios, it
was chosen to fix a total L/P ratio, defined asrtte between the amount of liquid and
the total mass of solid phasesTCP + mannitol), and then to make the mannitolsnas
fraction vary. As a first approximation, and aslekped in Chapter 2, it was assumed that
the microporosity would be constant. This allowedlcalating an estimate of
macroporosity from the measurement of total poypaging equation (2-7) of Chapter 2.
Nevertheless, there is no physical reason why mpanasity should be constant, and
hence why this calculated macroporosity shoulddoeect. As described in Chapter 2, the
real macroporosity has been determined experimigntgl image analysis on some
specimens. Both calculated and measured macropesoare presented on Fig. 3-17,
showing that the macroporosity was initially ovéireated.

80

70

60 ] Total porosity
50

40 A
Calculated macroporosity

Porosity (%)
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Measured macroporosity

10

0 10 20 30 40 50
Mannitol mass fraction (%)

Fig. 3-17Total porosity, calculated macroporosity and measunacroporosity of Macro CPC as a
function of the mannitol mass fraction. For thenfer two, each point represents the mean of five
specimens * one standard deviation.

95



Jingtao ZHANG — Université de Nantes

In what follows, only the macroporosity coming fromeasurements will be
considered, and when necessary it will be estimdigdlinear interpolation of
measurements, which corresponds to the blue soéd bn Fig. 3-17.

The consequence of this difference between cakxuilahd measured macroporosities
Is that microporosity must not be independent efrttannitol mass fraction as initially

approximated, and hence must not be independemtaofoporosity. Indeed, reversing
equation (2-7) yields:

- ptotal - pmacro

3-9
1_ pmacro ( )

pmicro

The evolution of microporosity, calculated with atjon (3-9) using the measured
total porosity and the measured (or interpolatedgnoporosity, is shown on Fig. 3-18.
The horizontal line is the value that would haverbebtained with the initial assumption

that microporosity is independent of the mannitabmsfraction and of macroporosity; the
difference is obvious.
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Fig. 3-18The red dots and line represent the microporostigulated from measured total porosity
and measured (or interpolated) macroporosity,faa@ion of mannitol mass fraction. The horizontal

line represents microporosity which is assumecdetimbependent of mannitol mass fraction and used
for the initial estimation of macroporosity.
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3.3.2 Phase and microstructural features of Macro C

The XRD patterns of Macro CPC prepared with diffén@ass fractions of mannitol

are shown in Fig. 3-19.

v a-TCP
o CDHA

Intensity (cts)

-1 - 1 - 1t - T T 1 1 1 1
20 22 24 26 28 30 32 34 36 38 40
2 Theta (°)

Fig. 3-19XRD patterns of Macro CPC prepared with differamiounts of mannitol.

For easy comparison, the first pattern is the ipest-TCP powder. Below that is the
pattern of CPC without adding mannitol, which ise #ame as Cement F with a L/P ratio
of 0.35. The XRD patterns of Macro CPC with difigrenannitol mass fractions are
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similar to that of Cement F, indicating that theliadn of mannitol does not affect the
hydration reaction oé-TCP. The reaction products are also poorly cris&alCDHA,
which is consistent with previously reported obséinns (Shimogoryo et al., 2009).
Furthermore, similar to Cement F, the peaks of actexla-TCP can also be found in
these patterns, but the intensity of the major pedithe unreactedTCP decrease with
increasing mannitol mass fractions.

Once more, two hypotheses can be proposed to expiai First, the total amount of
water in the paste being determined from the tetadght of powderso-TCP + mannitol),
it may occur that more water becomes availableréaction witha-TCP when the
mannitol mass fraction is increased, correspontiingn increase of the effective L/P
ratio of the mineral part of the cement. The obsérirend would then agree with the
results of Fig. 3-6. The second hypothesis ispathk fine powder, based on “geometry”:
when the mannitol mass fraction increases, macoggreft by its dissolution increases
and therefore the permeability of the material éases, allowing water to flow more
easily inside the material and improving its cohtaith o-TCP, enhancing the chemical
reaction and leading to less unreacai€tiCP.

The fracture surfaces of Macro CPC as observedEd &e shown in Fig. 3-20. As
expected, no macropores are found in the CPC wighr@annitol (Fig. 3-20A). On the
contrary, some macropores from mannitol dissolutad of hundreds of micrometers
appear to be well-formed in the shapes of the pp&@d mannitol particles and are
randomly distributed on the surface of CPC with I@&nitol (Fig. 3-20B). As mannitol
mass fraction increases (30%, Fig. 3-20C; 50%, B#g0D), more macropores are
observed on the surface of CPC, with differentrda@ons indicating that the mannitol
particles are well mixed and homogeneously distebuduring the preparation of
specimens. In addition, no noticeable differencehiserved in macropore size or shape
between the samples with different mannitol maastions.

Fig. 3-20E shows, at a high magnification, the ietaf an irregularly shaped
macropore which is probably created by the disgmiudf several connected mannitol
particles. Finally, the microstructure of the Ma@®C matrix was examined (Fig. 3-20F).
No noticeable differences can be found betweenlatier and Cement F in both the
morphology and size of the formed apatite crystaddjcating that the addition of
mannitol does not affect the formation and growt&DHA crystals (Shimogoryo et al.,
2009).
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Fig. 3-20SEM micrographs of Macro CPC fracture surface$:G@RC with 0% mannitol showing no
macropores; (B) CPC with 10% mannitol; (C) CPC Wifl#% mannitol; (D) CPC with 50% mannitol;
(E) CPC with 40% mannitol showing details of maas; (F) microstructure of the Macro CPC
matrix at a high magnification.

3.3.3 Mechanical properties of Macro CPC

Mechanical properties (Young’s modulus, E, fractimeghness, l§ and compressive
strengthg,) of Macro CPC with different mannitol mass fracsaare shown in Fig. 3-21.
Each value is the mean of five measurements wihethor bar showing one standard

deviation.
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Fig. 3-21 Mechanical properties of Macro CPC as a functibmannitol mass fraction. Each point
represents the mean of five specimens * one stdmigaration.

As expected, all the measured mechanical propedmsease with increasing
macroporosity (mannitol mass fraction). Similatement F and Cement C, for a better

understanding of experimental observation, a péavemwill be applied to try to describe
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the evolution with macroporosity of mechanical pd@s of Macro CPC, and it can be

expressed using the following expression:

X = Xm'(l_ Iomacro)C (3_9)

where phacroiS the measured macroporosity of Macro CPC, ae@@arameter related to
pore characteristics. Moreover, it is importanhade that here xdoes not correspond to
the dense material, but to the properties of smmiaterials without macropores (e.g.
Cement F with intrinsic microporosity). In other mds, X, is supposed to be the (virtual)
mechanical property of the microporous matrix bewmvenacropores.

However, the formulation of equation (3-9) cannet directly used in the case of
Macro CPC to model its mechanical properties bexags is not a constant but a
function of microporosity. Indeed, as shown in FdglL8, the microporosity of the cement
matrix between macropores increases with the isorganannitol mass fraction; as a
consequence xXmust vary concomitantly.

For this reason, the effect of microporosity of tdeenent matrix should be taken into

account simultaneously, as discussed in sectiat.3.2nd expressed as:

Xm = XO'(l_ pmicro)a (3'10)

where piicro IS the intrinsic microporosity of the matrix. Coming the last two equations,

this gives:

X =X~ Pricro)” = Prracrd)” (3-11)

in which the effect of macropores and micropores eonsidered separately. This
constitutes a new model describing the mechanicapgrties of CPC being both
microporous and macroporous, although the modedtoaction, i.e. combining different
models for microporosity and macroporosity takepasately, is equivalent to what had
been proposed in the case of BCP ceramics, witleieindifferent equations (Tancret et
al. 2006, Pecqueux et al.,, 2009, 2010lowever, in the present case, because
microporosity and macroporosity are not independénis not possible to infer
simultaneously the values of a and ¢ from the ddtarefore, it will be assumed that the
dependence of mechanical properties on micropgr@si similar in Cement F and
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Macro CPC, so that the value of “a” can be takamaétp the one determined during the
study on Cement F (a = 4.13). Then the equatiofh, 3rlconjunction with a = 4.13, is
used to model the mechanical properties of Macr@€ @Rd to check the possibility of
using a common exponent “c”.

In addition, because macroporosity and micropoyoaie interdependent, plotting
mechanical properties as a function of the soledgnmporosity would not represent any
physical trend. For this reason, another methatésl to display the results by plotting
the measured values as a function of the calcutated (Fig. 3-22).

Good fits can be obtained, giving the followingatednships:

E = 966.0~ Prico) (L= Pracid™ GPa (3-12)
Ke = 447.0- p,0) *.0- P, ™ MPa.nt’? (3-13)
ar = 400 (1_ pmicro) 4'13'(1_ pmacro) 20 MPa (3_14)

As shown in Fig. 3-22, a good agreement is obtafoedll the mechanical properties
studied between the measured and the calculategs/aln addition, the determined
reference values for Young’s modulus and fractorgghness are 96.6 GPa and 4.47
MPa.nt”?, which are also comparable to that of Cement Fficning the validity of
proposed equation 3-11 being used in the case ofdMaPC. Furthermore, as noted in
equations 3-12, 13 and 14, a common exponent &5 dan only be used for Young’s
modulus and toughness, but not for compressivaginevhose “c” is 2.5. This finding is
consistent with a recent study focusing on macrap®r BCP ceramics
(Pecqueux et al., 2010), where the exponent iptieer law associated to compressive
strength was also higher than those of the Youmgdulus and toughness, the latter two
being identical. This feature had been relatechtmarease in the critical flaw size as a
function of macroporosity, and explained as follows

When there was only a limited number of macropamethe specimen, macropores
were widely dispersed in the material (as in treeaa CPC, see Fig. 3-20B) and did not
interact strongly with each other. When macropdyosicreased, the average distance
between nearby macropores decreased, and theriatssbstress concentration fields

started to interact.
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standard deviation.

Moreover, from a statistical viewpoint related he totalnumberof macropors, there

was an increasing probability to find groups of macires in some areas. Duril
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compression loading, these groups of macroporekl dmcome critical flaws through
subcritical microcrack growth and linking beforaching the peak stress, acting as new
enlarged critical flaws instead of single macrogos macroporosity increased, these
groups of macropores would statistically becomgdarwhich was therefore associated
with an increasing critical flaw size. This has megsuggested to occur in other
macroporous ceramics (Pernot et al. 1999). Theabkuch groups of macropores on
fracture initiation has also been investigated ni@llo et al. (2004), using finite
element simulation, in model microstructures in wmensions. This study has shown
that in the case of groups of macropores, subafitcwacks would form during
compression loading, progressively linking the gone the loading direction. It is
therefore possible that a similar mechanism ackdaoro CPC.

As for the reported BCP ceramics, in the case otements the above hypothesis can
be further evidenced by plotting the quantity{K&)? which is proportional to the
critical flaw sizé®, as a function of macroporosity (Fig. 3-23).
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Fig. 3-23 Variation of (Kc/s,)? as a function of macroporosity, for Cement C, Qenfe and
Macro CPC.

As shown in Fig. 3-23, the range of critical flaiesis roughly constant for cements

15 As reviewed in chapter 1, fracture toughnegsdén be expressed agk Yo,c'? (see P25). From K ando,, we

can further deduce® = (Kic/o;)?, which is therefore proportional to the criticih size c.
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prepared without macropores (Cement F on the one &iad Cement C on the other hand,
the latter having a somewhat larger critical flanesdue to its coarser microstructure as
discussed in 3.2.2.3). In contrast, the criticamwflsize of Macro CPC pronouncedly
increases with the increasing macroporosity, whgtsimilar to the observation in
macroporous BCP ceramics (Pecqueux et al.,, 201@), supports the hypothesis
proposed previously.

Therefore, the initial hypothesis for the derivatmf a common exponent “c”, that the
critical flaw is always of the same size, is ndéetive for Macro CPC ; this can explain
the different exponents fitted for fracture tougbmand compressive strength (equations
3-13 and 3-14). Similarly, the roughly constantical flaw sizes for Cement F or
Cement C are consistent with the fact that comma@roeents can be used to fit both
fracture toughness and compressive strength (Cemeéing. 3-11; Cement C, Fig. 3-16).

However, it would be useful to further test suclpdiyreses by other means. The first
one would be a direct observation of fracture maidmas in situ, but this is an extremely
difficult task in brittle materials, which can bene even more complex in highly porous
media. Another possibility is to push forward theamanical analysis, by evaluating the
values of critical flaws and comparing them to élceual microstructures.

In fact, compression fracture in brittle materiadsd in particular in porous brittle
materials, can proceed through the catastrophipguation of a crack parallel to the
applied stress, initiating from a critical flaw {8@to et al., 2003). But it can also, in
some cases, occur by a progressive accumulatistable damage (Sammis et al. 1986).
In our case, sudden fracture occurs, as evidengatidoshape of the loading curves
(Fig. 3-24A), and ends in a vertical splitting d¢fet material (Fig. 3-24B), which is
characteristic of a brittle fracture initiating arcritical flaw.

The scientific literature is rather rich about coegsion fracture in brittle materials,
but in the case of initiation on a critical flaneveral sources indicate that crack
propagation starts in mode Il from defects of vasimatures. This is what Saimoto et al.
(2003) proposed, who obtained a law of the form=KY.c,.C'? but involving K
instead of Kc. Besides, in the case of brittle materials with & toughness (less than
5 MPa.nJr’Z), it seems that the toughnesses in modes | aacelkimilar (Munz et al.,
1999): thus as a first approximation we have K¢, and the equation K= Y.c,.C*?
can still be appliedt should be noted, however, that the geometrididia Y, associated
to the critical flaw does not have the same valugen tension (mode I) and under shear

(mode ll),the latter stress state occurring during compressacture. The geometrical
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factor Y is smaller for ampressio fracture than for tensile fracture (Ashby et aQ0@;
Saimoto et al., 2003). According to the calculagiaf Saimoto et al. for a fracture
mode Il without friction between the crack facesjsh should be the case for a fract
initiating from a poe, the factor Y is equal to half of the one asstedl to a flaw havin

the same shape but loaded in mode I. For instateing from the value of Y associal

to a plane circular crack mode (Y = 2/\/7_7), we obtairY =1/+/77. Then, assuming
that K¢ is equal to k¢ (Munz et al., 1999), the calculation of the crititaw size in our
less macroporous CPC gives a radii= 420um for the critical flaw, and a diameter
~ 840 um, which is ohte same order as the size of the largest macrofswedig. 3-20).
It should be noted that the calculation of Saimett@l. suggests that the ratio betw
compressive and tensile strengths should alwaysld®e to two, which is actual
observed in te Macro CPC of the present study (see Chapt
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Fig. 3-24(A) Load versus displacement curve of Macro CPCQ4Xfannitol) under compression &
displacement rate of 0.5 mm/r; (B) similar sample as A, showing several vertigalltng after
compression test.

The increase in the critical flaw size with macragsty can then be explained with t
same hypothesis &ecqueu et al. (2010) as already mentioned earl The question
whether this mechanism could also happen during leetsading (or in bending) i
Macro CPC should therefore be raisindeed, stable crack growth most often remai
feature of compression loading (Sammis et al., 1@&®Ginillo et al. 2004), altlugh such
effects have also been evidenced in some porotike materials in bending (Merkert
al., 1998; Pernot et al., 19€
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3.4 Chapter conclusion and perspectives

To the best of our knowledge, for the first timeeth mechanical properties (Young’s
modulus, fracture toughness and compressive sheiglve been measured on CPC
prepared with up to five different L/P ratios, teifferent particle sizes and five different
levels of macroporosity. For a better understandihthe experimental observation, a
power law has been used to describe all the mecdlaproperties of the CPC as a
function of microporosity or macroporosity.

Unreactedoa-TCP can be detected by means of XRD and SEM, &dlyen the
cements prepared with a coass@ CP powder. These-TCP particles show weak links
with the CDHA matrix and are usually surrounded'sgaces” separating them from the
surrounding matrix, such spaces being comparabléntorocracks”. The latter can
provoke a decrease in Young’s modulus, but do @etnsto influence fracture toughness.

The patrticle size of pristine TCP has a strong effect on the microstructuresdinal
reaction product (CDHA). The larger the startingfCP particle, the coarser the
microstructure of CDHA, which in the end resultsitarger critical flaw size. In the case
of Macro CPC, the critical flaw size is of the oraé that of the largest macropores for
low macroporosities, and then increases monotdyigéath increasing macroporosity.
This indicates that the critical flaw is a macrapar, as previously suggested in
macroporous BCP ceramics (Pecqueux et al. 201@roap of macropores where
subcritical crack growth occurs during loading lvefoatastrophic failure.

Despite the above important conclusions, therélissseed for further investigation.
First, it would be appealing to extend the rangthefinvestigated microporosity, which
is still quite narrow. Second, measuring the flekstrength may bring extra information
about the role of microstructural elements like ropores as critical flaws. Especially,
the proposed mechanism of subcritical crack graamith macropore interaction may not
be suitable for a tensile stress state. Moreouertha measurements of mechanical
properties in this study were conducted in dry dora, which is however different from
thein vivo wet environment where CPC are implanted. Thuasillitbe more meaningful
to measure the mechanical properties of CPC incardition. Finally, it is generally
considered that mechanical reliability is a critissue for a safe application of brittle
materials, so that a study of fracture statistiosil also be of interest. All of these issues

will be further investigated in Chapter 4.
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Chapter 4 Influence of fabrication and test conditons

on the mechanical properties and reliability of CPC

In the last chapter, mechanical properties inclgdioung’s modulus, fracture
toughness and compressive strength have been systelty investigated on CPC
prepared by using different L/P ratios, particleesiand amounts of macroporosity.

However, for experimental simplicity, all the messuents in the study were
conducted in dry conditions, which is differentrfrahein vivo wet environment where
CPC are implanted. Because some mechanical prepestidense apatite have been
reported to depend strongly on water and humidign@gga et al., 2005), in view of
practical applications it would be more meaningéumeasure mechanical properties of
CPC in wet conditions. Moreover, the range of theroporosity studied is still narrow
and, in spite of the experimental difficulty to drace CPC with either a high L/P ratio (a
very fluid paste which tends to sediment) or a lgf® ratio (a very dry paste difficult to
shape), it would be useful to further extend i&i€omplete description of the trend is
desired. In addition, the discussion in the lastptlr has raised the need to study the
tensile (or bending) strength of macroporous cemeon the basis of the observed
increase in critical flaw size with macroporosity the case of compression fracture.
Therefore, bending experiments will also be conelditd investigate this particular point,
among others. Besides, it is widely accepted tlahgth reliability is more suitable for
evaluation or design of brittle materials ratheartlthe mean strength, but this method is
nevertheless rarely used in CPC which is alsonsitzally brittle. All of these issues will
be explored in the present chapter in the casePdl @repared with a fine powder (like
Cement F in chapter 3). Finally, because the spatsnof the present study are going to
be measured in a simulatedvivo environment (e.g. in a saline solution), but safthe
measurements (e.g. fracture toughness or flextrealgth) are experimentally difficult to
be implemented in such a way (this will be explditeer), a pre-experiment is initially

conducted to explore the possibility of doing testtwith a simple but reliable manner.
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4.1 Pre-experiment

4.1.1 Influence of test condition on compressiversngth

A specific setup was used for the pre-experimeigt. @1).

Load

Fig. 4.1Experimental setup for the measurement of comjmestrength in saline solution

Indeed, it is easy to measure compressive streoigtbPC specimens in a saline
solution (Fig. 4-1). However, things become mormptex for bend testing due to the
fact that precisely positioning the rhombohedraldrad an extensometer is a necessary
premise for accurate measurement of flexural streng Young’s modulus, which is
nevertheless difficult to be completed in a corgaifiiled with a saline solution. For this
reason, it would be preferable if our bending expents could be conducted in wet
condition but out of the saline solution, i.e. fmstance in air but immediately after taking
the specimens out of the solution. To check whethismprocedure would yield, or not, a
difference in the measured properties, a prelinyirrard comparative experiment was
performed in the simpler case of compression. Cesgive strength was tested on
cylindrical specimens immersed in the saline sotutin contrast, identical specimens
were also measured in the air (%D, 50% relative humidity) immediately after being

taken out of the saline solution. The latter teas wompleted within one minute. No
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statistically significant difference can be foundtween them (Fig. 4-2). The above
experiment indicates that reliable results, whighsamilar to those measured in a saline
solution, can be obtained if the mechanical teatsle completed in air within a short
period (e.g. one minute) after the specimens d&entaut of the solution. Thus, this
testing procedure will be used throughout the@étis manuscript for all the specimens
measured in wet conditions.
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Fig. 4-2 Compressive strength of cylindrical specimens meskin different conditions. L/P = 0.35.
Each value is the mean of twelve measurements stamelard deviation.

4.1.2 Influence of immersion time on compressiversingth

Another pre-experiment was also conducted to inyat& the effect of immersion time
on the compressive strength of CPC. Doing this expaant is of practical interest for our
own work. In fact, many specimens were needed aagdaped for the present study
(twelve rhombohedral specimens for each L/P rag#096 specimens for a total of eight
different L/P ratios). Due to this, all the specimmeould not be prepared within a short
time (e.g. one day). Moreover, after the measur¢mieinacture toughness and Young’s
modulus, the halves of the original bars were rtpolished for the measurement of
compressive strength (e.g. twenty specimens fdr &2 ratio, i.e. 160 specimens for a
total of eight different L/P ratios). All the speeens were measured within a short period

so as to reduce experimental errors, which meaistme specimens have to be stored,
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after complete hardening, in a saline solutionoatr temperatur8 for different times
until the measurements are made. Thus, it is napeds know if this additional
immersion could affect the mechanical propertiesthls end, compressive strength was
tested on cylindrical specimens that were harden&¥°C for five days followed by a
storage in a saline solution at room temperaturediiberent periods. No statistically
significant differences can be found for these spens despite a very slight decrease of

the mean strength value with the increasing imroarsime (Fig. 4-3).
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Fig. 4-3 Compressive strengths of cylindrical specimena fagction of immersion time. L/P = 0.35.
Each value is the mean of twelve measurements stamelard deviation.

Besides, it is worth mentioning that it was notessary to store the CPC specimens in
a saline solution at room temperature in all treeesaand this only happened when large
amounts of specimens had to be prepared. The maxistnorage time that was used in
the following study was five days, indicating ththis parameter should have no

significant influence on results.

18 As already stated, the CPC specimens are hardenadsaline solution at 3% for five days. After this, the

specimens have to be stored in a saline solutiariatrer temperature to avoid any possible furtrersformation.
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4.2 Mechanical properties and strength reliabilityof

microporous CPC measured in wet conditions

4.2.1 Porosity and phase evolution

The porosity of the CPC was measured (Fig. 4-4sh&svn previously, the porosity of
cements increases with the increase of the L/B.r&kiis is due to the higher proportion
of liquid in the constant volume of the mold. Moveg compared to the Cement F

prepared in the last chapter, the range of thesigrof the cements prepared here is
extended by nearly 62%.
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Fig. 4-4 Porosity of CPC as a function of the L/P ratiocltgoint represents the mean of six
specimens * one standard deviation.

The final phases of the present CPC with diffetéRtratios were examined by using
XRD. The XRD patterns of the CPC are very simitatitose shown in Fig. 3-8, thus they
are not shown again. However, it is still worth neding that most of the-TCP powder
mixed with different L/P ratios in the study hasacted to form CDHA. Besides, some
unreacteda-TCP can also be detected, but the amount of ute@acTCP globally
decreases with the increase of the L/P ratio.
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4.2.2 Mechanical properties of CPC measured in webnditions

Mechanical properties (Young’s modulus, fracturagliness, compressive strength
and flexural strength) of CPC prepared with differe/P ratios were measured in wet
conditions (Fig. 4-5).
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Fig. 4-5 Evolution of Young's modulus (A), fracture touglssgB), compressive strength (C) and
flexural strength (D) of CPC as a function of paodn graphs A, B, D, each point represents the
mean of six specimens + one standard deviatiogtdph C, each point represents the mean of twenty
specimens = one standard deviation (except the spipraf 53%, where there are nineteen
specimens).

Similar to CPC measured in dry conditions (Fig.@;1all the above measured
mechanical properties decrease globally with tleesimsing porosity.

In Chapter 3, models based on a power law were tasidand to explain mechanical
properties. This strategy was also initially triedhe present study. However, fitting does
not work well for all the mechanical propertiestire whole range of porosity studied.
This might be explained in two aspects. First,hasas in Fig. 4-4, the porosity range of
CPC has been significantly extended (+62%); thisslikely that one simple model is not
enough to describe the mechanical properties imtiede range of porosity, which has
also been reported for other materials (Rice, 1988)explanation for this could be a
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change in deformation and/or fracture mechanisrtis parosity, especially for very high
or very low L/P ratios where the cement pastes inea@spectively very fluid or very dry,
and may induce the presence of defects which dieretit from those present in the
intermediate range of porosity. Second, an assoemptvhich is based on constant
fracture strain for the transfer of the stored tedasnergy to fracture energy, has been
raised for the models used in Chapter 3 (Tancrel.e2006). However, this assumption
might be ineffective in wet CPC due to the exiseen water which may affect the
surface energy during fracture (Benaqqga et al.5p0Bor these reasons, modeling of
mechanical properties will not be discussed herd,aur interest will be focused on the
effect of different testing conditions (wet and doy the mechanical properties of CPC.

The mechanical properties measured in wet condiiom compared with those
measured in dry condition. Before showing the tissiilis worth noting that in general it
is difficult to make direct comparisons between hstcal properties measured in
different studies, due to the differences in foratioins (or batches), porosities, pore sizes,
geometries of specimens, instruments, testing tondi and even operators. Thus,
meaningful comparisons can only be made betweemanéal properties of specimens
prepared with similar conditions.

The Young’s modulus measured in wet and dry coonktis compared (Fig. 4-6), for

the L/P ratios where both measurements are availabl
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Fig. 4-6 Young’s modulus of CPC measured in dry and weditimms as a function of porosity.
Young's modulus measured in wet condition is exé@drom Fig. 4-5A. Each point represents the
mean of six specimens + one standard deviation.
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As can be seen, the Young’s modulus measured icatgitions is higher than that
measured in wet conditions, but the difference betwboth Young’s moduli decreases
with increasing porosity, although these two eBaeimain unexplained. Moreover, it is
worth noting that the Young’s modulus measuredrin abndition is somewhat higher
than that shown in Chapter 3 (Fig. 3-10), mainlgnoay from the fact that they are two
different batches.

Fracture toughness measured in wet conditionsesampared with that measured in
dry conditions. In general, the former is lowerrththe corresponding latter one (Fig.
4-5B, Fig. 3-10B). The detrimental effect of water fracture toughness has also been
found in hydroxyapatite ceramics, and it is manhle to the decreased surface energy on
crack surface in the presence of water (Benaggh,2005). The influence of water on
fracture toughness of CPC is further investigateithé present study. Fracture toughness
was measured on CPC prepared with three L/P rédi8s 0.35 and 0.4) and dried at
different temperatures (3T or 65°C) for different periods (Fig. 4-7).
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Fig. 4-7 Fracture toughness of CPC with different L/P atidter drying at different temperatures
for different periods. Each point represents thammef three specimens + one standard deviation.

It was found that drying at 37C or 65°C for seven days was sufficient for CPC
specimens to reach a constant weight at each dtgimpgerature. As expected, for each
condition (dried seven days at 37 °C or 65 °C) ftheture toughness decreases with

increasing L/P ratio (porosity). Moreover, the ftae toughness is higher for each CPC
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dried at 65 °C than at 37 °C despite nearly theesawrosities (this point will be
discussed later). It is also apparent that thadradoughness of CPC with a L/P ratio of
0.35 increases with the increasing drying time7at@. According to the role of water on
fracture toughness of apatite mentioned previoadllyhe above results may therefore be
attributed to the influence of different amountsaiter existing in the cement. The more
water present in the cement, the smaller the fradbghness.

A thermogravimetric (TG) test was further performad CPC with a L/P of 0.35 to
verify the previous assumption that fracture towegsnof CPC is related to the water
existing in the cement (Fig. 4-8). The TG test wadormed after the specimen has been

dried in 37°C for seven days.
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Fig. 4-8 Weight loss of CPC as a function of temperaturartgans of TG with a heating rate of
5°C / min. L/P = 0.35, the specimen was tested aftarg dried at 37C for seven days.

As can be seen, despite the previous long drying &t 37 °C, a very slight weight loss
of water can still be observed (Fig. 4-8), whichghtiexplain the different toughness
values of CPC even after being dried for seven (aigs 4-7). In addition, it is important
to note that although the above results indicaigmificant effect of water on the fracture
toughness of CPC, the approach is too simple aribefuinvestigation would still be
necessary to explore the detailed fracture mechrened CPC and their dependence on
the presence of water (or other liquids). Finatlys worth noting that the existence of

water, which is thought to be a detrimental fattothe fracture toughness of CPC in the
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present study, appears to be a critical comporfecdrtical bone to maintain its fracture
toughness (Nyman et al., 2006).

Compressive strength measured in wet conditiomsnspared with that measured in
dry conditions. The former is apparently lower thére corresponding latter one
(Fig. 4-5C, Fig. 3-10C). Moreover, similar trende also observed in flexural strength

measured in different conditions (Fig. 4-9).
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Fig. 4-9 Flexural strength of CPC measured in dry and waditions as a function of porosity. Each
point represents the mean of six specimens + @melatd deviation.

The inferior flexural strength in the presence ajhhmoisture (water) has been
reported in alumina ceramics, which is mainly btited to sub-critical crack growth
related to a stress-assisted chemical reactiorhettip of cracks between ceramic
constituents and environmental constituents (eaflgamoisture) (Cho et al., 2000,
2003). In the present case, the lower flexural@rdpressive strengths measured in wet
conditions is mainly attributed to the correspogdiower fracture toughness which is
actually the intrinsic property of materials andedlmines its strengths if the critical flaw

is unchanged.
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4.2.3 Reliability of CPC measured in wet condition

As discussed previously, CPC is intrinsically beitthus it is susceptible to fracture
under stress on critical flaws that are either ieheto the materials themselves or
introduced during processing. However, since itmipossible to predetermine the size,
location and distribution of the most critical flaythe strength of a number of nominally
identical standard CPC specimens can never bewiet reliably from average fracture
strengths. For this reason, a strength reliabiégcription rather than the mean strength
seems to be more suitable for evaluation or desidmittle materials.

The reliability of CPC was analyzed by means of Bistatistics (Weibull, 1939,
1951). The compressive strength data for the grofipsenty nominally identical CPC
specimens of approximately 8 x 8 x 16 Fmut out from the 8 x 8 x 36 minbars,
were ranked in ascending order and a Weibull aisalyas performed on the resultant
data using the Weibull probability function, as wsimoin the equation 4-1. Moreover, in
order to better understand the calculation proasiof Weibull modulus, it is worth

remembering and explaining the Weibull probabilityction as follows:

P =1- ex;{— (QJ } (4-1)
UO

Pr is the probability of failure, which varies fromt® 1 and is estimated from

_ n
HE o

where N is the total number of specimens and n is theingnkumber of the specimens
being ranked in ascending ordet.is the compressive strengthg is a normalizing
parameter determined from the stress at which flteeopopulation survives and m is
called the Weibull modulus; the meaning of theelatvill be discussed later. The
equation 4-1 can be further simplified using lotfans to the form:

1 |_ _ ]
In In(l_ 5 J =min(o,)-min(c,) (4-3)
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where the intercept at the ordinate is nodp@nd the slope is m, the Weibull modulus.

The Weibull modulus, m, is a dimensionless numiseduo characterize the variability
in measured strength of components made from énttterials, which arises from the
presence of flaws having a distribution in size anéntation (Karageorgiou et al., 2005).
A high value of m indicates a sharp distributionstfength data while a low value
represents a large scatter. It should be notedebhenvthat the Weibull model is based on
an empirical description of the probability of tak of individual volume elements of the
material (i.e. not relying on fracture mechania)d as such cannot be considered a
physically sound model. Nevertheless, because sofpiictical applicability, it has
become the most widely used model to describeuradtatistics in brittle materials.

The logarithmic Weibull plots calculated by meanstioe equation 4-3 for the
compression specimens of CPC prepared with diffeleép ratios are shown, and the
Weibull modulus for each CPC was determined (FHfjO% As can be seen, there exists a
jump in the Weibull modulus values of CPC for a ld&io between 0.4 and 0.45.
Specifically, the Weibull moduli for CPC with L/Rtios between 0.25 and 0.4 are all
between 8 and 9, which are pronouncedly higher thase for CPC with L/P ratios
between 0.45 and 0.6 which are all between 5 and 6.

In order to better explain the above results, trengjty (Kic/o;)?, which is proportional
to the mean critical flaw size on which fracturgiates, is plotted as a function of the L/P
ratio. Moreover, for the purpose of better underditag, the Weibull modulus determined
for each L/P ratio is marked above each correspgndiata point (Fig. 4-11). As seen, the
critical flaw size of CPC increases with the inceaf the L/P ratio; moreover there is an
obvious turning point for critical flaw size betwek/P ratios of 0.4 and 0.45, where the
critical flaw size begins to increase very fastetastingly, the turning point in the critical
flaw size and the jump in the Weibull modulus cailec

In fact, when the L/P ratio increases, pore sizé pore interconnectivity increase,
which could explain a mild increase in criticaMi@ize, as observed for L/P ratios up to
0.4. Meanwhile, the statistical dispersion of sirtnlinked to the statistical dispersion of
flaws, remains rather sharp, maybe just becausdl siei@cts are statistically more

abundant, therefore introducing more determinisistiength.
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Fig. 4-10Weibull logarithmic plots for CPC with differentR ratios. (A) 0.25; (B) 0.3; (C) 0.35; (D)
0.4; (E) 0.45; (F) 0.5; (G) 0.55; (H) 0.6. The "opf the red line gives the Weibull modulus, m.

There are twenty specimens in each L/P ratio (eéxd¢p =0.55 where there are nineteen
specimens)
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Fig. 4-11Variation of (Kc/o,)? as a function of the L/P ratio. The number aboaehedata point is
the Weibull modulus for each L/P ratio.

However, when the L/P ratio increases beyond @elpaste becomes more and more
“fluid” during processing, and air bubbles can bsily trapped in the cement paste, and
act as larger critical flaws. Even though a vibmgttable has been used to attempt and
remove as many bubbles as possible, more air baibldeld be likely to be trapped in the
paste when the L/P ratio increases, whereas #tiwer easy to remove air in the driest
pastes through densification by vibration or by oadmpressing. As a result, because the
probability of finding large air bubbles in the pascreases with the L/P ratio (0.45 and
above), the measured mean critical flaw size aggpnis to increase very fast. In addition,
only a small amount of air bubbles is likely totbepped in each specimen, thus bubble
trapping has a strong statistical character, whdolld explain why the statistical
distribution of critical flaw size, and thereforé strength, becomes wider, through a
lower Weibull modulus, when the L/P ratio passes threshold where easy bubble
trapping starts (around 0.4 or 0.45).

SEM pictures of CPC with L/P ratios beside theitugrpoint are shown in Fig. 4-12. A
small round pore, which is a typical characterroéatrapped air bubble, can be observed

in the CPC with a L/P ratio of 0.4 (Fig. 4-12A). dontrast, more round pores of larger
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sizes can be found in the CPC with a L/P ratio.db(Fig. 4-12B), relating to a lower
strength and Weibull modulus. This SEM observai®monsistent with our previous
explanations.

Fig. 4-12SEM micrographs of Cement F: (A) L/P = 0.4; (B3®.showing entrapped air bubbles.

4.3 Mechanical properties and strength reliabilityof

macroporous CPC

4.3.1 Mechanical properties of macroporous CPC testl in

different conditions

The mechanical properties (Young's modulus, fractioughness, compressive
strength and flexural strength) were measured oaroparous CPC in wet and dry
conditions (Fig. 4-13).

As expected, all the mechanical properties decnedbehe increase of macroporosity
regardless of the testing conditions. Moreover, ilaimto microporous CPC, the
mechanical properties measured in wet condition gegerally lower than those
measured in dry condition, but the differences ketwthem tend to decrease with
increasing macroporosity. The lower mechanical ertiigps measured in wet conditions
for macroporous CPC could be attributed to theimetntal effect of water existing in the

CPC, as discussed previously.
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Fig. 4-13 (A) Young’s modulus, (B) fracture toughness, (@mpressive strength and (D) flexural
strength measured in wet and dry conditions, ametion of macroporosity. In graphs A, B, D, each
point represents the mean of six specimens + amelatd deviation. In graph C, each point represents
the mean of seventeen-to-nineteen specimens Handasd deviation.

Moreover, in the last chapter, an increase in aaiitiflaw size as a function of
macroporosity was observed on the macroporous GRf€riag compression loading
(this has also been observed here, and will beepted later). This enlarged critical flaw,
compared to single macropores, are attributed bxrgtical microcrack growth and
linking between macropores before reaching the pgaks (Pecqueux et al., 2010). This
stable crack growth often happens in compressiadihg (Sammis et al., 1986, Cannillo
et al. 2004), although such effects have also been in some porous brittle materials in
bending (Merkert et al., 1998; Pernot et al., 1998)s it will be of great interest to study
if such stable crack growth could also happen duensile loading (or in bending) in our
macroporous CPC. To this end, similar to the prapedonducted in Chapter 3, the
quantity (Kc/or)? (of is the flexural strength of macroporous CPC), Wliscproportional
to the critical flaw size on which fracture inigst is plotted as a function of
macroporosity (Fig. 4-14). Moreover, in order toiavthe interference caused by water

as shown previously, only flexural strength meadumedry conditions was used.
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Fig. 4-14Variation of (Kc/o5)? for macroporous CPC as a function of macroporosity

The critical flaw size calculated from flexural estigth globally and pronouncedly
increases with the increasing macroporosity, wisg@imilar to our previous observation
on the critical flaw size calculated from compressstrength. However, it must be noted
that the quantity plotted is not thatical flaw size itself, but is proportional th with the
proportionality factor depending on the shape andntation of flawsand on the
cracking mode (Saimoto et al., 2003), so that ihasmal that the values plotted on
Fig. 4-14 in the case of bending are very diffeffeon those plotted on Fig. 3-23 in the
case of compression. Indeed, the geometrical faci®targer for tensile fracture than for
compression fracture (Ashby et al., 2008; Saimdtale 2003). According to the
calculation of Saimoto et al., the geometricaldadt for tensile fracture is twice that for
compression fracture, which can explain that inghesent study the bending strengths
are typically two times smaller than the compresstrengths, if the critical flaw sizes
are similar, according to:

o — K IC
fracture
Y+/c

(4-2)

Above all, the trend is obvious that the critickEw size calculated from flexural
strength globally increases with increasing macrogity, indicating that stable crack

growth may also happen during tensile loading enrttacroporous CPC.

125



Jingtao ZHANG — Université de Nantes

4.3.2 Reliability of macroporous CPC tested in diirent

conditions

The reliability of macroporous CPC was analyzedniiyans of Weibull statistics.
Similar to microporous CPC, the logarithmic Weibwpllots for the compression
specimens of macroporous CPC prepared with differess fractions of mannitol and
measured in different conditions are shown (Fig.54-wet condition; Fig. 4-16, dry

condition), and the Weibull modulus for each maorops CPC was calculated.
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Fig. 4-15Weibull logarithmic plots for macroporous CPC witifferent mass fractions of mannitol
(A) 10%; (B) 20%; (C) 30%; (D) 40%; (E) 50%. Thet of the red line gives the Weibull modulus,
m. Specimens were measured in wet conditions. Térergeventeen or eighteen specimens for each
mass fraction.
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Fig. 4-16 Weibull logarithmic plots for macroporous CPC witifferent mass fractions of mannitol
(A) 10%; (B) 20%; (C) 30%:; (D) 40%; (E) 50%. Themt of the red line gives the Weibull modulus,
m. Specimens were measured in dry conditions. Thegeeighteen-nineteen specimens for each
mass fraction.

Moreover, similar to microporous CPC, the quantity-/c;)? (o, is the compressive
strength) for macroporous CPC under different mgstionditions is plotted as a function
of macroporosity. In addition, for the purpose l&rity, the calculated Weibull modulus
for each macroporosity is marked above or belovih @acresponding data point of the
same color (Fig. 4-17).

As can be seen, regardless of different testinglitons, the critical flaw size of
macroporous CPC increases with the increase ofapaarsity. This result is consistent
with that obtained in Chapter 3. Besides, the aaitiflaw sizes calculated from wet

measurements are generally larger than those atdcufrom dry measurements, which
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seems at first contradictory with the fact that pies different test conditions, the
macroporous CPC were prepared using the same nsebmthat the actual critical flaw
size, if linked to microstructural features, shoalsb be the same. The specific reason for
this discrepancy is unclear, but may be due toreasons: (i) mesurements of mechanical
properties like toughness and strength are subpeetrors, and the quantity plotted in
Fig. 4-17 is the square of the ratios between tlsenthat the observed differences might
just be due to uncertainties; (ii) the effect oftevawhich may amplify the calculated
critical flaw, maybe because the assumed subdrttiaak extension during loading could
operate in a different manner, and to a largerrgxia a wet environment. Moreover,
unlike the turning point seen in microporous CR@,Weibull modulus for macroporous
CPC is much less variable regardless of differestiig conditions. This can be
explained by the fact that, because macroporeasactitical flaws, either alone or as
interacting groups (Pecqueux et al., 2010), andhlmex they are introduced in large
numbers in each specimen, the strength becomes“deisgministic” (e.g. high Weibull
modulus), as predicted by the “weak link” theoryfraicture when the amount of flaws is

large.
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Fig. 4-17 Variation of (Kc/o,)? as a function of macroporosity. The number cowesjng to each
data point of the same color is the Weibull modditwseach macroporosity.

Finally, the above measured mechanical propertiesmicroporous CPCand

macroporous CPC can be compared to reported meethamnoperties of human cortical
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or cancellous bone (Koester et al., 2008; Wagoaknsbn et al., 2011). If the Young’s
modulus of CPC is similar to that of cortical bdiseveral GPa), and normally higher
than that of cancellous bone, both fracture tougbaed strength of CPC are much lower

than those of cortical bone, and comparable toetlidsancellous bone.

4.4 Chapter conclusion

The mechanical properties of both microporous CR€raacroporous CPC decrease
with the increase of porosity. The mechanical proge measured in wet conditions are
generally lower than those measured in dry conastiorThese mechanical properties
measured in wet conditions were compared to théseiman cancellous and cortical
bone. However, only the Young’s modulus for micnapus CPC and compressive
strength for macroporous CPC could match the pt@serof bone. Similar to
compression fracture, stable crack growth also sé¢erhappen during tensile loading in
macroporous CPC. Fabrication process of CPC, péatig mixing of cement paste, may
reduce the reliability of compressive strength o€roporous CPC in high L/P ratios
because of the unpredictable character of air msdiphpped. On the contrary, the process
of fabrication of CPC has less effect on the rdlitgiof macroporous CPC with different
amounts of macropores. The knowledge learned hexddallow, in the end, to improve

the reliability of the strength of CPC through dtéecontrol of microstructure.
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Chapter 5 Handling and mechanical properties of

composite CPC’

In the last two chapters, the mechanical properfdsung’s modulus, fracture
toughness, compressive strength, flexural streagthreliability) of CPC, which were
prepared using different particle sizes and wiffecent amounts of microporosity and
macroporosity, have been investigated systemati¢ddiwever, as stated in the literature,
our CPC, without exception, is naturally brittleette it is essential to develop new
materials with optimized biological, handling anechanical properties, which could
particularly be less brittle and exhibit a kindtolerance to damage.

To this end, various biopolymers, such as sodiugmate, HPMC (hydroxypropyl
methylcellulose), MC (methylcellulose), hyaluroricid, chitosan and modified starch
have been used in the past as additives to procluogosite materials. Among these
polymers, cellulose ethers are of great intereshfithe cohesion point of view. They have
been widely used as anti-washout admixtures inl @mgineering to improve the
cohesion and anti-washout performance of cemermdaasiterials (e.g. Portland cement)
(Khayat, 1998). Moreover, their positive effectitoprove the toughness of Portland
cement was also reported (Eden et al., 1985). Dubdir good biocompatibility and
biodegradability, these cellulose ethers are alsedun biphasic calcium phosphate
suspensions (Fatimi et al., 2010; Weiss et al.9)188d various formulations of CPC for
bone substitution (Cherng et al., 1997; Jyoti £t28110; Xu et al., 2004B), improving the
workability of the bone substitutes. However, te best of our knowledge, no systematic
study is available until now on the effect of tiggldion of cellulose ethers, e.g. HPMC,
MC or Si-HPMC (silanized HPMC), on both handlinglanechanical properties of CPC,
and in particular on fracture toughness and tot®ato damage. In recent studies
(Ginebra, et al., 2007; Montufar, et al., 2010)nsdoaming agents have also been used
to create macropores in composite CPC before ttsigewhich appears to be more
attractive compared to the often used method adgenr dissolution occurring after the
CPC has set. For this reason, Si-HPMC will be atsempted as an air-entraining agent
to produce air bubbles due to its high viscositg &self-setting” behavior, which may
help to stabilize the bubbles. The obtained foathb®@ subsequently mixed with CPC

7 This investigation has been performed as a joarkwvith Dr. Weizhen Liu
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paste to prepare macroporous CPC. All of the alsstees will be detailed in the present
chapter, in an attempt to develop biomaterials @&ithmproved overall performance for
bone substitution. However, since the methods epagning composite CPC with HPMC
solutions, Si-HPMC solutions and foamed Si-HPMQusohs are quite different from
each other, for convenience the experimental defi@ilthese studies will be described in
the corresponding sections.

5.1 HPMC / MC composite CPC

In this section, the effect of cellulose ethershwdlifferent molecular weights and
substitution levels on the handling and mechamcaperties of CPC is systematically
studied. Four different cellulose ethers (they Wi presented later) are dissolved in
deionized water together with pHPQO, as accelerator to get various liquids, which are
then used as cement liquid phases and mixedawlit@P. Their influence on the handling
properties (e.g. injectability, cohesion time, améishout performance and initial and
final setting times) and on the mechanical propsrtf the resulting composite CPC is
then investigated. The mechanical properties ofsiiecimens were measured in wet

conditions.

5.1.1 Preparation of cement liquid phases
Four cellulose ether products, namely A15, E4M, K4kd K15M (METHOCEL,

Dow Chemical) were used in this study (Table 5-1).

Table 5-1 Typical products of METHOCEL Celluloséné&it
viscosity rangé

Product MeO (%)% HPO (%)? 206, 20°C Molecular W(_al%ht
name range (g.mot)
(mPa-s)
A15 30 0 12 -18 46 000 - 50 000
E4AM 29 8.5 3000 -5 600 320 000 - 380 000
K4M 22 8.1 3 000 - 5 600 320 000 - 380 000
K15M 22 8.1 11 250 - 21 000 480 000 - 540 000

4The parameters are acquired from product supiew(Chemical). MeO and HPO columns
indicate the levels of substitution in methoxy (MeGOCH;) and hydroxypropyl (HPO =
-OCH,CH(OH)CHs) groups” These molecular weights were measured by Kearyl{200
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The first letter of the product designation représe¢he chemistry of the cellulose ether.
“A” means methylcellulose products; “E” and “K” negsent hydroxypropyl
methylcellulose products. The number and/or létkowing the first letter indicates the
viscosity of a 2% aqueous solution, which dependiiiyion the molecular weight of the
polymer.

Different amounts of A15, E4M, K4M or K15M polympowders were dissolved in a
2.5% NaHPQ, solution to get the corresponding cement liquidsas. These polymer
powders are soluble in cold water but insolubleahwater. When the polymer powders
are mixed in cold water, however, lumping usualppens due to the incomplete wetting
of individual powder particles. Thus a method ahlfteot/cold” technique was applied
here, taking advantage of the insolubility of clelie ethers in hot water. Specifically, the
polymer powder was first mixed with the M#PQO, solution at 80 °C and dispersed by
stirring thoroughly until all the particles werenaopletely wetted and evenly dispersed.
Then the solution was cooled and transferred inteefeagerator to reach a lower
temperature at which the polymer becomes watebsohnd starts to hydrate. After that,
the solution was further stirred at room tempegafor three days until hydration was
complete.

A fixed L/P ratio of 0.45 mL/g was used for the paeation of cement pastes, but the
polymer content in the cement was varied by usiffgrédnt amounts of polymer in the

liquid phase. The different materials preparedsai@ved in Table 5-2.

Table 5-2 Concentration of cellulose ether additivesolution for CPC preparation

Mass fraction, by 0.95

. % 050% 0.75% 1.00% 1.25% 150% 2.00%
mass of solid phase

A15 (WA%) 1.12 2.23 3.34 4.45
E4M (W/v%) 0.56 1.12 167 223  2.78

K4AM (W/v%) 0.56 112 167 223  2.78

K15M (w/v%%) 0.56 112 1.67

41 wiv% = 10 g/L

The numbers in the first row represent the proportf polymer in the final cement
without taking water into account, i.e. the weigbtcentage of polymer with repect to the
sum polymer + inorganic solid. The numbers in ttiteeorows represent the amounts of

polymer in the liquid phase solutions allowing &t the target mass fractions indicated in
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the first row. Moreover, polymer solutions, preghvéth E4AM, K4M and K15M above
certain concentrations, could not be used for \@ggareasons, since highly viscous

solutions cannot be applied to fabricate homogemodsworkable cement pastes.

5.1.2 Handling properties of composite CPC with ckllose ethers

Handing properties including injectability, cohesianti-washout) and setting time
were measured on CPC composites prepared by usiaredt cellulose ethers. Before
showing the results, it is important to explain behaviors of cellulose ethers in water.
These behaviors can be classified in three categ@khayat, 1995, 1998):

(1) Adsorption. The long-chain polymer moleculdbere to the periphery of water
molecules, thus adsorbing and fixing the waterthedeby expanding. This increases the
viscosity of the water and that of the cement-baseduct.

(2) Association. Molecules in nearby polymer clatan develop attractive forces,
thus further blocking the motion of water, causagel formation and an increase in
viscosity.

(3) Intertwining. In static conditions or at loates of shear, and especially at high
concentrations, the polymer chains can intertwime entangle, resulting in an increased
viscosity.

All these actions occur simultaneously in the dele ether solution and in the
cement-based system, contributing to an increasisadsity. The above modes of action
in aqueous solution can help to explain and undedsexperimental results.

5.1.2.1 Injectability
Before explaining the results, it is worth mentianthe definition of the injectability

of a cement paste. Indeed, at present, there monon definition in the biocement
community about the meaning of injectability. In shaases, injectability has been
related to the injection force that has to be @ublo a syringe so as to deliver the cement
paste, regardless of its quality, homogeneity angjty (Khairoun et al., 1998; Wang et
al., 2006). However, this definition appears natiasure the injectability of a paste, but
rather its ease of injection, which is strongly elegeent on the injection system (e.g. type
of syringe, injection speed) (Bohner, 2010B; Boheeral., 2005A). Moreover, the
definition does not consider the quality of thereded paste in which phase separation
(also called filter-pressing and will be discustser) may happen, probably causing a

deviation of the actual composition of the extrudeaste from the initial one.
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Furthermore, due to this deviation, it also becomeslear whether the setting,
mechanical and biological behaviors of the extrutiErdent are still clinically acceptable
(Dorozhkin, 2008). Therefore, it is imperative &mlefine the meaning of injectability in
which all these aforementioned problems can beimditad. To this end, the injectability
of a paste is defined here as its capacity to $t@yogeneous during injection,
independently of the injection force (Bohner et 2005A).

To get a good injectability, i.e. a homogeneougeyasis important to understand the
mechanisms limiting the injectability of a cemerasfe. According to Bohner et al.
(2005A; 2010B), when the cement paste (e.g. a maxtf powder and liquid) is
submitted to a pressure gradient, the liquid may ffaster than the solid, causing a
regional change of the paste composition. In dettaél paste present in the zone of the
highest pressure (e.g. close to the plunger ofsyinmge) may become so depleted in
liquid that the powder-liquid mixture in this regibecomes a wet powder rather than a
paste. In contrast, the paste in the zone of twedbpressure (e.g. at the cannula tip) is
enriched in liquid. With time, the volume of thegi@n depleted in liquid (wet powder)
increases during injection, finally getting to tigeof the syringe and plugging it (Bohner,
2010B; Bohner et al., 2005A). The phenomenon iegdly called filter-pressing (or
phase separation or liquid phase migration), whikhmostly believed to be the
mechanism underlying the limited injectablity of@ment paste and has been proved by
Habit et al (2008).

As reviewed previously, many methods have been tse@&duce or to eliminate
filter-pressing in order to improve the injectatyilof cement pastes (Andrianjatovo et al.,
1995; Burguera et al., 2006; Ishikawa, 2003; Khaireet al., 1998). Among these
methods, the most adequate and applicable onenengase the viscosity of the liquid
phase since it is the only metHddhat can improve the injectablity of cement pastes
at the same time does not compromise neither tliesoon nor the anti-washout
performance (Bohner et al., 2005A).

The same strategy has been applied in this stutily Bmd enhance the injectability by

mixing the cement powder with viscous celluloseusohs. Specifically, the increased

18 In fact, using a cement powder with a smaller agerparticle size can also improve both injectgbiind

cohesion of a cement paste. However, this methdfisult to apply since the particle size distrition of a cement
paste changes continuously due to dissolution aadipgtation. Thereby, using small particles mayhags only
improve temporarily/initially the injectability ahe cement, but not for the whole injection procgshner et al.,
2005A).
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viscosity of a composite cement paste may effelgtiveduce or even prevent
filter-pressing, thus significantly enhancing irtggaility.

The injectability of composite CPC is significantijproved by adding different
amounts of cellulose ethers, as shown in Fig. Bet.instance, by adding only 0.25% of

E4M, the injectability of the resulting paste camnibcreased by 75%.
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Fig. 5-1Injectability of the paste with different contematisadditives at L/P = 0.45 mL/g, 6 min after
starting the mixing of liquid and powder. Each \eisithe mean of three measurements + one standard
deviation.

The viscosity of a composite cement paste is degr@rah the viscosity of the cellulose
solution which is roughly proportional to its moldar weight and concentration.
Therefore, the larger the molecular weight or cotregion of cellulose ether added, the
higher the viscosity of the resulting celluloseusioin, and the higher the viscosity of the
composite cement paste. According to the aboveussson, the injectability of
composite cement pastes prepared with various losdlusolutions at the same
concentration (e.g. 0.25%) should be ranked in fibklowing ascending order:
Al5 < EAM=~ K4M < K15M. However, interestingly, the compositement prepared by

adding the E4M solution (with a similar viscosity K4M) appears to demonstrate the
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best injectability, as shown in Fig. 5-1.

This discrepancy can be explained by analyzingrttemlogical properties of the
composite cement pastes. In general, aqueous polyohations (e.g. cellulose ether
solutions in this case) are non-Newtonian fluidd exhibit a pseudoplastic flow behavior,
or shear thinning (Holmberg et al., 2002). The ayst (here refers to CPC) modified
with viscous polymer solutions generally also exkhgseudoplasticity (Khayay, 1998;
Wang et al., 2007). Moreover, the pseudoplasticityeases with increasing molecular
weight or concentration. When submitted to a certahear rate, due to their
pseudoplastic behavior, the apparent viscositiedl tfhe composite cement pastes would
decrease, but in different extents, owing to theeahicellulose solutions of various
molecular weights. As for E4M, since it has a seratholecular weight than K15M, its
pseudoplasticity is less important (Dow chemic&02), although the same rule should
apply to K4M. However, as listed in Table 5-1, EAl a higher degree of substitution of
MeO and HPO groups than K4M and K15M, which mayitaa a stronger steric effect,
thereby further reducing its pseudoplastic beha®iocording to the above two factors, it
is possible that under a certain shear rate tharappviscosity of the composite cement
paste prepared with E4M solution at 0.25% is highan that of the composite cement
paste prepared with K4M solution at the same canaon, and even higher than that of
the composite cement paste prepared with K15M isoludt the same concentration,
therefore resulting in a better injectability (Fi§-1). Furthermore, with increasing
concentration, the apparent viscosities of composgment pastes (E4M, K4M and
K15M) continues increasing to a certain level satthll the cement paste can be
extruded® (e.g. E4M and K4M at 1%).

In addition, the extrusion curves during injectaye recorded, which can further verify
previous results and explanations (Fig. 5-2). Th#rusion curves are generally
characterized by four more or less defined sta@gsan overshoot followed by (2) a
plateau, (3) a slow non-linearly increasing forod &) finally a fast linearly increasing
force until reaching the maximal extrusion forcay(d.00 N in this study) (Fig. 5-2). The
overshoot is related to yield stress (Baroud et24l05; Liu et al., 2006). Composite
cement pastes have higher yield stresses tharottimtcement paste, which is mainly
due to the extra force needed to overcome thenategesistance from entangled cellulose

19 Actually, there is an upper limit to the injectithias measured by this method because even thihegplunger
reaches the end of the syringe, a small fixed amoficement paste remains in the tip of the syrirfj@s can

explain why the maximal injectability is around 9%8&e Fig. 5-1).
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moleculedo initiate paste flow (Khayal998). The plaau stage can be found in ne¢
all the composite cement pastes. Duthis stage, the extrusion force is almost const
indicating that the composite cement pastes retmaimnogeneous arthatlittle or even
no filter-pressing happens e to the increased viscosity (Fig.2h- In contrast, th
plateau disappears in tieentrol cement paste and only sis 3 and 4 can be observ
(Fig.5-2), implying thatfilter-pressing happens immediately after extrusion s
(Bohner et al., 2005AHabb et al., 2008), which is relaténla bad injectability (Fig.-4).
Besides, different extents of fil-pressing (stage 3) can be also observed in cong
cement pastesiepending on the molecular weight or concentnatib cellulose ethe
solutions (Fig. 5-1, 5-2).
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Fig. 5-2Injectionforce curves during extrusion of the pastes witfedintmass fractions of aitives,
A) A15, B) E4AM, Q K4M andD) K15M.

Generally, a&ement paste <ts being extrded from the syringe at the starting poin
stage2 and stops being extrudeat the end of stage 3. Beyond stagethe cement
behaves like @ompact wet powder rather thlike a paste, resulting in a rajly and
linearly increasing force. In fact, once extrusiorce reaches stage 4, no matter how

the forces applied to the plunger, the paste islamger amendable to injeon.
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Moreover, it is worth noting that the stage 4 maméd above is only suitable for a cement
which is not completely extruded. In the case odment extruded completely, the stage 4
is mainly related to the mechanical stiffness of thjection apparatus. Therefore,
according to the above discussion, the injectghbilftcomposite cement pastes can also
be qualitatively evaluated by the ratio of the wo&iinjected during stage 2 (which is
proportional to its length) over the total initledlume of the paste. The longer the stage 2,
the better the injectability (Fig. 5-2), which che achieved by using highly viscous
cement liquids (Bohner et al., 2005A; Dorozhkin,020 Actually, if the apparent
viscosity of the cement paste is high enough stfiftex-pressing can be mostly avoided,
a very small or even no stage 3 will be observeténextrusion curve, meaning that the
final steep increase in injection force is only doe¢he fact that full injection is reached,
so that stage 2 has its maximum possible lengthtimg to an excellent injectability
(Fig. 5-2B).

5.1.2.2 Cohesion and anti-washout performance

As expected, the addition of different cellulosbees pronouncedly improves the
cohesion and anti-washout performance of the coitggG®C, by either using a cellulose
ether additive with a high molecular weight or ea&sing the dosage of the additives
(Fig. 5-3).

In previous studies regarding cement-based matefidhner, 2010B; Dorozhkin,
2008; Khayat, 1998), the improved cohesion and-washout have been mainly
attributed to the improved rheological propertiegy( viscosity) of the cement-polymer
composite which is based on a viscous polymer ispluAs expected, this conclusion
should be also valid in the present CPC systettii¢rstudy, compared to the control (e.g.
not composite) cement, the addition of HPMC or MHD increase the viscosity of the
cement paste and therefore this increased visceBidyld also play a key role on the
improvement of cohesion and anti-washout perforreandowever, for a better
understanding of this specific mechanism, it istdirstly introducing how decohesion
and washout of cement pastes happen in an aqueluti®s. Basing on the definitions
introduced previously, the cohesion of CPC canib&ed as an interaction between the
CPC paste and the surrounding fluid. This intecacis mainly governed by the osmotic
pressure (Bohner et al., 2006B), which is dependerhe difference in concentration of
dissolved ions and molecules between the inteakfltiid of the cement paste and the

surrounding liquid. If the total solute concentoatiin the solution is lower than in the
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interstitial liquid, the flow from the solution imtthe cement will be larger than in t
opposite direction. This flow enlarges the distaace®ng cement particles and weak
their interactbn, therefore resulting in decohesion of the ceni@ahner et al., 2006B
As for the washout of CPC, besides the above masdianechanism, a shearing fo

between theement paste arthe surrounding liquid further strengthens this beha
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Fig. 5-3 (A) Cohesion time an(B) anti-washout performance of the cempastes with differer
contents of additives (L/P = 0.30 mL/g). Each vatune mean of three measurements + one sta
deviation.

Thus, according to the above discussion, the dpggiocess of howan increased
viscosity helps to improve cohesion and -washout may be detailed as follov
(1) when immersed in saline solution, the viscous cement paste effectively reduce
the influence ofosmotic presure and therefore well rede its dilution or bleedin

(Khayat, 1998), as evidenced by the consistent oemaste where no noticeal
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swelling is observed; (2) the strong interactiothw the polymer-coated cement grains
due to the increased viscosity prohibits the r&ezsthe particles into the surrounding
liquid. Both of the above two effects may contrioub the improved cohesion and
anti-washout performance of CPC. So it can be aigeected that the two effects will
become more obvious by using a polymer solutiopgmed by adding cellulose ether of
larger molecular weight or higher mass fractionll weplaining the observation in Fig.
5-3.

Besides, the addition of cellulose ethers to CP &las an important meaning in
surgery. In fact, for most CPCs, the differenceveein the cohesion time (without adding
cohesion promoters) and initial setting time is ks@athat it is hardly possible to apply
CPC clinically in an acceptable way without improent of the properties (Khairoun et
al., 1999). By using cellulose ethers, the cohesiue is significantly shortened, and at
the same time setting time is prolonged (this pandiscussed in 5.1.2.3), creating a

certain period during which the CPC can be useel\saf

5.1.2.3 Setting time
The initial and final setting times of CPC prepatgdadding different amounts of

cellulose ether additives are shown in Fig. 5-4.
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Fig. 5-4 Initial and final setting times of pastes preparveith different contents of four typical
cellulose ethers (A15, E4M, K4M and K15M), with &Lratio of 0.45 mL/g. Each value is the mean
of three measurements + one standard deviation.
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It is obvious that the initial setting times of tbements are only slightly delayed. In
contrast, the final setting times of the cemenes @onouncedly prolonged when the
amount of additives increases.

As for the mechanism of delayed setting in compo§iPC, it is considered to be
similar to that in Portland cements (Weyer et 802 Khayat, 1998). It is believed that
cellulose ether macromolecules adsorb onto the iegnains or initial hydration product,
forming a less permeable coating, and interferé wie dissolution of minerals, thereby
influencing the rate of hydration and setting (Khiayl1998; Khayat, et al., 1997;
Pourchez, et al., 2010A). In the present CPC systeam an imaged viewpoint, the
cellulose ether in the water can indeed be takes r@a@no-sized mussy swelling “ball”,
which consists of long entangled polymer chains fares water inside. The nano-sized
cellulose ether “balls” adsorb to the surface otnmisized (6um) a-TCP, acting as
“barriers” interfering with the dissolution of €and PG into water, therefore affecting
the precipitation of apatite and prolonging thetisgttimes. Thus it can be also
speculated that the larger the molecule weightl@dtiigher the concentration, the bigger
the “balls” and the “barriers”, the more difficult is for the ions to permeate and
precipitate. This mechanism can well explain thegkr setting time for CPC composites
prepared by adding cellulose ethers of large mddeaueight or high mass fraction, as
shown in Fig. 5-4. It must be noted that the abmssimption does not take into account
the influence of viscosity, which is usually expetto be an important factor controlling
the diffussion of solutes. This is mainly due te fact that the diffusivity of a small solute
(C&* and PQ” in this case) in a polymeric solution is generalby severely affected by
the macroscopic viscosity of the polymeric soluti@smers et al., 1972). Moreover, the
phases of the composite CPC were examined by XRD %F5).

Despite the observed retarding effect on setting, dbserved that after five days of
hardening most of the-TCP transforms into CDHA in the cement withoutwaith
cellulose ether additives and no noticeable diffeeeis found among them, indicating
that these additives do not inhibit the final fotroa of CDHA.
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Fig. 5-5 XRD patterns of the-TCP powder and its hardened products without dh ifferent
cellulose ether additives

5.1.3 Microstructure and mechanical properties

Both handling properties and mechanical propedresvery important for surgical
application of CPC. As demonstrated in 5.1.2, tekulbse ethers used in this study
pronouncedly enhance handling properties such asctability, cohesion and
anti-washout. To examine whether these celluldsersinfluence mechanical properties,

the fracture toughness and compressive strengtieafomposite cements prepared with
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the cellulose ethers were meas@feBurthermore, since CPC is intrinsically poroud an
its porosity strongly influences mechanical projesttthe porosity of these composite
CPC was also measured. In the graphs of the fatipwub-sections, six samples were
measured to calculate the mean of porosity and amecal properties, with error bars

showing one standard deviation.

5.1.3.1 Porosity
As shown in Fig. 5-6, compared to the control cen{emass fraction = 0%), the
porosity of composite CPC with different cellulosters increases monotonically with

the increasing mass fraction of each celluloserettided.
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Fig. 5-6 Porosity of the CPC with different mass fraction$ cellulose ether additives
(L/P = 0.45 mL/g). Each value is the mean of sbasugements + one standard deviation.

This phenomenon can be explained by considering Wwapens during the mixing

% Indeed, besides fracture toughness and compressigrgth, it is also of great interest to meastioeing’s
modulus and flexural strength of the composite cegmaith HPMC / MC. However, because of the huge remb
(204) of rhombohedral specimens required for cotipgeall the measurements, only the results of ténac

toughness and compressive strength are availathe géitne of writing this manuscript.
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process of theement paste. Generally, due to the viscosithecement pastea certain
volume of air can bbrough into the paste during the process of mixthe solid and the
liquid phases. fle SEM micrographs dracture surfaces of CPC composcements
without and with different mass fractions of cedisé ethes (Al5, EZM) at a

magnification of 50>are shown in Fi(5-7.

Fig. 5-7 SEM picturesof the fracture surface of CPC specimens with oiffié mas fractions of
additives under a magnification ofx (A) Control, (B) with 0.5% of A15, (Pwith 1.0% of A15, D)
with 2.0% of A15, (B with 0.5% o E4M, (F) with 1.0% of E4M.

As can beseen, no entrained air bubbles can be observeteircantrol cemen

(Fig. 5-7A). However, ote a celluloseether is added, even with the lowest visco
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(A15) and in a relatively small mass fraction (0)5%ome air bubbles of various sizes
can be easily found (Fig. 5-7B). With the incregsimass fraction of A15, the amount of
entrained air bubbles increases concomitantly (BigC, D). In addition, as expected,
more air bubbles can be observed when a cellutbgee with a higher viscosity like E4M
is used (Fig. 5-7E, F). The SEM observation is tast with the porosity measurements
presented in Fig. 5-6. In the literature reviewCbiapter 1, macropores (> 10Qh) were
noted to be essential for cell migration into theplant (Hing et al., 1999). Therefore,
from the osteoconductive point of view, these laggdrained air bubbles may be
considered as a positive factor.

The ability to form air bubbles and then to staalthem is strongly dependent on the
property of the cement liquid. In this study, tligild solution used for the control cement
has a high surface tension (similar to that of watdich is detrimental for the formation
of air bubbles. Moreover, the liquid solution igywduid (low viscosity) and therefore
cannot help to stabilize the formed air bubblesl, @so cannot prevent them from going
up through the paste and breaking at the surfaceontrast, cellulose ethers, acting as
surfactants (surface-active agents), can lowestitace tension of the liquid solution
and thereby are helpful for the formation of aibbles. Furthermore, as mentioned
previously, cellulose ethers can increase the siscof the liquid solution, which is very
useful for the stabilization of air bubbles andogtsevents them from moving up and
being eliminated at the surface. The more viscbaditjuid solution, the more stable the
entrapped air bubbles. The phenomenon that airlésilaloe entrained during mechanical
mixing and stabilized by cellulose ethers has alsen observed in other cement-based
materials (Jenni et al., 2005; Khayat, 1998; Poezatt al., 2010B).

5.1.3.2 Fracture toughness

The fracture toughness of the composite cements diiferent cellulose ethers are
shown in Fig. 5-8. The measured values of fradiomghness for the composite cements
are generally higher than those of the control ecgnathough the difference is small and
in most cases not significant given the overlap@mgr bars.

However, in order to better understand the infleeat cellulose ethers on fracture
toughness, it is interesting to plot the fracturaghness of composite cements as a

function of total porosity (Fig. 5-9 A, C, E and.G)
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Fig. 5-8 Fracture toughness of composite CPC with diffemmass fractions of cellulose ethers
additives (L/P = 0.45 mL/g). Each value is the mebsix measurements + one standard deviation.

As can be seen, the fracture toughness of the csitepmements remains constant or
even increases with increasing porosity, whicheigentheless different from our previous
result that fracture toughness decreases withnitrease of porosity, indicating that the
cellulose ethers have a toughening effect on CR@eer, this assumption only holds if
the toughness of the composite cements is compatiedhat of control cements with the
same porosities. Unfortunately, preparing contrements with exactly the same
porosities as those of composite cements is pedigtienpossible. For this reason, the
curve of a mathematical model (as the models shov@hapter 3) was adjusted to pass
through the corresponding data point of control eeihto assist the comparison (see
Fig. 5-9A, C, E and G). A power law is chosen beeaiti has been successfully used in
previous studies to fit mechanical properties 0CCRs for the exponent m to be used, it
is worth noting that the composite cements conkaith micropores and macropores
created by entrained air bubbles, but, because thacroporosity is difficult to be
determined precisely, it is not suitable to chodisectly the exponent m fitted for either
microporous (about 4) or macroporous (about 2) robrmements. For this reason, the
average value (about 3) of the exponent m for tleeaporous and macroporous control

cements was deliberately chosen here.
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Fig. 5-9 Fracture toughness of composite cements (A) ACY;H4M; (E) K4M; (G) K15M as a
function of porosity. The red curve crossing th&ageoint of the control cement is representativa of
mathematical model (power law in this case) asgjstomparison of fracture toughness between
composite and control cements with the same pgrdBij, (D), (F) and (H) show the relative increase
of toughness as a function of the polymer masdidmaccompared to virtual control cements with
identical porosities. The pink lines indicate schéoally the increase in toughness of the composite
cements. Each value is the mean of six measuremamts standard deviation.
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In fact, in the present study the power law assediavith this exponent m has no
physical meaning, but is just used as an indicabeéto show how fracture toughness
evolves with porosity to assist the comparison ketwcomposite and control cements
with the same porosity. This method (principle)laiso be used in the following studies.
As can be seen (Fig. 5-9A, C, E and G), the fractaughness of all the composite
cements is obviously higher than that of contranests with the same porosities.
Furthermore, the relative increase in toughnegb@itomposite cements (compared to
“virtual” control cements with identical porositjess plotted as a function of polymer
mass fraction (Fig. 5-9B, D, F and H). The touglsnesreases continuously and strongly
with the polymer mass fraction, indicating that tedlulose ether additives do have
significant toughening effects on CPC. In addition, the datantpoof the relative
increase of toughness can be globally describestraight lines. The slopes of the lines
(related to the rate of increase in toughnessphrted as a function of the molecular
weights of the cellulose ethers (Fig. 5-10). As barseen, the slopes globally increase
with the increase of the molecular weight of thdutese ethers, indicating that the
latter also have a significant effect on the towggsnof composite cement: with the same
concentration of cellulose ethers, the higher theleoular weight, the faster the

toughness increases.
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Fig. 5-10Rate of increase in toughness of composite cenaanésfunction of the molecular weight
of cellulose ethers added.
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The influences of various additives on the mecharpcoperties of CPC have been
widely studied (Bermudez et al., 1993, 1994; Boteteal., 2000; Brown et al., 1991;
Durucan et al., 2002B; Fernandez et al., 1998). Agnibie additives, cement retarders,
which may delay cement setting, are positively@ated with a higher strength (Barralet
et al., 2004; Bohner et al., 2000; Durucan e28l02B; Fernandez et al., 1998; Ginebra et
al., 2001; Marino et al., 2007). For instance, oasltic acids (citric acid or glycolic acid)
have been reported to initially retard cement isgttiut finally improve the strength. The
strengthening mechanism is mainly attributed toehsier mixing of the cement and to
the possibility to fabricate the cement with a @bl L/P ratio (resulting in a smaller
porosity), thus ending in improved mechanical prope (Barralet et al., 2004; Marino et
al., 2007). Methacrylamide, a derivative from 4-aosalicylic acid, has also been noted
to firstly hinder cement setting but to improve #tieength in the end. Besides the reduced
porosity, the reduced size of the precipitated tatgsis regarded as the other factor
leading to an enhanced strength (Ginebra et &1)20n the above research, the authors
did not measure the fracture toughness, thusvéng hard to determine if the mentioned
strengthening mechanisms could also improve thghioess of the cement.

As shown in Fig. 5-4 and Fig. 5-8, similarly, cédise ethers initially retard the setting
of composite cements but finally improve the fraettoughness. One may postulate that
the above mentioned strengthening mechanisms @@ sditable in this study.
Nevertheless, experimental results seem to ovevttinis speculation. For the first
mechanism, inversely, the porosity of the compasstment is increased but not reduced
(Fig. 5-6, 7). For the latter mechanism, no obvidifierence can be observed in the
crystal size and shape between control and comgpasitnents (Fig. 5-11). This
observation also indicates that although inhibitihg hydration ot-TCP at an early
stage, the cellulose ethers do not influence tha formation of apatite crystals, which is
consistent with the result of XRD (Fig. 5-5). There, according to the above discussion,
other toughening mechanisms should be proposedctmuat for the improved fracture
toughness.

As reviewed previously, fracture toughness is aefiras the ability of a material
containing cracks or notches to resist crack prapag. Increasing fracture toughness
can be achieved either by increasing the resistahtlee microstructure ahead of the
crack tip, or by reducing the effective stressnstty factor at the main crack tip, by crack
bridging for instance, or even through both (Lauetsl., 2009; Rddel, 1992; Steinbrech,
1992; Swain et al., 1984).
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a-TCP particles have a median size oum. Because omilling processand the
presence of humidity in the atmospl, the small particles tend to stick together
form agglomerates. When mixed wa-TCP, cellulose ethenolecules are adsorbed
the surface of the-TCP particles. Due to their steric effect, the debe molecles can
reduce the attractive Van der Waals force betwherparticles, therebseparating the
particles and preventing thenfrom forming agglomerates, resulting in a m
homogeneous particle distribution in the paBurgueraet al., 2006). Moreoverhe
homogenously distributed particles in the pastebsafurther stabilized by the increas
viscosity of the composite cement paste. Therefboan be expected thihe growth of

apatite crystals from Aomogeneous paste can finally form a uniform optimized

microstructure with fewedefectsresulting in anmproved fracture toughnesSarda et
al., 2002).

Fig. 5-11SEM images of the fracture surface of CPC specirfA) Control, (B) with 1.0% of A15
(C) with 1.0% of E4M, and (pwith 1.0% of K4M. The arrows indicate tpolymel in the cement.
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In addition, although the absorption bands of glitose ethers cannot be found in the
FTIR spectra of the composite cements (Fig. 5A4B)ch may be due to the fact that the
absorption bands of calcium phosphate componengslapy the possible polymer
absorptions bands (Weiss et al., 1997), some gteegblymers, which may be derived
from shrunk cellulose ethers after drying, canl & found sticking to neighboring

apatite crystals (Fig. 5-11 C, D).
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Fig. 5-12FTIR spectra of the cellulose ethers additivestardcomposite CPC specimens. No visible
difference can be found in the FTIR spectra of GB&€cimens without or with different additives.

These polymers can help to alleviate the crackuagivorce through crack bridging
(linking cracks and consuming more energy throughekastic-plastic deformation),
thereby further enhancing the fracture toughnesairfey et al., 2009). According to
Ashby (1993), the increase in toughness due tkdradging by plastically deforming
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ligaments should be proportional both to the voldraetion and to the intrinsic strength
of the reinforcing phase. The former effect hasmedenced in our composite cements
(Fig. 5-9B, D, F and H), where the relative incee&s toughness has been found to be
proportional to the mass fraction of each polymedeal; the latter effect would be
consistent with the observation of Fig. 5-10, whitweerate of increase in toughness has
been found to depend on polymer molecular weigitleéd, the strength of a polymer is
usually, among others, linked to its molecular vaeidlallam et al., 1987 hus, both the
optimized microstructure with improved homogenaeityd crack bridging by polymer

ligaments may contribute to the enhanced fractugliness of composite cements.

5.1.3.2 Compressive strength
Fig. 5-13 shows the compressive strength of theposite CPC prepared with
different cellulose ether additives. The compresssirength of the CPC composite

cements is in all cases lower than that of therobnement.
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Fig. 5-13Compressive strength of the composite CPC witlerdint mass fractions of cellulose ether
additives (L/P = 0.45 mL/g). Each value is the mehsix measurements * one standard deviation.

In order to better understand the influence olutedle ethers added on the compressive
strength of composite cements, the latter waseqalais a function of porosity (Fig. 5-14A,
C, E and G).
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Fig. 5-14 Compressive strength of composite cements (A) ACY;E4AM; (E) K4M; (G) K15M as
function of porosity. (B), (D), (F) and (H) showethelative increase of strength of corrending

composite cements aduanction o polymer masgraction. The red curve crossing the first datang

of composite cements related o macroporous CPC and is representative oathenatical model
(power law in this case) assisting comparisoicompressive strengthetween comgsite cements
with identical porosities. Eaclalue is the mean of six measurements + one sid deviation.
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As soon as the cellulose ethers are added, theg#itref composite cements decreases
sharply; this point will be discussed later. Butersome polymer has been added, similar
to fracture toughness, the strength generally nesnaonstant or even increases with
increasing porosity, which is also different fronuroprevious result that strength
decreases with the increase of porosity, indicatirag the cellulose ethers may have a
strengthening effect on CPC. Once more, this sp#doual can be proved only if the
strength of the composite cements is comparedthatiof control cements with the same
porosities. Thus, similar to the process conducteftacture toughness, a power law with
the same exponent m as that for fracture toughmassadjusted to pass through the first
data point of each composite cement to assistahgarison (see Fig. 5-14A, C, E and
G). The reason for choosing a power law andcegponent m with a specific value is
similar to that for fracture toughness, as discdiggeviously.

The relative increase of the strength of the com@a@gments, compared to “virtual”
cements with identical porosities, is plotted aguaction of polymer mass fraction
(Fig. 5-14B, D, F and H). In general, the relativierease in strength increases
continuously and strongly with mass fraction, imdicg that the cellulose ethers
additives do have strengthening effects on CPC.

In fact, compressive strength is not an intrinsigperty of the material, but depends
both on the fracture toughness and on the shapsiaaaf defects. Although cellulose
ethers can improve the fracture toughness of thgosite cements (see Fig. 5-9), which
is beneficial for strength, the concomitant pregeoiclarge defects caused by entrained
air bubbles (Fig. 5-6, 7) seems to counteract thosus, resulting in a reduced
compressive strength when compared to control cemiémout macropores (i.e. without
polymer), as shown in Fig. 5-13 and 5-14. This ceducompressive strength due to
entrapped air bubbles (or large defects) has asa bbserved in the macroporous CPC
discussed previously (chapters 3 and if),other cement-based materials for civil
engineering (Khayat, 1998), and in macroporous B&®Bmics (Pecqueux et al., 2010).
However, when compared to macroporous “control” eets with the same porosity, the
compressive strength of composite cements gendrathgases with increasing mass
fraction, which may be attributed to the correspogly increasing fracture toughness
(Fig. 5-9).

Finally, the stress-displacement curves of the asit@ cements during compression
tests are shown in Fig. 5-15. A small overshootlmafound at the beginning of the curve

for all the tests, which is due to a clearancé@experimental setup. After the overshoot,
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a linear increase of the stress followed by a step can be observed for the control
cement, corresponding to a typical brittle fract@eey. Fig. 5-15A, control). On the
contrary, a less linear increase of the stressv@t by a mild drop can be found for
composite cements, indicating a less brittle failucorresponding to a progressive
microcracking / macrocracking of the material, whtan be seen as a kind of tolerance
to damage. These curves indicate a positive etieckllulose ethers on the fracture
behavior of composite cements (Fig. 5-9). Thisrtolee to damage is very interesting for
biological applications, since the material, inecasan overload, will nevertheless retain
some extent of mechanical integrity, in the sehsg this will on the one hand prevent
debris from escaping the implant site, and on therchand allow the material to be able

to withstand further (reduced) loading.
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Fig. 5-15Stress versus displacement curves of compositerasmvith different mass fractions of
cellulose ether additives.

5.1.4 Section conclusion

In summary, the results of this study indicate thataddition of cellulose ethers (A15,
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E4M, K4M and K15M) with different structural paratees modifies almost all
performance aspects of the cements, including handbroperties, porosity and
mechanical properties.

Both molecular weight and substitution of HPMC/M@vk a great influence on the
injectability of CPC. The higher the viscosity dfet HPMC solution, the better the
injectability of the composite CPC paste. For ddfe HPMC solutions with similar
viscosity, the degree of substitution groups seenpday a great role. HPMC/MC seems
to be an excellent option not only to improve itgddlity but also to improve cohesion
and resistance to washout. In addition, HPMC/MC g@aalong the setting time,
especially the final setting time of composite catee Only a small amount of
HPMC/MC is needed to dramatically change all thedtiag properties of the cement
pastes studied.

In spite of different molecular weights and/or ditbsons, HPMC/MC all have a
strong toughening effect, and this effect becomeersignificant with the increase of the
polymer mass fraction. However, as soon as smalhifies of HPMC/MC are added, a
sudden decrease of compressive strength is provokedtrained air bubbles acting as
critical flaws, but then the compressive strengdnegally tends to increase with
increasing polymer mass fraction when compared agraporous “control” cements
with the same porosity, which may be attributed tmrrespondingly increasing fracture

toughness.
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5.2 Si-HPMC composite CPC

In section 5.1, the influence of four different loklse ethers on the handling and
mechanical properties of TCP based CPC have been systematically investigatee
cellulose ethers studied manifest beneficial effecn cohesion, anti-washout,
injectability, fracture toughness and tolerancedéonage of the composite cements.
However, despite a good cohesion, the composite dtes with high L/P ratios are
quite “fluid” and would probably tend to flow awdyom the place where they are
implanted at the initial stage (see 5.2.2), indicpthat an additive which can improve
even more the handling and/or mechanical propeHissll desirable.

Si-HPMC is synthesized through controllable graftof silane into HPMC (Bourges
et al., 2002). Similar to its precursor, HPMC, $MMC is biocompatible and has been
reported to be attractive for cartilage regenenatierceron et al., 2010). In addition, in
solution it exhibits a high viscosity (Fatimi et,a2008) and, as a “gel”, it presents a
self-hardening behavior. Thus, it has been usedh®isecond generation of injectable
BCP bone substitutes (Daculsi et al., 2010A; Wetsal., 2008), showing a significant
advantage over the first generation by suppredsiaig long-term flow (Vinatier et al.,
2009). Both the high viscosity and gelling of SifA€ could be interesting in view of
preparing composite cements with possibly improvezhdling and mechanical
properties.

However, to date this interesting cellulose etleey iever been used in CPC. Given the
above elements and what has been seen about éhefr8i-HPMC in injectable BCP
bone substitutes, it would thereby be very appgdbrtry and incorporate it to CPC.

In this section, similar to section 5.1, the effett Si-HPMC on the handling
(injectability, cohesion and setting time) and naathal properties (Young’s modulus,
fracture toughness, flexural and compressive sthgrgd the composite Si-HPMC CPC
has been systematically investigated. All the meiah properties were measured in wet

conditions.

5.2.1 Preparation of Si-HPMC solution and cement ¢juid

The Si-HPMC powder was kindly provided by Dr. PeeiVeiss. The synthesis of
Si-HPMC powder has been described in detail by gesiet al. (2002). Briefly, it was
produced by silane grafting on HPMC (Meth6&4M) in NaOH solution, and
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3-glycidoxypropyltrimethoxylane (3-GPTMS) was usexa silated agent.

For preparation of Si-HPMC solution, the Si-HPMOwger, which is insoluble in
water, was dissolved in 0.2 M of NaOH solution abm temperature for 48 h.
Subsequently, the Si-HPMC solutions were dialyzgdiresst 3.8 L of NaOH solution
(0.09 M) for 16 h and then against 4 L of NaOH solu (0.09 M) for another 2 h. The
final pH value of the Si-HPMC solution was aroun2l8l Si-HPMC solutions were
prepared at different concentrations (2%, 3% andv9phere 1 w/v% = 10 g/L).

Si-HPMC solutions are stable in strong basic mdpid > 12.1). When the pH
decreases, the gelation of Si-HPMC takes place, thed Si-HPMC solution is
transformed into a hydrogel with a three-dimendiamatwork of Si-HPMC chains
(Fatimi et al. 2008, 2009). The gelation princige the Si-HPMC is illustrated in
Fig 5-16. Specifically, in a strong basic mediuhe silane on the Si-HPMC chains is
ionized into sodium silanolate (-SiO-NaWhen the pH of theolution is below 12, the
sodium silanolates transform into silanols (-SiOwhich is followed by condensation

reactions and ends in the formation of a 3-D néeitvadithe polymer.

OCH,4 ONa*
(1 —?i—OCH3 + NaOH ———» —Si—O'Na* CH,OH
OCH;4 ‘Na*
silane silanolate
O'Na*
decreasing pH C‘)H
@ —?‘—O'Nf ——> —Si—OH
O"Na* (‘)H

silanol
(3) mmSi—OQOH + HO—Simm —— 3 = S—(O—Simm + H,0

Fig. 5-16 The behavior of silane grafted on HPMC: (1) digioh in basic solution with silanolate
function formation, (2) transformation of silanaanto silanol by decreasing the pH, and (3) silano
condensation. Reprinted from Fatimi et al., (2008)

In this study, a solution of 30 wt% of NaPO, was used as a buffer to initiate the
gelation of SI-HPMC. Extemporaneously, the NBB)y solution was mixed with the
Si-HPMC solution in a syringe to obtain the cementid with a final pH ranging from 7
to 8. The gelation time of the cement liquid (SiM® + NaHPO,) was determined by a
rheological method in oscillatory shear, which wagied out with a rotational rheometer

(RheoStress 300, Germany) at 23 °C. The measureshgelation time shows that the
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gel point of Si-HPMC hydrogel in this formulatiosabout 30 min.
Si-HPMC composite cements were prepared with diffel./P ratios and by using

solutions of Si-HPMC at different concentrations saown in Table 5-3.

Table 5-3Experiment series of Si-HPMC composite cements

fractior

2% 3% 4%
0.40 1.2 1.6
0.45 1.35 1.8
0.60 1.2 2.4
0.80 3.2
1.00 2.0 4.0

#Liquid volume (ml) = NabP O, (ml) + Si-HPMC (ml)

The numbers in the first row represent the conagintr of Si-HPMC in the polymer
solution. The numbers in the other rows represkat dorresponding proportion of
Si-HPMC in the final cement without taking watetaraccount.

5.2.2 Pre-experiment

Before showing the main content and results of wosk, a preliminary experiment
was done to visually demonstrate the excellent lvangroperties of the composite
cements with Si-HPMC, as shown in Fig. 5-17 andB5A control cement (without
additive) (Fig. 5-17A), as well as composite cermanith HPMC (E4M) (Fig. 5-17B)
and with Si-HPMC (Fig. 5-17C) of 3% w/v were pregéuwith a L/P ratio of 1.0 and
packed into rhombohedral molds, followed by immeldemolding. The control cement
paste cannot maintain its cuboid shape and sp@agisa large area of the glass plate
(Fig. 5-17 D), due to a low viscosity (Fig. 5-17G)milarly, the composite cement paste
with E4M cannot keep its shape either but spreatittl@ less over the glass plate
(Fig. 5-17 E), indicating a somewhat higher visgogFig. 5-17H). The Si-HPMC
composite cement paste, at the opposite, can peessr cuboid shape without any
noticeable defects (Fig. 5-17 F and I), due torg egh viscosity.

Moreover, the Si-HPMC composite cement paste etehibiparticular mechanical
behavior at its early age, i.e. when demolded imately after having been molded
(Fig. 5-18).
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Fig. 5-17Immediate demolding after the preparatid (A, D, G) the control ceme; (B, E, H) the
compositecement with HPM¢; (C, F, 1) the composite cement with ISRMC. L/P =1.0; the
concentration of SHPMC in liquid phase is 3¢

"’ '.\“I

Fig. 5-18 Mechantcal behavior of the composite Clpaste with Si-HPMCdemolded immediatel
after molding: (A) bading, (C) unloading after bending, (B) aftestretchini and (D) after
compressionThe initial length of the bar is 38 m
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It can be bent extremely without breaking (Fig. &-A). After unloading, the
composite cement bar can still largely maintain bemt shape (Fig. 5-18 C). The
phenomenon that the composite cement bar can pecgsrshape after unloading has
also been observed after stretching (Fig. 5-18rBpmpression (Fig. 5-18 D) of the bar,
which is probably due to a large viscoelasticity.

As shown above, the Si-HPMC composite cement dispda appealing mechanical
behavior at early age during which flowing of a esmtnpaste with a high L/P ratio can
also be avoided in the place implanted, whereagdhkte remains easy to deform and able
to adapt to complex shapes without damage, whi@ifwiher attract us to exploiting its
application as bone substitutes.

5.2.3 Handling properties of Si-HPMC composite CPC

5.2.3.1 Injectability

The injectability of the Si-HPMC composite cemeatst% with different L/P ratios
and after various gelling times was measured, baddsults are plotted in Fig. 5-19.

[ Gelling 0 min
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Fig. 5-19Injectability of the Si-HPMC composite cement gaat 4% with different L/P ratios and
gelling times, 4 min after starting the mixing @jlid and powder. Each value is the mean of three
measurements + one standard deviation.
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The gelling time is the time during which the-HPMC solution has been let to ¢
before mixing with the inorganic powd Surprisingly, the composite cementth a L/P
ratio of 0.4 can hardly be injected. In contra#ittree composite cements prepared v
higher L/P ratios can be extruded, reaching a malimectability of about 95%. It i
worth reminding that theemainin¢ 5% of paste is left in the syringip, sothat 95% is
actually theupper limit of the injectability measured by thigtimoc. For the L/P ratio o
0.8, a preliminargelling time of 30 min does not affect injectability.

In section 5.1, the improved injectability of th®MC or MC composit cements was
attributed to the increased paste viscosity whasheffectively alleviatandeven prevent
filter-pressing,which is considered to be timechanism causinigmited injectablity of
cement pastesThe same strategy has been used here to ile the injectability o
Si-HPMC composite cemes. Indeed, under the present testing conds, most of the
control cementgan also bextruded(the case of the L/P ratio of 0.4 will be discus
later). Therefore, as mentioned previously, increasingviscosity ofthe cement paste
seems to ba very goodstrategy to improve injectability.s shown in Fig. -20, except
for the composite cement wia L/P of 0.4, the extrusion curvies composite cemen

with high L/Pratios are very siilar to those of HPNL composite cemes (Fig. 5-2).

— L/P 0.4 Gelling Omin
—— L/P 0.6 Gelling Omin
—L/P 0.8 Gelling Omin
1604 | —— L/P 1.0 Gelling Omin
— L/P 0.8 Gelling 30min

140

120
100
80 -

Force (N)

60
40
20

0 1 T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Syringe Plunger Displacement (mm)

Fig. 5-20Injection force curves during extrusion of th-HPMC composite cemelpastes at 4% with
different L/P ratios and gelling time

The horizontal plateau is considered to be relatedomogeneous injection of t
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cement paste without filtgaressing, and the longer the plateau, the beganjbactability.
As in the case of HPMC and MC composite cen, along horizontal plateais also
observed in the present composite cements with biBhratios (0.6, 0.8 and 1.land
even after a gelling timef 3C min, relating to a very goothjectability (Fig. -19).
Moreover, theextrusion forc at the plateau increases with a decrease « L/P ratio,
which is simply due to the correspondingly incragsviscosity of the cement pas
Besides, the extrusion force is higher for the a@ngpaste with SHPMC gelled for
30 min than that withowgelling. This can be mainly attributed to thetea force neede
to break the formetdydrogel networ. Finally, for the composite cement wa L/P ratio
of 0.4, although theaste is very viscouthe extrusion force increases very fast with
any plateau, relating to a bad injectability (alifu& can hardly be injected) (Fig-19).
This result is contradictory to the definition ofectability in the present study that
higher the viscosity, the better the injectab. However, the bad injectability of ti
composite cement with a L/P raof 0.4 may be related to a very higklg point (i.e. the
force necessartp initiate the paste flo), which could surpass thmaximumextrusion
forceused in the present study 100 N).

5.2.3.2 Cohesion

When injected into the saline solutimmediately after preparation (< 3 minutes),
control cement paste disintegrates completely amticges sediment to the bottom of |
flat beaker (Fig. 5-21A)whatever the L/P is (from 0.4 to O. In contrast, the -HPMC
composite cement pastear maintain their injected noodlée shape until hardenir
andno disintegration can be observed, indicating astanding cohesion (Fig-21 B).

Fig. 5-21Photos of theA) control and(B) composite (3% Si-HPMC) cemepastesinjected into a
salinesolution immediately after preparat (within 3 min). L/P=1.0
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Similar to HPMC composite cements, the improvedesaim of Si-HPMC composite
cements can be attributed to the increased pastestty which may on the one hand
reduce the influence of osmotic pressure betweemtkrstitial fluid of the cement paste
and the surrounding liquid and on the other hadhipit the release of particles into the
surrounding liquid. Moreover, the latter mechanisiay be further strengthened by the
three-dimensional network of the Si-HPMC hydrogel.

5.2.3.3 Setting time
The initial and final setting times of CPC withooit with 4% of Si-HPMC were
measured in different L/P ratios (Fig. 5-22).
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Fig. 5-22Initial and final setting times of cements withautwith Si-HPMC (4%) at different L/P
ratios. The final setting time of control cementhwi/P ratio 0.8 is much longer than 60 minutesiand
not displayed.

Unlike HPMC which delays the setting of compositgnent (Fig. 5-4), Si-HPMC
appears to slightly shorten the initial settinghed composite cements with L/P ratios up
to 0.6, but to significantly reduce it for a L/Riceof 0.8. The phenomenon of shortening
setting time becomes much more obvious with redarthe final setting times with
increasing L/P ratios.

As for the mechanism of faster setting in the cositpocement, it may be mainly
attributed to the effect of gelation of Si-HPMC fatt, like HPMC, Si-HPMC molecules
would adsorb to the surface ®fTCP particles and hence would be expected to detay
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setting. However, meanwhile, Si-HPMC gels to forhydrogel with a three-dimensional
network of Si-HPMC chains due to the decreasedqised by NabPO,. Thus it is very
likely that the effect of gelation of Si-HPMC magunteract the influence of the delay of
cement setting caused by polymer absorbing, arallfiproduce a stronger resistance
which is related to an apparent faster settingudidition, with increasing the L/P ratio to
0.8, thea-TCP particles in the control cement paste tergettiment by gravity, leaving
lessa-TCP particles in the top of the paste, the latterefore taking a longer time to
form an entangled structure of apatite crystalstieg loading (it is reminded that setting
times are measured by pressing needles onto thent¢ap surface). In contrast, due to
the increased viscosity, the sedimentatior-GiCP particles in the composite cement
paste can be avoided, resulting in a more homogesneistribution of-TCP patrticles,
which may also contribute to a faster setting, el in cements with the L/P ratio of
0.8 (Fig. 5-22).

After five days of hardening, the final phases aftcol and composite cements were
examined by XRD (Fig. 5-23).
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Fig. 5-23XRD patterns of control cement and composite céméh HPMC-Si of 4%. L/P = 1. Red
pattern refers to control cement. Black pattermesgnts Si-HPMC composite cement.

Similar to HPMC composite cements, most of ¢hECP in the Si-HPMC composite

cements also transforms into CDHA. However, intiemgdy, despite the faster setting in

166



Chapter 5 Handling and mechanical properties ofpmsite CPC

the early stage, the final formation of CDHA in BieHPMC composite cement seems to
be retarded, as indicated by the lower intensithefpeaks of CDHA and higher intensity
of the peaks ofi-TCP. This may be due to the fact that the fastéting of composite
cement with Si-HPMC in the initial stage mainly ukts from the effect of gelation of
Si-HPMC. But, with time, Si-HPMC further gels torfo a three-dimensional hydrogel
network which interferes with the dissolution of?Cand PQ® into water, therefore
affecting the final formation of CDHA. However, aone comprehensive kinetic study on
the evolution of strength and microstructure of ttwmmposite cements would be

necessary to prove these assumptions.

5.2.4 Microstructure and mechanical properties

As demonstrated in section 5.2.3, Si-HPMC signiftga improves the handling
properties such as injectability, cohesion andregtime. To examine whether Si-HPMC
adversely influences mechanical properties, Youngxlulus, fracture toughness and
strength of the composite cements were measuresidé® since CPC is intrinsically
porous and its porosity strongly affects mechangraperties, and most probably also
biological properties, the porosity of the compe€itPC was also measured.

5.2.4.1 Porosity

As expected, the porosities of both control cemants composite cements increase
with the increasing L/P ratios (Fig. 5-24A). Moreoyvthe porosity of the composite
cements is higher than that of the control cemaeuritis the same L/P ratios, but the
difference between the two porosities tends toeess globally with increasing L/P ratio.
Besides, the porosity of composite cements alsceases with the increasing mass
fraction of Si-HPMC added (Fig. 5-24B).

The increasing porosity with the increase of LAfbsahas been discussed in Chapter 3,
and is mainly attributed to the higher proportidriiguid in the constant volume of the
mold. In addition, similar to HPMC composite censethe higher porosity of Si-HPMC
composite cements than that of the correspondingraocements is believed to result
from entrained air bubbles introduced during prapan (Jenni et al., 2005; Khayat,
1998; Pourchez et al., 2010B).
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Fig. 5-24Porosity of control cements and Si-HPMC compasiiments as a function of (A) different
L/P ratios (Si-HPMC 4%) or (B) different mass fiiaas of Si-HPMC. Each value is the mean of six
measurements + one standard deviation.

The SEM micrographs of fracture surfaces of conantl Si-HPMC composite
cements with different L/P ratios are shown in Bg5.

As can be seen, no entrained air bubbles can B\@usin the control cement with a
L/P ratio of 0.4 (Fig. 5-25A). In contrast, similarHPMC composite cements (Fig. 5-7),
once Si-HPMC is added, many air bubbles of varisires can be easily found
(Fig. 5-25B). With increasing L/P ratio (1.0), veiw entrained air bubbles can be seen
in the control cement, but the control cement eatgems to become less dense (Fig.
5-25C), indicating a larger porosity. Meanwhilepgmared to the Si-HPMC composite
cement with a L/P ratio of 0.4, more macroporedaitsize larger than 1Q0n can be

168



Chapter 5 Handling and mechanicroperties of composite CI

found in the SHPMC composite cementith a L/P rato of 1.0, but no oler noticeable
difference can be observed between the two mat(kgs £-25D).

Fig. 5-25SEM pictures of the fracture surfacescontrol cement#\) L/P = 0.4; C) L/P =1.0; E)
L/P = 1.0; and SHPMC (4%) composite cemes B) L/P = 0.4; D) L/IP = 1;0F) L/P = 1.0.The
pictures of A, B, C and D have the same magnificatif 50x. The pictures of E and F have the st
magnification of 1 000 x.

The microstructure of corol and Si-HPMC composite cementgh L/P ratics of 1.0
is further examined atl@gher magnifiction (1 000 x). As for theontrol cement, larg
volume of voids can be observed betwerather dense aggrege consisting of
sphere-like clusters @ipatite crystals (Fig. 5-2B). In contrast, no such voids can be <

in the SIHPMC composite cement which is more compiand homogeneou
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(Fig. 5-25F). The above SEM observations can tbegeéxplain why the Si-HPMC
composite cement with a L/P ratio of 1.0 has justightly higher total porosity than the
control cement with the same L/P ratio (Fig. 5-2¢hile containing many macropores; it

has a denser matrix.

5.2.4.2 Young’s modulus

The Young's modulug of the control and Si-HPMC composite cements pepwith
different L/P ratios is plotted as a function ofrg&ity (Fig. 5-26). The influence of
porosity on the Young’s modulus of CPC has beemstigated in previous chapters. In
the present study, the Young’s modulus of both robrand composite cements also

decreases with increasing porosity (Fig. 5-26).
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Fig. 5-26 Young’s modulus of control cements and Si-HPMC posite cements as a function of
porosity. The red curve is a fitting of Young’s nubus of control cement as a function of porosity
using a power law. Each value is the mean of siasmeements + one standard deviation

In order to study the effect of Si-HPMC on Youngisdulus, it is therefore necessary
to compare the Young’s modulus of Si-HPMC composéments with that of control
cements with the same porosities. However, as owgdi previously, preparing a control

cement with exactly the same porosity as that abmposite cement is practically

2L young's modulus and flexural strength were onlyameged on control cements and on composite cements

prepared by using the Si-HPMC solution with a coricion of 4% at the time of writing this manugtri
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difficult. Thus, a power law was used to fit theuvig’s modulus of the control cement to
assist the comparison (Fig. 5-26). Fitting of ottmexchanical properties will be also used
in the following study. Moreover, it is worth memning that modeling of the mechanical
properties of composite cements is not the maipgae of present study, but it is a useful
tool to help to analyze and explain the results.

As can be seen, the Young’s modulus of Si-HPMC ausitp cements is apparently
higher than that of control cements with the sammgities. Furthermore, the relative
increase of the Young’s modulus of the compositeards is plotted as a function of the
L/P ratio (Fig. 5-27). The relative increase of #aeing’s modulus increases continuously
and strongly with the L/P ratio, implying that SPNIC pronouncedly improves the
Young’s modulus of CPC and this trend becomes mbkeous in composite cements
with high L/P ratios.
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Fig. 5-27Relative increase of Young’s modulus of composgiments with 4% of Si-HPMC solution,
as a function of L/P ratio.

This result seems to be contradictory to our previeesult that the Young’s modulus
decreases with increasing porosity. The specifisoa for this contradiction is unclear,
but may be due to different microstructures resglfrom the effect of Si-HPMC. For
instance, the positive effect of a more homogeneuitsoporosity, as evidenced in
Fig. 5-25 E and Fould surpass the negative effect of macroporesaae bubbles.
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5.2.4.3 Fracture toughness

The fracture toughness was measured on the cartdotomposite cements prepared
with different L/P ratios and with Si-HPMC of diffent concentrations (Fig. 5-28). As
expected, the fracture toughness is higher for bottirol and composite cements with
low L/P ratios. In addition, the fracture toughne$xomposite cements increases with

the increasing mass fraction of Si-HPMC added.
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Fig. 5-28 Fracture toughness of control cements and Si-HRJd@posite cements prepared with
different L/P ratios, as a function of concentmtiof Si-HPMC. Each value is the mean of six
measurements * one standard deviation.

Similar to HPMC, in order to reveal the effect of-8°MC on fracture toughness, it is
of great interest to plot the fracture toughnessSeHPMC composite cements as a
function of porosity (Fig. 5-29). As can be sedw, fracture toughness of the composite
cements increases with increasing porosity whatéwerL/P ratio is. This is different
from our previous results that fracture toughnessehses with the increase of porosity,
implying that Si-HPMC has a toughening effect onQCRn order to prove this
assumption, the toughness of the composite censtwisld be compared with that of
control cements with the same porosities. Simijaslpower law was used to fit the
fracture toughness of the control cements to assestcomparison (Fig. 5-29). The
fracture toughness of all the composite cemerapmarently higher than that of control

cements with the same porosities.
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Fig. 5-29 Fracture toughness of control cements and Si-HRJd@posite cements prepared with

different L/P ratios, as a function of porosity.eThnarks with open circles around represent control

cements with different L/P ratios. The red curva fitting of fracture toughness of control cemasit

a function of porosity using a power law. For e&blor series” (i.e. for each L/P ratio), porosisy

varied through different concentrations in Si-HPM{S, shown on Fig. 5-24 B). Each value is the

mean of six measurements + one standard deviation.

Besides, the relative increase in toughness ottimeposite cements with different
concentrations of Si-HPMC is plotted as a functdthe L/P ratio (Fig. 5-30).
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Fig. 5-30Relative increase in fracture toughness of conp@gments with different concentrations
of Si-HPMC solution, as function of L/P ratio.
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The relative increase toughress increases significantith polymer concentratior
proving the hypothesis that -HPMC has toughening effects on CFMoreover, this
toughening effect becomes more obvious it composite cementsith high L/P ratios.

A similar phenomenorhas been observed in HPMC or MC composite cels
(Fig. 5-9), and themproved fracture toughness has been attributesynergetic effect
of a more homogeneous microstructure and of craclgimgdby polymer ligamen.
Becausef the similarity between HPMC and-HPMC, it can be expected that the s
toughening mechanisnogperat: in the Si-HPMC composite cemenBesides, it is wort
noting that SHPMC can gel to form a thr-dimensional hydrogel network, therefore
extra toughening from the crelinked network mightfurther improve the fractur
toughness of Si-HPMCatnposite cemes.

The fracture surfaces «control and Si-HPMC composite cementish different L/P

ratioshave been observed by SEM and are presentFig. 5-31 and 52.

Fig. 5-31SEM images of the fracture surfs of control cements A)/P = 0.4;C) L/P = 1.0 and
Si-HPMC composite cemen® L/P = 0.4; D) L/P = 1.0 at magnification of 10@x.

Fig. 5-31A shows the microstructure the control cement with &P ratio of 0.4. As
mentioned previously, neer-like and plate-like apatite crystals da@ observecAlso, a
similar structure can been found in th-HPMC composite cementith the same L/P
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ratio (Fig. 5-31B). With increasing the L/P ratib @), the microstructure of the control
cement changes significantly, forming sphere-ligatée clusters consisting of numerous
small and short needle-like crystals (Fig. 5-31Bgsides, these apatite clusters are
inhomogeneously distributed in the cement matrithwarge voids between them. In
contrast, the microstructure of the Si-HPMC comigosement with a L/P ratio of 1.0
remains similar to that of the Si-HPMC compositeneat with a L/P ratio of 0.4
(Fig. 5-31D). The above SEM observations indichtd the viscous Si-HPMC solution
can help to form a homogeneous cement matrix, ptghaartly contributing to the
improved fracture toughness. The more homogenoasxniar composite cements may
be responsible for a higher Young’s modulus as @etgpto control cements, as shown in
Fig. 5-26. Besides, the completely different mitnestures of control cement in low (Fig.
5-31A) and high (Fig. 5-31C) L/P ratios may alsc@aat for the different extents of
relative increase of fracture toughness of composeiments with different L/P ratios
(Fig. 5-30).

In addition to the aforementioned toughening memansimilar to HPMC composite
cements, some glue-like polymers, which may bevddrifrom shrunk Si-HPMC
hydrogels after drying, can be observed sticking n@ghboring apatite crystals
(Fig. 5-32); they may constitute crack bridgingaligents and also contribute to an

increased toughness.

Fig. 5-32SEM picture showing polymer in the Si-HPMC comp®siement (arrow) with L/P = 0.6.
The magnification of the picture is 20 000 x.
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Moreover, the composite cement was analyzed by Fand increasini absorption
bands which overlap thaif control (water in the cement) and-FPMC (around
3400 cn) could be foun on the FTIR spectra (Fig. 5-3#lthough the increas of
absorption bands arauch likely caused by water, it indirectly evidesdhe xistence
of Si-HPMC becausbefore the FTIR analysis, the sample has been dhadieve 10(
degrees, the remaining water can only come fronintier structure of -HPMC.

e ___—+Si-HPMC

Absorbence (a. u.)

veo] Si-HPMC 4%

%Msmmc ™
0.05-] Control

4000 3500 3000 2500 2000 1500

Wavenumber (cm™)

Fig. 5-33FTIR spectra f control cement, Si-HPMC and SiPMC composite cemer.

Thus, according to the above observatioboth the optimized microstrture with
improved homogeneitgnd crick bridging by polymer ligaments caontribute to the

enhanced fracture toughnessSi-HPMC composite cements.

5.2.4.4Flexural strength and compressive strengt

The flexural strengtlof the control and -HPMC composite cemenprepared with
different L/P ratiosis plotted asa function of porosity (Fig. 5-34)he influence o
porosity onflexural strengt of CPC has been studied previousind it isgenerally
harmful to the latterSimilarly, as shown in Fig. 5-34lexural strengt of both control
and composite cements decreases with increasimgipy.

In order to investigatheinfluence of Si-HPMC on flexural strengtiisimportant to
compare theflexural strengt of Si-HPMC composite cementsith that of contro
cementwith the same porodes. To this end, as mentioned previouslis necessary to

use a power law to fit thiéexural strengt of the control cements t@sist the comparisc
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(Fig. 5-34). As can be seen, except for the L/Boraf 0.4, the flexural strength of
Si-HPMC composite cements with other L/P ratioolwiously higher than that of
control cements with the same porosities. In adidjtihe relative increase of the flexural
strength of the composite cementdth respect to “virtual” control cements having

identical porosities, is plotted as a functionlad t/P ratio (Fig. 5-35).
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Fig. 5-34 Flexural strength of control cements and Si-HPMithposite cements as a function of
porosity. The red curve is a fitting of flexuratesigth of control cements as a function of porosity
using a power law. Each value is the mean of siasmeements + one standard deviation
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Fig. 5-35Relative increase of flexural strength of composiments with 4% of Si-HPMC solution,
as a function of the L/P ratio.
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The relative increase in flexural strength increasentinuously and pronouncedly
with increasing L/P ratio, indicating that Si-HPNt@s a strengthening effect on CPC and
this trend becomes more significant in compositeergs with high L/P ratios. The
strength of a material is dependent on the fradtwrghness and on the size of the largest
flaw in the material. Since the latter is detrinand strength, this strengthening effect is
mainly attributed to the correspondingly increasingcture toughness (Fig. 5-30).
Moreover, it is worth stating that the relative riemse of flexural strength shown in
Fig. 5-35 is based on microporous control cemeisrevfew macropores can be found.
This character is much different from composite erta which contain numerous
macropores provoked by entrained air bubbles @-26B, D). As a result, compared to
the control cement with the same porosity, the foflexural strength for the composite
cement with a L/P ratio of 0.4 is only due to dsgle pores created by air bubbles, acting
as critical flaws. Moreover, this also indicatesittithe relative increase of flexural
strength of these composite cements is likely usstenated. However, despite this, the
trend is still very obvious that Si-HPMC has a sgyetrengthening effect on the flexural
strength of CPC.

The compressive strength was measured on the taamicb composite cements
prepared with different L/P ratios and with Si-HPM&E different concentrations
(Fig. 5-36).
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Fig. 5-36 Compressive strength of control cements and Si-BRidmposite cements prepared with
different L/P ratios, as a function of concentmtiof Si-HPMC. Each value is the mean of six
measurements + one standard deviation.
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As expected, the compressive strength is higherbfith control and composite
cements with low L/P ratios. Besides, the compwessirength of the composite cements
with a L/P ratio of 0.4 or 0.45 decreases withitit@easing concentration of Si-HPMC
solution. In contrast, the compressive strengtth@fcomposite cements with L/P ratio of
0.6 or 1.0 remains constant or even slightly ineesawith the increasing concentration of
Si-HPMC solution.

In order to explain the above results, the compresdrength of control and Si-HPMC

composite cements is plotted as a function of por¢sig. 5-37).
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Fig. 5-37 Compressive strength of control cements and Si-BRidmposite cements prepared with
different L/P ratios, as a function of porosity.eThnarks with open circles around represent control
cements with different L/P ratios. The red curva fiting of compressive strength of control cetsen
as a function of porosity using a power law. Eaelug is the mean of six measurements + one
standard deviation.

Two different trends can be observed. As for cortpagments with L/P ratios of 0.4
or 0.45, the compressive strength decreases vatimtinease of porosity, which has been
widely reported and is also observed in our previstudies. In contrast, for the
composite cements with L/P ratios of 0.6 or 1.®@ tompressive strength remains
constant or even slightly increases with increagnogpsity, indicating that Si-HPMC
may also have a strengthening effect on compressigrgth of CPC. Similarly, to verify

this assumption, the compressive strength of Si-BPédmposite cements should be
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compared to that of control cements with the saaregities. To reach this goal, a power
law was used to fit the compressive strength ofroboements to assist the comparison
(Fig. 5-37). As can be seen, the compressive stieafghe composite cements with L/P
ratios of 0.4 or 0.45 is generally lower than thiatontrol cements with the same porosity.
On the contrary, the compressive strength of thepasite cements with higher L/P ratios
(0.6, 0.8 and 1.0) is higher than that of contreiments with the same porosities.
Moreover, the relative increase of the compressivength of the composite cements
with different concentrations of Si-HPMC is plottad a function of the L/P ratio (Fig.
5-38).
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Fig. 5-38 Relative increase in compressive strength of caitpocements with different
concentrations of Si-HPMC solution, as a functioh/@ ratio.

Similar to flexural strength, except for the compmsements with L/P ratios of 0.4 or
0.45, the relative increase in compressive stremgtheases strongly with polymer
concentration, proving the assumption that Si-HPM&s strengthening effects on
compressive strength of CPC. Moreover, this stiemghg effect becomes more obvious
in the composite cements with high L/P ratios. Btisengthening effect is attributed to a

correspondingly increasing fracture toughness. dstlie composite cements with L/P
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ratios of 0.4 and 0.45, the strengthening effestilteng from the increase of toughness
should also contribute to an increasing strengthwéver, the large defects caused by
concomitantly entrained air bubbles seems to coact¢his benefit, especially because
the increase in toughness is small for these LilBsdFig. 5-30), resulting in a reduced
compressive strength when compared to control ceEmesthout macropores (i.e.
without polymer), as shown in Fig. 5-36 and 5-37.

Finally, some stress-displacement curves recordedglcompression tests of control

and Si-HPMC composite cements are shown in Fi.5-3
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Fig. 5-39Stress versus displacement curves of control &htP$C composite cements. L/P = 1.0

An increase of the stress followed by a sharp deopbe seen for the control cement,
which corresponds to a rather brittle fracturecémtrast, a less linear increase of the
stress followed by a plateau and a final mild deap be observed for the Si-HPMC
composite cement with the same L/P ratio. The ajppea of the plateau and the mild
drop indicates a tolerance to damage, which ise@lep a non-brittle fracture. The curve
of non-brittle failure of the Si-HPMC composite oemh also demonstrates the positive
effect of Si-HPMC on the fracture behavior (Fige%-5-30).
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5.2.5 Section conclusion

In this section, Si-HPMC hydrogel were used adithed phase to prepare CPC. The
handling properties (injectability, cohesion anttisg time) and mechanical properties
(Young’s modulus, fracture toughness, flexural aswmpressive strength) of the
Si-HPMC have been systematically studied.

The addition of Si-HPMC changes all performanceeatp of CPC. Si-HPMC
significantly improves the injectability and cohasiof CPC. Moreover, unlike HPMC
which delays the setting time, Si-HPMC reducesstténg time of CPC.

Si-HPMC seems to demonstrate a toughening effe@R@, and this effect becomes
more obvious with the increase of its mass fractismvell as in the CPC with a high L/P

ratio.
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5.3 Foamed Si-HPMC composite CPC

In section 5.2, the effect of Si-HPMC on the hamglland mechanical properties of
a-TCP based CPC have been systematically studieHlPSIC can improve all the
handling properties studied such as injectabilitgd @ohesion, and shorten the setting
time. Moreover, Si-HPMC can also improve the fraettoughness and provide the
material with some extent of tolerance to damadechvare real limitations of inorganic
CPC. In the study of section 5.2, it was observed &ntrained air bubbles of various
sizes could be found in the composite cements altieet effect of Si-HPMC added. On
the one hand, these bubbles were found to be diffiicult to avoid, indicating that they
are rather stable; and on the other hand their sigeally several tens of micrometers, is
of the order of the size of macropores aimed atloium phosphates (Hing et al., 1999),
in which bone cells can easily grow. It is therefbere proposed to exploit these features
to entrain voluntarily a large number of air bulshle Si-HPMC cements, to produce
macroporous materials. Si-HPMC is thus prelimiyatriled as an air-entraining agent to
produce stable air bubbles, which will be furthexed with a CPC paste to prepare
macroporous cements. The porosity, the handlinggst@s (cohesion and injectability)
and the mechanical propertiégcompressive strength, flexural strength and Yéung

modulus) of the macroporous CPC have been invéstga

5.3.1 Preparation of Si-HPMC foams and foamed cemén

The preparation process of Si-HPMC foams is simdathat of Si-HPMC hydrogels
used in section 5.2. Specifically, according toThble 5-4 which shows the formulation
of the Si-HPMC foams and foamed cements, the Si-BRddlution and the NaiRO,
solution were initially sealed in two syringes ainh.. Then the desired volume of air was
pumped into the syringe containing the NBB)y solution (Fig. 5-40). Both syringes were
then joined by a connector and the solutions andi@ie rapidly mixed by pushing the
two plungers of the syringes several times andradtely in opposite directions for
twenty seconds until a homogeneous Si-HPMC foam feawed (Fig. 5-40). The
prepared Si-HPMC foam was then kept in a syringelfomin before the preparation of

the foamed cement paste.

22 Fracture toughness was not measured since theiraforce is too low to be determined preciselyhwour

equipment.
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Table 5-4 Formulation of the Si-HPMC foam and fodraement specimens.

1 2 3 4 5 6 7 8
Total Total Mass
Powder NaoHPO, Si-HPMC NaH,PO, Hydrogelb liquid L/p fraction of
(@) 2.5wt.% solution® 30 wt.% (ml) volume atio Si-HPMC
9 (ml) (ml) (ml) =3+4 (ml) —6/1 in solid
=5+2 B phase (%§
4 1.40 0.917 0.083 1.00 2.40 0.60 0.9
3 1.05 1.238 0.113 1.35 2.40 0.80 1.6

2The concentration of Si-HPMC solution is 4% W/The hydrogel is used for foaming with a
Vaid Vhydrogeiratio from O to 2.0¢ The mass fraction of Si-HPMC in the solid phastésproportion
of Si-HPMC polymer in the final cement without tagiwater into account.

Si-HPMC solution NaH,PO, solution and air
1 M
I i /I
- L]
h
92190'®
e
O
ﬂ

s |

Fig. 5-40Schemas showing the process of preparing Si-HP)AG f

To prepare the cement paste, 2.5 wt%HRO, solution andx-TCP powder with 2 wt%
CDHA were manually mixed in a mortar at a L/P ratfd.35 mL/g for 1 min, and then
packed into a syringe of 5 mL followed by removitigg entrained air. It is worth
reminding that here the L/P ratio of 0.35, for t@ment paste only, is calculated by
dividing the number in column 2 of Table 5-4 byttlmacolumn 1, which is nevertheless
different from the definition of the global L/P iabf the final cement labeled in column
7. Subsequently, the pre-prepared Si-HPMC foamcanaent paste were rapidly mixed
for 30 seconds following the same procedure usetht preparation of the Si-HPMC

foam (i.e. using two syringes and a connector) artiomogeneous foamed cement paste
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was formed. For the purpose of clarity, the abawegss of preparing Si-HPMC foams

and foamed cements is illustrated in Fig. 5-41.

Si-HPMC NaH,PO, Air Na,HPO, a-TCP
solution solution solution Powder
| LP=035 |
Mixing|in syringe Milling|in mortar
A 4
Hydrogel foam Cement paste
pH=7~8 pH=7~8

Transfer into syringe

Mixing|in syringe

Foamed
cement paste

Fig. 5-41Flow chart showing the process of preparing Si-HPigams and foamed cements

The prepared foamed cements were used for theataiuwf handing properties or
used to prepare specimens for the measurementrasipoand mechanical properties.
Cylindrical specimens were made for the measurenoéntompressive strength.
Rhombohedral bars were made for the measuremeYydwfg’'s modulus and flexural

strength. All the mechanical properties were measur wet conditions.

5.3.2 Handling properties of foamed Si-HPMC compote CPC

Only injectability and cohesion have been evaluatektting time is not included
because the foamed cement is macroporous andhelisfore not possible to use the

Gillmore needles to characterize its setting time.

5.3.2.1 Injectability

The injectability of the foamed Si-HPMC composiggnents has been assessed and all
the foamed cements studied can be extruded corydliein the syringe (5% of the paste
is left in the tip of the syringe; since all theafoed cements can be completkyruded,
the graph of injectability is not shown here). Santo HPMC or Si-HPMC composite
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cements, the outstanding injectability of the fodneemposite cements is due to the
improved paste viscosity which can effectively reglor even avoid filter-pressing. The
extrusion curves during injection of the foamed eats are recorded, which is a useful

tool to explain the extrusion process (Fig. 5-42).
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Fig. 5-42Injection force curves during extrusion of therfead Si-HPMC composite cement pastes at
different L/P ratios and volume of air entrained &d V2 is short for ¥/Vhygrogei= 0 and 2.

In general, the extrusion curves of the foamed BM& composite cements are similar
to those of non-foamed composite cements (see5Fdg.5-21). The slowly increasing
overshoots for the foamed cements (e.g. see RE, &/P = 0.6, 0.8-V2) are mainly due
to the entrained air bubbles which need to be ptegefore the paste starts to flow.
Plateaus can be observed for all the cements, atwgc a homogeneous extrusion.
Moreover, the plateau for the foamed cement isdorlgan that of the corresponding
non-foamed cement, and this is simply due to tihgelaolume of air bubbles which
enlarges the total volume of the cement paste.lliziae extrusion force at the plateau
increases with the decreasing L/P ratio, whichimspt/ due to the correspondingly
increasing viscosity of the cement paste.

5.3.2.2 Cohesion

Even with a large amount of air bubbles, the foa®iedPMC composite cements still
demonstrate an excellent cohesion. Indeed, wheectey into a saline solution
immediately after preparation (< 3 minutes), thanied Si-HPMC composite cements

paste can maintain their noodle-like shape untikdéaing, during which no
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disintegration can be observed, indicating an aotihg cohesion (Fig. -43A).
Moreover, becausef the numerous air bubbl the density of the foamed-HPMC
composite cements very low, thus the cemes float in the salinsolution(Fig. 5-43B)

even after complete hardeni

Fig. 5-43Photos of a foagd S-HPMC composite cement injected into a safinkitior immediately
after preparation (within 3 minA) overhead view, no disintegration can be obsen) side view,
showing the paste floating the salin solution indicating a low density (high porosi. L/P= 0.8,
Vil Vhydroger= 2.0

Like Si-HPMC compoise cemers, the strong cohesion of the foamed cers can be
attributed to the enhanced paste viscosity to the effect of the thredimensional
hydrogel network.

5.3.3 Microstructure and mechanical properties

5.3.3.1 Porosity

As expected, the totalorosity of the foamed SHPMC composite cemes increases
with the incrase of the volume of ¢ introduced, and the totgbrosity of the foame
cement with a high IF ratio is higher than that of the correspondiragified cement wit
a lower L/P ratio (Fig. 54). The specific reason for the lattesult has ken explained
previously in the casef other composite cemel. Moreover, according to the proces:
how macroporeare createin thepresent study, the macroporosity of the foamed oé
can be pmarily estimated by subtracting the total porosityhe correspondinccement,
fabricated without air, fnm the total porosity cthe foamed cemetfidbricatedwith air,
using the equation 2-developed iiChapter 2.

Similarly, the macroporosity increa: with the increase of the volume of
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introduced, and the macroporosity of the foamedergrwith a L/P ratio of 0.8 is also
higher than that of the corresponding foamed cemshta lower L/P ratio due to its
larger volume of Si-HPMC hydrogel used for foam{age the column 5 of Table 5-4).
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Fig. 5-44Total porosity and estimated macroporosity of fedr$i-HPMC composite cements with
different L/P ratios as a function of the volumeafbubbles introduced. Each value is the meaixof
measurements + one standard deviation.

The SEM micrographs of fracture surfaces of themiea Si-HPMC composite
cements are shown in Fig. 5-45. Numerous sphemealropores of various sizes are
arbitrarily distributed in the foamed Si-HPMC corsfie cement with a L/P ratio of 0.8
and a \4i/Vhydrogel ratio of one (Fig. 5-45A). With the increase of tWhi/V hydrogel ratio,
many macropores with distorted shapes and larges sare observed (Fig. 5-45B).
Moreover, at higher magnification, glue-like polymehich is probably derived from
shrunk Si-HPMC hydrogel after drying, can be foundhe cement matrix between
macropores (Fig. 5-45C), sticking to adjacent apatiystals. Fig. 5-45D shows, at the
surface of macropores, the morphology of the cemmatttix, which is similar to that of
the cement matrix between macropores. As mentigmedously, the polymers may
contribute to higher mechanical properties, esfigdiacture toughness. In addition, a
previous study on other cement formulations hastpdi out the importance of

maintaining macropores in the cement paste affection (Ginebra et al., 2007). As seen
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in Fig. 5-45 this issue does not seem to ' challenge for the present foamei-HPMC
composite cement, further indicating the advantajeusing S-HPMC as an

air-entraining agerin CPC.

Fig. 5-45 SEM pictures of the fracture surfacof the foamed SHPMC composite cemen
(A) L/P = 0.8, Vsl Vhydroge= 1; (B) L/IP = 0.8, 4/ Vhyarogel= 2; (C) cement matrizgetween air bubbl;

(D) cement matrix insidan air bubble. Arroin C points to shrunk S#PMC polymerssticking to
apatite crystals.

The foamed SHPMC composite cemes were examined by means
micro-computed tomography (C to preliminarily assess the sizes and distributibiine
air bubbles introduced (Fig-46 and 5-47). Theninimal resolution of the CT is 7um,
thus only pores larger than 7um can be seen in the picturasd measured by t
analysis softwareOnly a few macropores can be found in the cresBa of the foame
cement with & /P ratio of 0.6 an a Vai/Vhydrogeiratio of 0.5 (Fig. 5-48). With increaing
Vairl Vhydrogel Fatio, bdh the number and size of the macropcdncrease (Fig.-46B, C).
In contrast, manynacropores can be seen in the cross section &dhsedcement with
a higher L/P ratio 00.8 anca Vair Vhydrogeiratio of 0.5 (Fig. 5-46D)Besides the number
and size of the macropores increase signifiy with the increase « Vai/Vhydrogel
(Fig. 5-46E, F).
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L/P=0.6, V0.5 V1.0 V2.0

Fig. 5-46 CT Scanning of the cross sections of foameHPMC composite cements with differe
L/P ratios and volumes of air bubbles. The resotutif the CT is 7..um.

Finally, the pore sizeistribution of the foamed -HPMC composite cements wi
different L/P ratios and volumes of air bubbles were caledlabasing on th
threedimensional volume formed by combining all the sresctions scanned toget!
(Fig. 5-47. For the foamed -HPMC composite cement with ldP ratio of 0.6, the
distribution mode corresponds topore size of around 50m, andthis size tends to
increase slightlyvith the increase cthe Vai/Vhydrogel ratio. Similarfeature have also
been oBerved in the foamed -HPMC composite cement with &P ratio of 0.8.
Moreover, pores with sizes over {um can be found only in the cement with a L/P r
of 0.8 and a W/Vnydrogeiratio of two. All of the above observations are consistent witf
results in Fig. 5-46.
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Fig. 5-47Pore size distributics of the foamed S#PMC composite cements widifferent volumes
of entrained air bubbles, tested by CT Scannind,/R¥0.6, B) L/P=0.¢£V0.5, V1 and V2 are sha
for VaidViydaroge= 0.5, 1 and 2 respectively. The pore diutionon the vertical scalis based on the
total volume of the specimen.

5.3.32 Mechanical properties

Beforepresenting the resu, it is worth statinghat the main purpose is to exre the
possibility of using SHPMC as an a-entraining agent to produce macroporous ces.
Mechanical properties do deserve some attentioh,obly preliminary results ai
available at the time of writing this Inuscript. Moreover, as discussed previou:
mechanical propertiedf CPC generally decrease with the increase gbohesity. Due tc
the high porosity of the foamed cen's (Fig. 5-44, low mechanical properticare to be
expectedThus, in this section, only You's modulus, flexural strengéindcompressive

strength were measured to show how entrained air Ibsbbfluence themechanical
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properties of the foamed Si-HPMC composite cemetacture toughness was not

measured since the fracture force is too low todb&ermined precisely with our

equipment.

As expected, all the mechanical properties measdeetease with the increase in

macroporosity (Fig. 5-48).
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Fig. 5-48 (A) Young’'s modulus; (B) Flexural strength; and) (Compressive strengths of foamed

Si-HPMC composite cements as a function of macigity. For (A) and (B), each value is the mean

of three measurements + one standard deviation. (Epr measurements were conducted on

cylindrical specimens, and each value is the méaixaneasurements + one standard deviation.
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In most cases, there are not enough data poiis &dle to conclude on a trend, but in
the case of the compressive strength and with aratiB of 0.6, it seems that a sharp
decrease can be found as soon as air bubblestareéuced. This phenomenon has also
been observed in athe macroporous cements discussed previously. iShmainly
attributed to the large air bubbles which act @scaf flaws. Besides, the compressive
strengths of the foamed cements with a L/P rati®.6f are higher than those of the
foamed cements with a L/P ratio of 0.8 due to theiwer porosity. Finally, it is worth
noting that although the mechanical propertieheffoamed cements are very low, they
are still comparable to those reported for sponglyeb(Koester et al., 2008; Wagoner
Johnson et al., 2011).

Finally, the stress-displacement curves recordednglucompression tests of the

foamed Si-HPMC composite cements with different ami® of air are shown in
Fig. 5-49.
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Fig. 5-49 Stress versus displacement curves of the combf@med Si-HPMC composite cements

with different amounts of air introduced. VO, VO8], and V2 are short for @V nydrogei= 0, 0.5, 1 and
2 respectively.

A sharp drop of the loading stress can be obseiwetthe control cement with a L/P
ratio of 0.8, which is related to a brittle fractuiOn the contrary, a mild drop of the
loading stress can be found for the Si-HPMC contpastment with a M/V hydrogeiratio

of 0O (no air bubbles), which can be seen as a @&irtdlerance to damage. Furthermore,
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the tolerance to damage becomes more obvious iriolmeed Si-HPMC composite
cements with different amounts of air introducetie3e curves of non-brittle failure
show the beneficial effect of Si-HPMC on the fraetbehavior of the foamed Si-HPMC
composite cements, which is also consistent witn HPMC/Si-HPMC composite

cements discussed previously.

5.3.4 Section conclusion

In this study, stable Si-HPMC foams were prepaseohixing Si-HPMC hydrogel with
air. These stable foams were further mixed with esnpastes to produce macroporous
Si-HPMC composite cements.

These macroporous composite cements demonstrakestdrandling properties such
as injectability and cohesion. Their mechanical pprtes (Young’s modulus and
compressive strength) are comparable to thosermfetlaus bone. Moreover, they also
exhibit a kind of tolerance to damage, which isalisurelated to an improved fracture
toughness. Given the main requirements reportethéapplication of CPC in surgery
(macropores, handling properties and mechanicalgrties), the macroporous Si-HPMC
composite cements developed in this study may septeappealing bone substitutes for

cancellous bone.
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Conclusions and perspectives

CPC with controllable microstructures (porosityresize, crystal shape (size)) were
prepared, and their mechanical properties (Youngsdulus, fracture toughness,
compressive and flexural strength) were systenibticenvestigated. Moreover,
composite CPC were developed by using differertilosle ethers, and their handling
and mechanical properties were studied. The mainltseof the research have already
been described and discussed, but the most impdéettares are here summarized.

Unreacteda-tricalcium phosphatea(TCP) can be detected by means of XRD and
SEM, for cements made with a low L/P ratio and agemeral feature in the cements
prepared with coarse TCP powder. These-TCP particles exhibit weak links with the
CDHA matrix and are usually surrounded by “spacegiarating them from the matrix,
such spaces being comparable to “microcracks”. [tter can provoke a decrease in
Young’s modulus, but do not seem to influence frexctoughness.

The particle size of pristine TCP has a strong effect on the microstructuréefinal
reaction product (CDHA). The larger the startingfCP particles, the coarser the
microstructure of CDHA, which in the end resultsaifarger critical flaw size and hence
in a reduced strength compared to cements madeanithe powder. In the case of
macroporous CPC obtained using soluble mannitdighes as a porogen, the critical
flaw size is of the order of that of the largestcnapores for low macroporosities, and
then increases monotonically with increasing maarogity. The increasing critical flaw
size is believed to be related to subcritical necack growth and linking between
macropores before reaching the peak stress, agstedgn macroporous BCP ceramics
(Pecqueux et al. 2010). Moreover, this stable corokth seems to happen during both
compression and tensile (flexural) loading in maorous CPC. The evolution with both
microporosity and macroporosity of most mechanjsadperties (Young’s modulus,
toughness and compressive strength) can be desownhik double-scale power-law
models and when necessary interpreted by takimgaotount all the above-mentioned
phenomena.

Test conditions (dry and wet) strongly affect thecmanical properties of CPC
(microporous or macroporous). The mechanical pta@gsemeasured in wet condition are
generally lower than those measured in dry condlitibhe lower fracture properties

measured in wet condition are mainly attributedhte presence of water which may

195



Jingtao ZHANG — Université de Nantes

decrease the surface energy on crack surfaces.

The fabrication process of CPC, particularly tregstof mixing of the cement paste,
may reduce the strength reliability of micropord@iBC in high L/P ratios, due to the
unpredictable character of a small number of laigéubbles trapped, acting as critical
flaws with a strongly random size. In contrast, fflerication process has less effect on
the reliability of the macroporous CPC. Their reiidy is high and constant with
macroporosity, due to the presence of a large nuwimacropores of calibrated size,
leading to a more deterministic critical flaw size.

Among the above properties measured in wet comgligaly the Young’s modulus for
microporous CPC (Cement F) and compressive strdagthacroporous CPC could suit
the properties of cortical or cancellous bone.

The addition of cellulose ethers, HPMC/MC with difént structural parameters and
Si-HPMC with a three-dimensional network of polynmarains, modifies almost all
performance aspects of CPC, including handling entogs, porosity and mechanical
properties.

Both the molecular weight and the substitution lese HPMC/MC have a great
influence on the injectability of CPC. The highlee viscosity of the HPMC/MC solution,
the better the injectability of the composite CP&3tp. For different HPMC solutions
with similar viscosities, the degree of substitntity MeO or HPO groups appears to play
a great role. HPMC/MC seems to be an excellenbopidt only to improve injectability
but also to improve cohesion and resistance to ewdashn addition, HPMC/MC can
prolong the setting time, especially the finalisgttime of composite cements. Similarly,
the addition of Si-HPMC also significantly improvee injectability and cohesion of
composite cement pastes. However, unlike HPMC/MGhvidelays the setting time,
Si-HPMC reduces the apparent setting time of CP@hably due to its “self-hardening”
behavior during gelling. Only a small amount of HBNIC or Si-HPMC is needed to
dramatically change all the handling propertiethefcement pastes studied.

Both HPMC/MC and Si-HPMC have a strong tougheniffigee and this effect
becomes more significant in the composite cemeittsvigher polymer mass fractions
or molecular weight, or in the composite cement Wwigh L/P ratios. This toughnening
is attributed, among others, to crack bridging lagpcally deforming polymer ligaments,
and its extent is consistent with existing deswi®. Si-HPMC also improves the
Young’s modulus and toughness through a better gematy of the microporous

structure. However, as soon as small quantitid4RWIC/MC or Si-HPMC are added to
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the cements, a sudden decrease of compressivgthtisnprovoked by entrained air
bubbles acting as critical flaws, but then thergitk generally tends to increase with the
polymer mass fraction when compared to macropdtousrol” cements with the same
porosity, which can be attributed to the correspagigt increasing fracture toughness.
The addition of polymers also provide the matenwgith a certain extent of tolerance to
damage, with a progressive deformation and cractingng loading instead of a brittle
fracture; this may be interesting for biologicaphgations, by preventing the release of
debris in the body in the case of an overload.

Si-HPMC hydrogel seems to be a promising foamingnador the preparation of
macroporous CPC. The resulting macroporous CPC dsinade excellent handling
properties such as injectability and cohesion. iTineéchanical properties (Young’s
modulus and compressive strength) are comparabléhdse of cancellous bone.
Moreover, they also exhibit a kind of tolerancelémmage, which is usually also related to
an improved fracture toughness, although it hasberenh measured yet. Given the main
requirements reported for the application of CPCsumgery (macropores, handling
properties and mechanical properties), the macoysorSi-HPMC composite CPC
developed in this study may represent appealing@ Babstitutes for cancellous bone.

Based on the above findings, especially the oneshenSi-HPMC macroporous
composite cements, some further researches aefdheeencouraged.

Strength reliability and fracture toughness areréaé limitations for CPC. Thus it will
be of great interest to investigate the reliabiityd fracture toughness of the Si-HPMC
macroporous CPC, and if necessary, to try to imptbem.

Si-HPMC was only primarily tried as foaming agemiproduce macropores in CPC,
but the amounts and sizes of these macroporesneereell controlled and characterized.
Therefore, it will be interesting for practical dipptions to develop a Si-HPMC
macroporous CPC with controllable macropores arzbtter characterize them.

The next step of the whole study will be to invgate than vitro/in vivo behavior of
the Si-HPMC macroporous CPC, especially their eéftecbone conductivityFor this
purpose, an experimental formulation of Si-HPMC posite CPC is going to be
implanted in rabbit femur for eight weeks to examimhether the Si-HPMC foamed
macroporous CPC is efficient for cell colonizatidBased on this result, a more
complete biological study will or not be designedmeasure tha vitro/in vivo safety

and efficacy of Si-HPMC addition in big animalsg.epig, dog).
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Résumé

Introduction et Chapitre 1: Etat des lieux et objedifs

L'os est un organe remarquable et rigide proprevauébrés, qui assure des fonctions
importantes telles que le soutien structurel gr¢dection de divers organes du corps, la
production de cellules sanguines et le stockagmidéraux pour le métabolisme (Hing
2004). Les os contiennent de nombreuses fissunesedgorment et se développent sous
I'effet de maladies ou des chargements mécanicqegadivités quotidiennes. Cependant,
'os posséde une propriété qui, jusqu’'a présentpegt pas étre obtenue dans les
matériaux artificiels, malgré des progrés constatdes le domaine des matériaux
« auto-réparants » (Cordier et al, 2008) : il estea « intelligent » pour détecter et
réparer les fissures avant gu’elles deviennentzalksgues pour présenter un danger.
Cette capacité d’auto-réparation de I'os, appatéeodelage, est contrblée par deux types
de cellules spécialisée: les ostéoclastes, quilyésbl’'os en libérant un acide puissant et
des enzymes, et les ostéoblastes, qui fabriquertogenouveau. Ces cellules sont
regroupées en unités de base multicellulaires (URM) créent des cavités d’environ
200um de diametre se déplacant & une vitesse ged@ar jour (Fig. 1-1) (Taylor et al,
2007). Bien que possédant cette nature fascinastes ne peuvent pas toujours prévenir
la rupture catastrophique; par ailleurs les traisnas, le vieillissement, les maladies
(ostéoporose ou cancer) ou les anomalies congénttaichent des millions de personnes
a travers le Monde.

Les os possédent une structure hiérarchique coéstie plusieurs niveaux différents
(Fig. 1-2). D’un point de vue chimique, I'os compdeune matrice organique (32%), une
partie minérale (43%) et de I'eau (25%) (Nyman let 2005). Les collagénes et les
minéraux ont une grande influence sur les promiétécaniques de I'os : d’'une part le
collagene peut améliorer la ténacité, et d’autré Ipaminéral peut conférer résistance et
rigidité. En outre, I'eau joue également un rol@ariant sur les propriétés mécaniques de
I'os. La perte d’eau dans la phase collagéne dienlauénacité de l'os, et la perte d’eau
liée a la phase minérale diminue a la fois la tésce et la ténacité des os (Nyman et al.,
2006).

Comme mentionné ci-dessus, en dépit de la capdieiio-guérison, la fracture d’un
0S n’est pas toujours évitable. Afin de mieux coemgire comment la fissure se propage

dans les os, la ténacitécKaussi appelée facteur d’'intensité de contrairtage, est
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utilisée pour décrire la résistance de I'os adauration. Comme dans d’autres matériaux
composites, la ténacité de I'os est plus grandecglie de ses constituants (organique et
minéral). Par ailleurs, Kn’est pas constante au cours de la propagatidissiee, mais
augmente avec l'extension de fissure, ce qui gs¢lépun comportement de courbe R
(« R » signifie « résistance », et une courbe Rnddé résistance a la fissuration, ou
ténacité, en fonction de I'extension de fissuréy;, F@. 1-3), et qui est d( a I'existence de
phénomenes microscopiques que sont les mécanisenesntbrcement (Nalla et al.,
2005 ; Vashishth, 2004). Launey et Ritchie (2008) établi qu’il existait plusieurs
mécanismes de renforcement dans l'os cortical, loqontage des fissures par des
ligaments intacts (Nalla et al., 2005), la déviatae fissure (Peterlik et al., 2006), la
microfissuration (Vashishth, 2004) et la viscoptast (Fantner 2005), qui peuvent étre
utilisés pour expliquer une courbe R croissantér (My. 1-4). Parmi eux, le pontage des
fissures et la déviation de fissure sont les deincipaux mécanismes de renforcement.

De nos jours, en raison de maladies et d’événentestsnatiques, pres de trois
millions de patients dans le Monde ont besoin diér €les opérations de greffage osseux
chaque année. Actuellement, I'autogreffe est tasjoansidérée comme idéale, car les os
prélevés sur les patients eux-mémes contiennernteadiees vivantes et des facteurs de
croissance. Toutefois, les prélevements sont évigamh limités, ce qui interdit
I'utilisation de cette technique pour des greffes gtande taille. Alternativement,
I'allogreffe a partir d’'une banque d’os issus deedé donneurs pourrait permettre de
surmonter en partie cette limitation d’approvisiement en o0s, mais aprées des
traitements de stérilisation le greffon osseux prd facteurs biologiques et voit son
efficacité affaiblie (Hing et al., 2005B). En raisdes inconvénients ci-dessus, un large
éeventail de matériaux synthétiques, tels que letaume polymeres, céramiques et
ciments de phosphate de calcium, ont été propaséeweloppés comme substituts
osseux ; leur approvisionnement n'est pas limitéilget permettent d’éviter toute
contamination (Bohner 2010A). Ces substituts ossaumthétiques seront brievement
passeés en revue.

Le polyméthacrylate de méthyle (PMMA) est un polyen&ynthétique qui a été
largement utilisé dans la fixation de prothésesudep960 (Charnley 1960). Néanmoins,
le PMMA présente encore quelques lacunes bien @mntelles qu’une réaction
exothermique lors de sa polymérisation qui peutseawne nécrose des tissus
environnants, I'absence de pores d’une taille saiffie (macropores) pour permettre la

croissance cellulaire, la libération de monometagant pas réagi et de faibles propriétés
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mécaniques (Lewis, 1997).

Depuis leur premiére mention dans un document @enlil971 (Blakeslee et al, 1971),
les biocéramiques, qui peuvent étre classées exfamuiles (bioinerte et bioactive), sont
utilisées comme substituts osseux depuis enviranamte ans. En outre, les céramiques
bioactives, a base d'orthophosphates de calciwrgtet le phosphate tricalcique (TCP),
I'hnydroxyapatite (HA) et le phosphate de calciurphasique (BCP), ont été largement
utilisés dans toutes les zones du squelette hu@orozhkin 2010). La plupart des
études sur ces matériaux peuvent étre classéeseex chtégories principales:
I'optimisation de la microstructure et I'obtentiatiune activité chimique appropriée
(Hing et al, 2005B). En ce qui concerne la mictadture, il est utile de mentionner que
dans cette étude la microporosité se réfere aales ple taille inférieure a 1dm, alors
que la macroporosité correspond a des pores delpl@®0um ; ce sont les définitions
couramment rencontrées dans la communauté des téidaux. Les deux échelles de
porosité (microporosité et macroporosité) jouentala dans les substituts osseux. D’'une
part la microporosité permet I'imprégnation de pilant par les fluides biologiques, et
d’autre part la présence de macropores est copsidéomme essentielle pour la
migration des cellules (Hing et al., 1999). En tdpileur large application, de nombreux
défis subsistent pour les biocéramiques en termeesbidactivité et de propriétés
mécaniques (résistance a la rupture, fiabilité)s derniéres ayant besoin d'étre
ameliorées en vue d’applications dans des sitdisiges mécaniquement.

Les ciments de phosphate de calcium (CPC) sont rdatriaux hautement
biocompatibles qui sont progressivement remplaeésdp I'os nouvellement formé in
vivo. Depuis le premier brevet sur le CPC propaséBrown et Chow en 1983 (Brown et
al., 1983), beaucoup de CPC ayant des compositifiésentes ont été étudiés et sont
disponibles commercialement (Bohner et al., 20098). CPC est produit par une
réaction chimique entre deux phases, une poudneneiquide qui, lorsqu’ils sont
mélangés, forment une pate qui durcit progressimeosqu’a obtention d’'un solide, ce
qui est semblable aux ciments utilisés en génik ti durcissement du ciment se fait a
travers I'enchevétrement de cristaux aciculaireeodorme de plaques (Fig. 1-6). La
chimie et la cinétique de prise des CPC seronild&s ultérieurement. Actuellement, il
y a seulement deux produits finaux possibles pré&adction chimique de prise des CPC :
la brushite (phosphate dicalcique dihydraté: DCP@&@) une apatite comme
I’hydroxyapatite ou I'hydroxyapatite déficiente ealcium (CDHA) (Bohner 2007). Les

CPC contiennent une microporosité intrinséque @atemectée qui est utile pour
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I'imprégnation par les fluides biologiques. Paleaits, comme pour d’autres substituts
osseuyx, il serait également souhaitable de créemucropores d’'au moins quelques
dizaines de micrometres dans les CPC pour favdassionisation osseuse de I'implant.
Toutefois, ces pores (micro ou macro) conduisel@ eauvaises propriétés mecaniques,
notamment a une résistance a la rupture partientiént faible et peu fiable, ce qui
interdit 'utilisation des CPC dans des sites sitls mécaniquement ; ils ont en cela
encore besoin d’amélioration (Bohner 2010B). Cenppsera davantage détaillé dans la
section 1.5. Outre des avantages tels qu’'une bipabthilité, une bioactivité et une
ostéoconductivité élevées, les CPC possédent untage unique par rapport aux
biocéramiques : ils peuvent étre facilement magipet faconnés et, dans certains cas,
étre injectés dans la zone du défaut a comblersaealement en évitant une intervention
chirurgicale lourde, mais aussi en s’adaptant deiéna intime a I'os environnant méme
pour des cavités de forme irréguliere. En outresolaposition finale des CPC est plus
proche de celle des phosphates de calcium prédamdes tissus minéralisés que ne I'est
celle des biocéramiques. Les CPC possedent paumilline surface spécifique élevée,
présentant ainsi une (ré-)activité fortement amédécet permettant des applications en
ingénierie tissulaire ou un relargage simultanéuestances médicamenteuses (Bohner
2001). Les avantages et les inconvénients dessdsudrstituts de greffe osseuse sont
résumes dans le tableau 1-2.

Malgré de nombreuses combinaisons possibles desaoium et phosphate dans les
CPC, la chimie de la réaction de prise dans cdemgs est toujours semblable et peut
étre expliguée et comprise en analysant la sotabiles composés impliqués (Chow,
2001). Le processus chimique au cours de la réadgqrise consiste principalement en
deux meécanismes: dissolution et précipitation. fesces motrices controlant la
dissolution et la précipitation peuvent étre intét@es en terme de concurrence entre le
produit d’'activité ionique d’'un composé et son pribdle solubilité. En particulier, un
précipité tend a se dissoudre si son produit debdd€ est supérieur a I'activité des ions
produits, et vice versa. Les produits de solubii¢ecertains phosphates de calcium, a
différentes températures, sont présentés danblEatal-3. En outre, la solubilité d’'un
composé peut étre caractérisée de maniére schémétigle d'un diagramme de phase
de solubilité (Fig.1-7) (Chow 2009), qui décritv@dution de la solubilité d’'un composé
sous la forme du logarithme de la concentratioaléoén calcium en fonction du pH.
Certains facteurs tels que le rapport Ca/P, la ézatpre (Fig.1-8) et la concentration en

CO5* sont considérés comme ayant un effet sur le diage de phase de solubilité
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(Fernandez et al., 1999A).

Bien que le diagramme de phase de solubilité puisse utilisé pour prédire le
comportement thermodynamique des CPC, ils ne past tpujours expliquer le
comportement de durcissement observe, et la cuetdpit également étre prise en
considération. Comprendre les mécanismes qui dentrfie processus de formation des
CPC aidera a avoir une connaissance approfondeudecinétiques et a mieux contrdler
leur microstructure, ce qui déterminera les diifées applications possibles.
Actuellement, de nombreux substituts de type CP@ basés sur I'hydrolyse d’une
poudre dex-TCP, qui est aussi le matériau utilisé dans @dttde. Beaucoup de facteurs,
tels que la taille des particules, la cristallinité température et la composition des
réactifs (Bohner et al., 2009), influencent la tiopde de prise.

Malgré de nombreux avantages, les substituts osketype CPC présentent quelques
inconvénients qui limitent leur application clingjpotentielle. Parmi ces inconvénients,
un temps de prise relativement long (le momenteatirhent peut résister a une certaine
force appliquée) est un probleme qui doit étredrdde maniére générale, une pate de
ciment avec un temps de prise long pourrait cadserproblémes en raison de son
incapacité a soutenir les efforts dans un bref idéRar exemple, une réponse
inflammatoire sévere s’est produite apres qu’'un GEGoit désagrégé a l'intérieur et au
voisinage du site d’emplantation (Ueyama et alQ1J0En outre, comme mentionné
précédemment, l'un des avantages les plus impertdes CPC par rapport aux
biocéramiques est qu’ils n'ont pas besoin de pbéidation et peuvent étre injectés avec
une seringue. Cependant, dans la plupart des naSPC seul (c’est-a-dire seulement
constitué du mélange d’'une poudre minérale et daohation saline) a une injectabilité
plutét mauvaise, ce qui est souvent la conséquehce séparation de phase entre le
liquide et le solide a I'intérieur du dispositifiafection. Par ailleurs, dans la plupart des
cas, la pate injectée a tendance a se disloquedlon contact précoce avec le sang ou
d’autres fluides physiologiques en raison de shldatohésion au jeune age. Tous les
inconveénients ci-dessus sont considérés commedfisqdii doivent étre surmontés pour
de larges applications des CPC. A cette fin, bespice méthodes ont été utilisées pour
améliorer ces propriétés de mise en ceuvre.

Pour la plupart des applications biomédicalesgéas< plus importantes propriétés des
matériaux sont les propriétés mécaniques (« résista) et les propriétés chimiques
(réactivité). Tout biomatériau possédant une gragdetivité mais une faible résistance

sera inutile. Ainsi, les propriétés mécaniques eéhctivité doivent étre prises en compte
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dans I'élaboration d’'un nouveau biomatériau. Lesppétés chimiques des CPC ont été
discutées précédemment. En ce qui concerne lesigtésp mécaniques, lI'un des

principaux parametres les influencant est la ptédgin fait, la porosité influence aussi

fortement I'activité biologique). L'étude qui sypbrtera sur les propriétés mécaniques
des CPC et sur les modeles mécaniques décrivantdigendance vis-a-vis de la

porosité.

Dans cette thése, les propriétés mécaniques sadiéés, y compris le module
d’Young, la ténacité, la résistance a la compressida résistance a la flexion. Le module
d'Young (E), qui est I'un des modules d’élasticigst une mesure de la rigidité d'un
matériau élastique. La ténacitécKest une propriété qui est utilisée pour décrre |
capacité d’un matériau contenant des défauts steési la propagation des fissures. Ces
deux grandeurs sont des propriétés « intrinsequisn matériau. La résistance (ou
contrainte a la rupture) est la contrainte maxingalein matériau peut supporter avant
que la rupture se produise. Elle peut étre mesenéeompression ou en flexion. La
contrainte a la rupture n’est pas une propriét@nsgque du matériau, mais dépend de la
ténacité et la taille des défauts présents damatériau.

Tel que mentionné précédemment, les biocéramiqumesé®@ largement utilisées
comme substituts osseux et de nombreux résultat®ténpubliés a propos de leurs
propriétés meécaniques. Par conséquent, il estesgant d’examiner les propriétés
meécaniques des biocéramiques avant d’examinerdgsigtés mécaniques des CPC bien
gue leurs voies de fabrication soient différentes.

Les propriétés mécaniques des biocéramiques dépendertement des
caractéristiques microstructurales telles que tagitg, la taille des grains ou la présence
d’'une seconde phase, mais les influences respgctiee ces caractéristiques sont
différentes, I'impact de la porosité sur les préf#s étant généralement plus grand que
celui des autres parameétres. Les relations entrmitaostructure et les propriétés
mécaniques peuvent en partie étre expliquées arfrée frittage, qui est le processus de
consolidation a haute température des céramiquips eeut produire une vaste gamme
de microstructures. En principe, lors du frittalgs, propriétés mécaniques augmentent
avec la diminution de la porosité, mais diminuergcl’augmentation de la taille des
grains, en dépit de quelques exceptions (Rice.etl@B1A, 1981B), conduisant a un
optimum variable en fonction de la microstructufegy( 1-9).

En général, la taille des pores, leur fraction waljue et leur forme (anisotropie) ont

une influence significative sur les propriétés nmégaes des céramiques. Ces derniéres
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sont essentiellement de nature fragile ; elles gonic sensibles aux défauts les plus
critiqgues qui peuvent étre des pores. Liu (199f@baiqué des céramiques HA poreuses
avec diverses fractions de macropores de tailleféreintes, en ajoutant du

polyvinylbutyral (PVB) en tant que porogene; il asaite étudié leur résistance a la
compression. Il a démontré que les échantillonfererant de plus petits macropores
présentaient une résistance plus élevée que cembenamt de grands macropores.
Néanmoins, la résistance semblait devenir insemsilth taille des macropores pour des
niveaux éleves de porosité (Fig. 1-10). Les micrepgont également préjudiciables aux
propriétés mécaniques des biocéramiques (Le Hualc, d1995), et la microporosité est

généralement contrbélée en effectuant des frittagdss températures différentes et pour
diverses durées (Bignon et al., 2003 ; Milosevskle 1999 ; Thangamani et al., 2002).

Linfluence de la porosité sur les propriétés mépaes des biocéramiques a été
largement étudiée, mais la plupart des étudesté por |'effet de la porosité totale, ou sur
celui de la macroporosité ou de la microporositéese; seulement quelques auteurs ont
fait la distinction entre les deux types de pofoflite Huec et al., 1995 ; Pecqueux et al.,
2010 ; Tancret et al., 2006). Le Huec et al (1998)evalué les effets de la macroporosité
(> 100 um, 6,5%-30% en volume) et de la micropdéqsi 100 um, 20%-40% du volume
total) sur la résistance a la compression de H& {F11). Ce graphique montre que, sur la
plage de porosité étudiée, un nombre infini de ERIMacroporosité-microporosité peut
produire une valeur donnée de résistance a la @ssipn. Pecqueux et al. (2010) ont
préparé des biocéramiques BCP macroporeuses emtfaigrier systématiquement la
macroporosité et la microporosité, et ont étudigdepropriétés mécaniques (module
d’Young, ténacité et résistance a la compressiéig){-12). Outre la fraction et la taille
des pores, leur forme (isotropie ou anisotropigiésur les propriétés mécaniques. Hing
et al (1999) ont trouvé que l'anisotropie avait effet significatif sur le module de
compression des céramiques HA poreuses, mais audiluience sur la résistance a la
compression.

En conclusion, il y a de nombreux facteurs tels tpge pores (taille, fraction et
morphologie), la taille des grains et la deuxierhage qui influent sur les propriétés
mécaniques des biocéramiques.

Contrairement aux biocéramiques qui nécessiterfitittege a haute température pour
étre fabriquées, les CPC sont formés lors d’'ungesus de dissolution-reprécipitation a
température ambiante ou corporelle. Au cours deroeessus, un réseau de cristaux

d’apatite enchevétrés est formé, qui est a I'oagies propriétés mécaniques du ciment.
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Avec le temps, des cristaux d’apatite continuentrdére et le réseau enchevétré devient
plus dense (Fig.1-13) jusqu’a ce que le CPC atteggnrésistance maximale.

Les propriétés mécaniques des CPC ont éte largerhetiées. La plupart d’entre elles
ont été évaluées a l'aide d’essais de résistancerapression ou en traction diamétrale
(DTS) (Barralet et al., 2004 ; Bermudez et al.,39€how et al., 2000 ; Fukase et al.,
1990 ; Ginebra et al., 1997 ; Gbureck et al., 2088fmann et al., 2009 ; Ishikawa et al.,
1995A ; Martin et al., 1995 ; Pina et al., 2010).revanche, peu d’études sur la ténacité
et la fiabilité mécanique ont été publiées (Batrateal., 2002A ; Barralet et al., 2002B ;
Morgan et al., 1997 ; Zhang et al., 2006). Comm pes biocéramiques, les propriétés
mécaniques des CPC dépendent fortement des pagardetleur microstructure tels que
la porosité, la taille des cristaux ou la cristaté. En outre, ces caractéristiques
microstructurales sont liees a tous les facteuchn@ogiques impliqués dans la
fabrication du ciment. Par conséquent, il est imalie que des facteurs comme la
composition chimique du ciment, la proportion refatdes réactifs dans le mélange, les
additifs liquides ou pulvérulents qui agissent canatcelérateurs ou retardateurs, la
granulométrie, le ratio liquide/poudre (L/P), laegsion appliquée lors de la préparation
de l'échantillon ou les conditions de vieillisserheauront une incidence sur les
propriétés mécaniques.

Une particularité des CPC est qu’ils sont intrinsggent poreux. La porosité des CPC,
variant habituellement entre 30% et 50%, dépendhdport L/P : plus le rapport L/P est
élevé, plus la microporosité est grande (Dorozh@®8). Comme les biocéramiques, les
CPC sont par nature assez fragiles et sont dosiséresibles a la présence de gros défauts
qui peuvent étre, par exemple, des pores. Les iptéprmécaniques des CPC sont
inversement corrélées a la porosité (Fig.1-14).

Outre cette microporosité intrinséque permettaimhdiégnation par les fluides
biologiques, une certaine macroporosité (pores Ide de 100um) est également
souhaitable afin de permettre la croissance ossensieque de favoriser la biorésorption
et le remplacement du ciment par un nouvel os.detmeuses methodes ont été utilisées
pour créer des macropores dans les CPC (Almiradll.et2004 ; Cama et al., 2009 ;
Barralet et al., 2002B). Bien que les macropresnpéent de renforcer la croissance
osseuse et I'ostéo-intégration, il est largementiadjue, puisque les CPC sont fragiles et
sensibles aux plus grands défauts, leur résisfamaeait étre réduite de facon drastique
par les macropores, la taille de ces derniers gtarsieurs de ordres de grandeur

supérieure a celle des micropores. Xu (2001) agrééges CPC macroporeux avec une

206



Résumé

porosité totale voisine de 71%, en ajoutant du nta@lhavec une fraction massique de

40%. Dans cette étude toutes les propriétés magsmigesurées, y compris le module

d’Young, le travail de rupture et la résistanca #dxion, ont fortement diminué, passant

respectivement de 8,5 GPa, 0,032 KJ&h 15 MPa sans macroporosité a 0,8 GPa,
0,005 kJ/miet 1,5 MPa pour une macroporosité de 46%. La Fi§.tontre I'évolution

de la résistance a la compression de ces CPC etidionie la macroporosité.

Outre I'effet de la fraction des macropores, setvibla celui qui se manifeste dans les
biocéramiques, la taille des macropores affectéefugant de maniere significative les
propriétés mécaniques des CPC. Bai et al. (2010fatmiqué des CPC macroporeux
avec une porosité totale a peu pres constante avais des tailles de macropores
différentes, et ont trouvé que la résistance a dapression était inversement
proportionnelle a la taille des macropores.

Différents additifs liquides ou pulvérulents, agiss comme accélérateurs ou
retardateurs de prise, peuvent aussi avoir dedseifieportants sur les propriétés
meécaniques des CPC en contrdlant le degré degirlaemicrostructure. Les poudres de
CDHA sont des additifs solides frequemment utilisésame germes pour favoriser la
formation de I'apatite dans les CPC (Bermudez ¢t1803, 1994 ; Brown et al., 1991 ;
Durucan et al., 2002B ; Liu et al., 1997 ; Yangakt 2002). Brown et al (1991) ont
indiqué que les germes de CDHA accéléraient legiogss initiales, mais ne semblaient
pas avoir d'importants effets a long terme sur p&ur de la réaction ou sur le
développement de la microstructure. Bermudez €1294) et Yang et al (2002) ont
constaté que I'addition de certaines quantitésalmgs de CDHA diminuait le temps de
prise et augmentait la résistance a la compres€iontrairement aux accélérateurs, les
retardateurs ont pour conséquence de différer ik, pce qui est néanmoins parfois
positivement corrélé avec une plus grande résist@Bahner et al., 2000; Durucan et al.,
2002B ; Fernandez et al., 1998). Les amélioratam$a résistance sont principalement
imputables a un affinement de la structure du cinfear exemple, I'incorporation de
carbonate dans l'apatite provoque une diminutiotadwille des cristallites, entrainant
ainsi une augmentation des propriétés mecaniqnates). Par ailleurs, I'ajout d’ions
libres (Sf+, Mg?*, Si*") a également un effet retardateur, mais n’a paues d'effet
bénéfique sur la résistance du ciment (Lilley et2005 ; Saint-Jean et al., 2005).

Comme mentionné précédemment, la taille des p&ticuodifie significativement la
cinétique de prise des CPC, contrdlant ainsi lantiigeet la taille des cristaux enchevétrés

qui sont a l'origine de la résistance. Plus lalgades particules est petite, plus la
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conversion des matiéres premieres en produits céiigtion est rapide, ce qui conduit a
des cristaux plus enchevétrés et donc a une augtiemte la résistance (Liu et al.,

2003). En outre, le vieilissement est un autreefac qui influe sur les propriétés

meécaniques des CPC, bien que dans la plupart de8 eat réalisé dans une solution de
Ringer & 37 °C. A des températures plus élevéegtésse de transformation des
particules initiales en CDHA est plus rapide etni&crostructure du CPC est plus

homogene et dense, ce qui conduit a une plus grésdgdance ; cet effet se manifeste
surtout lors du stade de durcissement précoce Giret al., 1995).

En résumé, les propriétés meécaniques des CPC deperfiortement de leur
microstructure, qui est liée a tous les facteurshrielogiques impliqués dans la
fabrication, comme la composition chimique, lesi@fgdiquides ou en poudre agissant
comme accélérateurs ou retardateurs, la taille pdg8cules, le rapport L/P et les
conditions de vieillissement. Entre autres, lesrastructures compactes avec de petits
cristaux semblent posséder de meilleures proprigéEaniques que les microstructures
moins compactes avec de plus grands cristaux.

Malgré de nombreux avantages par rapport aux @ouques, il est largement admis
que les CPC requiéerent de nouvelles amélioratiomdes propriétés mécaniques, en
particulier sur la ténacité, afin d’élargir leupgpdications cliniques potentielles telles que,
par exemple, la réparation des fractures multigessos longs, la fixation par ciment de
prothéses d’articulations ou la substitution depseertébraux.

Pour atteindre ces objectifs, diverses méthodesetenutilisées pour améliorer les
propriétés mécaniques des CPC. Comme la porosité &scteur le plus préjudiciable
aux propriétés mécaniques, une stratégie simpéfiedce pour les améliorer consiste a
réduire la taille et la fraction volumique des Eop®ur obtenir une matrice dense.

Un compactage uniaxial, biaxial ou isostatiqueadpdte de ciment avant hydratation
s'est avéré étre une méthode efficace pour rédmiperosité et améliorer les propriétés
mécaniques (Chow et al., 2000 ; Barralet et al022). Cependant, ces méthodes ont
globalement le méme effet que la diminution du capp/P (Fig.1-17), ce qui influe sur
I'aptitude a la mise en ceuvre et I'injectabilité@dment, et peut interdire son application
en chirurgie mini-invasive. De plus, étant donné aques procédés provoquent une
diminution de la porosité, ils pourraient égalenadfdcter les performances biologiques.
En ce sens, de nombreux additifs (Barralet eR@D3 ; Gbureck et al., 2004B ; Sarda et
al., 2002) ont été utilisés pour tenter de trouueicompromis entre facilité de mise en

ceuvre et propriétés mécaniques, ou de les amésimnettanément.
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Sarda et al (2002) ont ajouté de I'acide citriquee ghase liquide d’'un ciment & base de
a-TCP afin d’étudier son effet sur les propriétémjdctabilité. Il a été constaté que
I'acide citrique retarde la formation de HA, mamdiore I'injectabilité et la résistance.
Par le biais d’'une compétition entre répulsion del@mb et attraction de Van der Waals,
en raison des ions citrate adsorbés sur la sudesaéactifs, les particules, au lieu de
s’'agglomérer dans le liquide, glissent facilemestunes sur les autres et se dispersent de
maniere homogene (Fig.1-18). Par la suite, la samise et I'enchevétrement des cristaux
d’apatite se font a partir de ces microstructuneisialement plus homogenes, et
produisent ainsi une matrice plus résistante.

Une autre stratégie pour améliorer les propriétésamiques des CPC consiste a
ajouter des fibres dans la matrice. Il a été praypwe I'incorporation de fibres dans la
matrice d’un ciment fragile est une méthode efcpour améliorer la ténacité ainsi que
la résistance a la traction et a la flexion (Beauébal., 1990). De maniére générale, il est
essentiel d'utiliser des fibres possédant une teggie élevée a la traction. Cependant,
non seulement le type de fibres est important, wiaistres facteurs tels que la longueur
des fibres, leur fraction volumique, leur orierdatiet 'adhésion fibres/matrice sont
également essentiels pour améliorer les proprigtées du matériau composite. La pate
de ciment ou la poudre précurseur peut étre métaagéc des matieres fibreuses ayant
des structures différentes (Fig. 1-19).

En résumeé, deux stratégies principales ont étéogems pour améliorer les propriétés
mécaniques des CPC. Tout d’abord, en dépit desuexctssentiels pour la croissance
osseuse ou d'autres performances biologiques, wtdce plus dense et homogéne,
composeée de petits cristaux, serait souhaitabiedadimeéliorer les propriétés mécaniques
intrinseques des CPC. Ensuite, l'incorporation @@efarts pourrait apporter une
amélioration supplémentaire. Cependant, la séleckcfibres devrait prendre en compte
leurs propriétés, leur fraction volumique et leamdueur.

Comme indigué précédemment, les propriétés mécasides CPC sont essentielles
pour leur application en chirurgie et ont souvdatétudiées. Cependant, elles ont été la
plupart du temps évaluées a I'aide d’essais dstedgie. Néanmoins, d’autres travaux ont
mentionné la ténacité et la fiabilité comme repnéemat les réelles limites a l'utilisation
des CPC, plutdét que la contrainte de rupture eBeam Pour cette raison, quelques
exemples sur la fiabilité de céramiques (Bhamed.eR002 ; Cordell et al., 2009 ; Salehi
et al, 2008 ; Villora et al., 2004) et de cimengathires (Fleming et al., 1999), possédant

diverses microstructures résultant de procédésabléchtion différents, permettent de
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fournir des références utiles pour les CPC. En @éné module de Weibull, qui
caractérise la fiabilité mécanique, dépend fortengdenla microstructure du matériau.
Globalement, plus la microstructure est homogeéhs, |p matériau est fiable, traduisant
une faible dispersion statistique de la taille désauts sur lesquels la rupture est
susceptible de s’amorcer.

Comme mentionné ci-dessus, les propriétés mécanipseeCPC dépendent fortement
de leur porosité (micropores et macropores). Pptimiser le comportement mécanique
des CPC, il est donc nécessaire de comprendre conhesgarametres microstructuraux
que sont la microporosité ou la macroporosité artent les propriétés mécaniques. A
cette fin, il serait utile de modéliser les profg@mécaniques des CPC en fonction de la
porosité et de sa morphologie. Cependant, tresligdudes ont porté sur la modélisation
des propriétés mécaniques des CPC en fonction deorasité, qu’il s’agisse de
microporosité, de macroporosité ou de porositdddtinebra et al., 2007 ; Martin et al.,
1995 ; Zhang et al., 2006). Martin et Brown (19@B) mesuré la résistance a la
compression de CPC avec différentes microporosit@nt décrit leurs résultats, ainsi
que des résultats provenant d’autres études, etidarde la microporosité I'aide d'une
loi exponentielle. De méme, Ginebra et al (2007} oresuré la résistance a la
compression d’une mousse de CPC et I'ont décrittoection de la macroporosité au
moyen d’une loi exponentielle. Zhang et al (2006) préparé des CPC renfermant
différentes quantités de macropores créés paratésyles de mannitol utilisées comme
agent porogene soluble. Les auteurs ont mesurédtirilan d’Young, la résistance a la
flexion et le travail de rupture de ces CPC macrepx, et les ont décrits en fonction de la
porosité totale a l'aide de lois puissance. Pgrdssé, de nombreux modeles ont été
proposeés pour décrire le comportement mécaniquem@désriaux poreux. Néanmoins,
detailler I'intégralité de ces modeles serait &ola extrémement long et inapproprié, de
sorte que seuls quelques modéles connus ou pdstipant brievement passés en revue ;
les connaissances acquises pourraient nous aétendre I'application des principes de
modélisation au cas des propriétés mecaniques®Es € a mieux les expliquer.

Suite a la revue bibliographique préecédemment eédgasous pouvons tirer quelques
conclusions sur I'état actuel des connaissances deandomaine des propriétés
mécaniques des CPC. De nombreux matériaux a bapbadphates de calcium sont
disponibles dans le commerce de nos jours. Parxjilesi ciments a base deTCP ont
suscité un grand intérét en raison de leur biodiagpiéité supérieure a celle de HA, de

B-TCP ou des biocéramiques BCP actuellement utdlisEé@ydrolyse dex-TCP produit
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de la CDHA, plus semblable a l'apatite biologigue trmes de structure et de
composition chimique que I'hydroxyapatite stoechébrigue HA. Les propriétés
meécaniques des CPC sont essentielles pour uneaimii réussie en chirurgie et ont été
largement étudiées. Cependant, la plupart d’erlige ent été évaluées en utilisant des
tests de résistance telles que la résistance @anaression ou la résistance a la traction
diamétrale. Néanmoins, des études ont mentionné lgugnacité et la fiabilité
constituaient les réelles limites des CPC, plut@t lgur contrainte de rupture. Par ailleurs,
outre 'absence d'une étude systématique sur leprigtés mecaniques des CPC, il
n'existe aucune étude compléte sur I'évolution gespriétés mécaniques avec la
microporosité et la macroporosité considérées ééapamt, ainsi que sur sa modélisation
qui peut constituer un outil utile non seulementirpone meilleure compréhension du
comportement mécanique mais aussi pour aider &goiraes matériaux aux propriétés
optimisées. Par ailleurs, le réle de la taille pagicules sur les propriétés mécaniques
des CPC n’a pas non plus été étudié avec une dpmpsailaire, bien que son effet sur la
cinétique de prise soit bien compris. A partir e constatations, il semble que I'une des
principales faiblesses de la littérature existagel’absence d’'une étude approfondie,
comparative et systématique sur les relations éafiabrication, la microstructure et les
propriétés mécaniques des CPC, produite par ungpegumique méme si, bien sdir,
chaque publication individuelle représente un apgorentifique précieux. De plus,
comme indiqué dans la littérature, les CPC restestfragiles de par leur nature, avec de
tres faibles propriétés mécaniques ; il serait dudmessaire de développer de nouveaux
matériaux avec des propriétés optimisées (mie eweogupropriétés biologiques /
propriétés mécaniques), qui pourraient en pargc@ire moins fragiles et présenter une
certaine tolérance a 'endommagement. Cependaappirait que I'option « fibres » a
été largement étudiée et semble compromettre tgwiptés de mise en ceuvre des CPC
(injectabilité par exemple). En revanche, les citeeomposites contenant des polymeéres
de type HPMC (hydroxy-propyl-methyl-cellulose) sdemt étre intéressants du point de
vue de la cohésion, méme si, de nouveau, aucude gystématique n’est disponible sur
I'effet de I'ajout de HPMC a la fois sur la mise @uvre et sur les propriétés mécaniques
(par exemple sur la ténacité). Par ailleurs, leMBPsilanisés (Si-HPMC) sont des
« nouveaux » biomatériaux actuellement au stada decherche et du développement,
présentant des propriétés biologiques et rhéolegidntéressantes. Leur combinaison
avec les phosphates de calcium pour la régénératsseuse et articulaire a éte

mentionnée, mais plutét pour des matériaux ricmepatymere (Si-HPMC constituant
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alors une « matrice » dans laquelle des particddgshosphate de calcium sont intégrées)
(Weiss et al., 2008). Compte tenu de ce qui a @tdans la littérature sur le réle de la
viscosité sur la cohésion des pates cimentairesureteur injectabilité, il serait donc
intéressant d’essayer d’intégrer ce type de polgmaux CPC pour produire des
matériaux composites. Toutes les questions ci-desmut abordées dans cette these.

Chapitre 2 et Chapitre 3: Matériaux et méthodes —nfluence de la microporosité
et de la macroporosité sur les proprietés mécanigsales CPC

Le Chapitre 2 décrit les principales méthodes bedation des poudres et des ciments,
ainsi que les techniques de mesure des propriééangues. Au début du Chapitre 3,
avant d’'aborder le coeur du sujet sur les relatienge procédé de fabrication,
microstructure et comportement mécanique, une éuéléminaire est réalisée sur la
cinétique de prise des CPC, qui est essentiellelpquréparation des échantillons et pour
une comparaison valable des propriétés mécanigassrges. Les temps de prise initiale
et finale des CPC préparés avec une poudre fimag@s F) ou grossiére (Ciments C),
ainsi gqu’'avec ajout de différentes quantités denitah(utilisé comme porogéene), sont
tout d’abord mesurés (Fig. 3-1). Les temps de pnisiale et finale des Ciments F et des
Ciments C augmentent avec le rapport L/P (Fig. 3B)ACeci est simplement di au fait
gu’avec l'augmentation du rapport L/P, la distaan&e les particules initiales deTCP
augmente. Cela modifie l'interaction entre les ipalés dea-TCP, puis retarde la
formation du réseau de cristaux d’apatite enchésé&jui est responsable des propriétés
mécaniques; la conséquence est une prolongatioterdps de prise. Pour les CPC
préparés avec du mannitol comme porogene, les tetapprise initiale et finale
augmentent avec la quantité de mannitol (Fig. 3-D€} résultats peuvent étre expliqués
en termes de disponibilité de liquide: lorsquedargité de mannitol ajoutée augmente, il
y a moins dex-TCP disponible pour la réaction de dissolution,qcé augmente la
guantité de liquide disponible par rappost ACP, et prolonge le temps de prise en raison
des effets mentionnés pour les ciments F et C (antation du rapport L/P « effectif »).

En outre, a des fins de comparaison des propri@g@&saniques, le maximum de
parametres expérimentaux, tels que le temps deasdarsent ou les dimensions de
I'échantillon, devraient étre choisis puis fixésupdiensemble de I'étude. A cet effet,
comme précédemment, une étude cinétique sur ldapdpament de la résistance a la
compression en fonction du temps de durcissemegiie aréalisée jusqu’'a 35 jours
(Fig. 3-2). La poudre fine de TCP est sélectionnée en raison d’'une vitesse atgioé

plus élevée comme indiqué dans la section 3.1.&.fohte corrélation est établie entre le
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développement de la résistance et le degré daagaétalué a partir de I'évolution des
phases en présence (Fig. 3-5). Pendant le durasgexrT CP réagit progressivement
avec 'eau, et un réseau de cristaux d’apatiteer@thés est forme, qui est a I'origine des
propriétés mécaniques. Avec le tempg,CP disparait, des cristaux d’apatite continuent
de croitre et le réseau de cristaux devient degiiyslus enchevétré, de sorte que le CPC
devient plus résistant. En général, nous voulonogtws éviter la présence de réactif
résiduel (dans notre cas duTCP n’ayant pas réagi) dans le produit final dectén,
mais cela semble étre assez difficile a atteindreirq jours. Toutefois, un temps plus
long, d’'une part, n'apporte pas de changementslestadans la microstructure et les
propriétés (Ginebra et al., 2004), et d’autre pattainerait des expériences trop longues.
Suite a cette étude, cing jours sont considérésmmapuffisants pour assurer a la fois un
degré de réaction élevé et un durcissement complitrmes de résistance (Fig. 3-3). Un
temps de durcissement de cing jours peut donccétmsidéré comme un compromis
optimal, et il sera utilisé tout au long de cettese.

La microstructure et les propriétés mécaniques@S microporeux (Ciments F et
Ciments C) sont ensuite étudiées.

La porosité des ciments F a été mesurée pourelifferapports L/P (Fig. 3-6). Comme
cela était prévisible, la porosité totale des citmdh augmente lorsque le rapport L/P
augmente, allant de 36% a 51%. Cela est d0 a wperion plus élevée de liquide dans
le volume constant du moule.

Les diagrammes de diffraction des rayons X (DRX$ dements F préparés avec
différents rapports L/P sont présentés sur laF-8. Aprés cing jours de durcissement, il
est observé que la plupart de la poudre fineadBCP a réagi avec l'eau et s’est
transformée en CDHA, et ce quel que soit le rappttt Une faible quantité de TCP
n'ayant pas réagi peut toutefois étre détectées wetie quantité diminue globalement
avec l'augmentation du rapport L/P. Deux hypothésesvent étre formulées pour
expliquer cette tendance. L'une peut étre exprievéeermes de disponibilité de liquide :
lorsque le rapport L/P augmente, il y a plus deitlg disponible pour la réaction de
dissolution, ce qui pourrait conduire a moinsudECP n’ayant pas réagi dans le ciment
final. Lautre explication serait fondée sur desactéristiques « géométriques » : quand
le rapport L/P augmente, la distance entre padscaligmente, ainsi que la porosité (voir
Fig. 3-6), laissant plus de place dans le matépi@ur que la solution saline puisse
s’écouler et réagir avec TCP, provoquant une diminution de la quantitéaelECP ne

réagissant pas.
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Les surfaces de rupture de ciments F avec deworaspl/P différents, observées par
Microscopie Electronique a Balayage (MEB), sontspréées sur la Fig. 3-9. Des
« cavités » de quelques dizaines de micrometres distnibuées aléatoirement sur la
surface du ciment F avec un rapport L/P de 0,3 @=BA). A un plus fort grossissement
(Fig. 3-9C), des amas de particules composéesTdeP n'ayant pas réagi peuvent étre
observés a l'intérieur de ces cavités ; ils sopasgs de la matrice d’apatite environnante
par une sorte de «vide ». En revanche, aucuneesleavités contenant des amas de
a-TCP n'ayant pas réagi n'a été observée sur laserdie rupture du ciment F avec un
rapport L/P de 0,4 (Fig. 3-9B et 3-9D). Cela estyablement d a la tres faible quantité
de o-TCP qui n’a pas réagi pour ce rapport L/P (commeéenoigne la DRX), d’ou la
difficulté a I'observer par MEB. Malgré cette difice, la morphologie et la taille des
cristaux d’apatite formés, qui sont principalementforme d’aiguille et a I'échelle du
nanometre ou submicronique, semblent étre simigioair ces deux Ciments F fabriqués
avec des rapports L/P de 0,3 (Fig. 3-9E) et d¢Fig! 3-9F).

Les propriétés mécaniques (module d’Young, ténatitésistance a la compression)
des ciments F, préparés en utilisant difféerentgpoep L/P, sont présentées sur la
Fig. 3-10. Comme attendu, toutes les propriétésamgues mesurées diminuent avec la
porosité. Afin de mieux comprendre les phénomémgsigues et aider a la conception
de CPC ayant des propriétés mecaniques optimis@es]oi puissance (Eq. 3-1) est
délibérément choisie tout au long de I'étude pataride I'évolution avec la porosité des
propriétés mécaniques des ciments.

La modélisation des propriétés mécaniques aveartssjté a été menée en deux étapes.
La premiére consiste a confirmer la validité d’'undale de loi puissance pour décrire les
données mesurées. Comme le montre la Fig. 3-1&stées données mesurées pour les
ciments F peuvent étre décrites correctement, desccoefficients de détermination
R?=0,97, 0,99 et 0,96, pour le module d'Young, émarcité et la résistance a la
compression, respectivement. En s’appuyant surasaipr résultat encourageant, et afin
d’établir une inter-relation entre les différenf@®priétés mécaniques des ciments F,
conformément aux hypothéses émises au Chapitra prdcédure d’ajustement des
parameétres a ensuite été adaptée en utilisant meene&posant de loi puissance pour
toutes les propriétés. La possibilité d’obtenticandexposant commun a toutes les
propriétés mécaniques et sa signification physoqi€té examinées dans la section 1.5.3.
Néanmoins, il est utile de rappeler les hypothagesssaires a I'obtention d’'un exposant

commun dans la loi puissance : la constance deemécanismes de rupture sur toute la

214



Résumé

plage de porosité et la constance de la taille&aud critique. Dans le cas des ciments F,
il s’est néanmoins avéré impossible de décrirdrtés courbes avec la méme valeur de
I'exposant « a » de la loi puissance. Une desonipties trois courbes, utilisant le méme
exposant pour les trois propriétés, est néanmaiseptée sur la Fig. 3-11. Une valeur
commune pour I'exposant a = 4,13 peut étre troypate la ténacité et la résistance a la
compression, mais pas pour le module d’Young. Leashes en traits pleins sur les
Fig. 3-11B et 3-11C représentent cette descripdi®ta ténacité et de la résistance a la
compression, avec& = 3,31 MP.n{? ets,o = 730 MPa, respectivement. La courbe en
trait plein sur la Fig. 3-11A montre I'évolutionvirtuelle » du module de Young en
utilisant la méme valeur de « a » que pour la tédat la résistance a la compression, et
pour une valeur ajustée de E 84 GPa. Si la tendance semble se justifier plasr
porosités élevées (haut rapport L/P), il y a umestimation évidente du module d’Young
par ce modéle pour les porosités faibles (faibfgpoat L/P: 0,3 et 0,35). Cela peut
s’expliquer si lex-TCP n’ayant pas réagi est pris en compte. En,eféebme indiqué sur

la Fig. 3-8, dw-TCP n’ayant pas réagi a pu étre détecté par DRXYagticulier pour les
rapports L/P de 0,30 et 0,35. Par ailleurs, iléaatiservé que les particulesod@CP qui
n’'ont pas réagi sont séparées de la matrice de CpatiAles espaces vides qui peuvent
étre comparés a des « fissures » (Fig. 3-9C). iPteste den-TCP, plus la matrice du
ciment contient de ces « fissures », ce qui progaqme diminution du module d’Young
et ainsi I'écart observé sur la courbe entre le éto@t les mesures pour les faibles
rapports L/P. Néanmoins, cette « microfissuratiore>semble pas influer sur la ténacité,
ce qui est malgré tout en accord avec des cas |l&gyrilans d’autres matériaux
multi-fissurées (Tancret et al., 2001), ou avecae célébre du titanate d’aluminium, qui
possede une ténacité similaire a celle de I'alupmmaas un module d’Young dix fois plus
faible en raison d’'une forte microfissuration sEoe.

La porosité des ciments C préparés avec différeapports L/P a été mesurée
(Fig. 3-12). Comme pour les ciments F, la pordsitéle des ciments C augmente avec le
rapport L/P, allant de 38% a 52%. Cela peut égatém@e attribué a une plus grande
proportion de phase liquide dans le volume constantmoule lors de la fabrication.
Toutefois, pour un méme rapport L/P (sauf pourapport L/P de 0,3) la porosité totale
des ciments C est nettement inférieure a cell€dmsnts F, ce qui est probablement di a
une masse de pate différente introduite dans lelenfa compacité de la pate est
différente).

Les diagrammes de DRX des ciments C préparés afféoedts rapports L/P sont
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présentés sur la Fig. 3-13. Comme on peut le loppudre de-TCP s’est transformée
en CDHA, mais avec beaucoupad CP n’ayant pas réagi. Cela peut étre interprété p
un simple effet de taille, de grosses particulastédvidemment plus longues a disoudre.
De plus, comme pour les ciments F, la quantité-@€P qui n’a pas réagi diminue avec
'augmentation du rapport L/P ; cela peut étre iex@ par les mémes hypothéses que
celles proposées pour les ciments F (voir 3.2.1.2).

Les surfaces de rupture de ciments C préparés daec rapports L/P différents,
observées par MEB, sont présentées sur la Fig. Bdid4-TCP qui n’a pas réagi peut étre
trouvé sur la surface de rupture du ciment C avexapport L/P de 0,3 (Fig. 3-14A). De
méme, des particules deTCP n’ayant pas réagi peuvent également étre wbseidans
le Ciment C ayant un rapport L/P de 0,5, mais emp@ition nettement moindre
(Fig. 3-14B). A un plus fort grossissement, ques gait le rapport L/P (0,3, Fig 3-14C ;
0.5, Fig 3-14D), on retrouve des fissures autoarnmeticules de-TCP n’ayant pas réagi,
les séparant de la matrice de CDHA environnantédiuant un faible lien entre le
a-TCP qui n’a pas réagi et les cristaux de CDHAcQmstat est semblable a I'observation
faite dans le ciment F préparé avec un rapporde/B,3 (Fig. 3-9C). Par ailleurs, aucune
différence notable ne peut étre constatée entrdivess ciments C, ni dans la forme des
cristaux de CDHA, qui sont la plupart du tempsamie de plaquettes, ni dans leur taille,
qui est submicronique ou a une échelle nanomét(igige 3-9E, F).

Les propriétés mécaniques (module d’Young, ténaatit@sistance a la compression)
des ciments C, préparés avec différents rappoRssbht tracées sur la Fig. 3-15. Comme
attendu, toutes les propriétés mécaniques diminipesdque la porosité augmente. En
outre, comme pour les ciments F, afin de mieux cenqire et expliquer les observations
expérimentales, une loi puissance est égalemdisietipour décrire I'évolution avec la
porosité des propriétés mécaniques des cimento©@n@ pour les ciments F (section
3.2.1.3), la validité de la loi puissance a d’abétéltestée sur les données mesurées sans
tenir compte d’'une éventuelle inter-relation emtrepriétés.

Comme on peut le constater, toutes les donnéesréesspeuvent étre assez bien
décrites par une loi puissance, avéc=F0,98, 0,99 et 0,97, pour le module d’Young, la
ténacité et la résistance a la compression, ragpewnt, ce qui conforte la validité du
modéle en loi puissance dans le cas des cimentsé@nmoins, il est également
souhaitable, d'un point de vue théorique, de tedt&tablir une inter-relation entre les
trois propriétés meécaniques mesurees, dans ladeeliéme exposant « a » pourrait étre

utilisé dans les équations du module d'Young, dééteacité et de la résistance a la
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compression.

Contrairement aux ciments F, les trois propriétésvpnt étre décrites dans les
ciments C avec le méme exposant a = 3,77 (Fig.) 3bigh que I'effet sur la rigidité de la
« microfissuration » due a la présencendBCP n’ayant pas réagi puisse egalement étre
mise en évidence (Fig. 3-16A, Fig. 3-14). En effetis les ciments préparés avec de la
poudre grossiere contiennent des quantités impgegadea-TCP qui n'a pas réagi
(Fig. 3-13), et sont donc tous plus « microfissurégie les ciments F, ce qui est cohérent
avec l'observation précédente sur les Cimentsefe.:-TCP n’ayant pas réagi réduit le
module d’Young par microfissuration, ce qui peuhden partie expliquer pourquoi la
valeur de = 26,9 GPa pour les ciments C est seulementre die i = 84 GPa des
ciments F. Par ailleurs, le point correspondant rapport L/P de 0,30 apparait
notablement plus bas que ce qu’on peut attendieea®irbe ajustée, ce qui est également
compatible avec un plus haut degré de « microf@eur », associée a une plus grande
fraction dea-TCP n’ayant pas réagi dans ce ciment (Fig. 3-13).

Linter-relation entre propriétés donne aussi uakewr Keo = 2,31 MPa.if? pour les
ciments C, qui est inférieure & celle des ciment&,B1 MPa.n{?). Ceci peut étre
expligué en considérant l'origine de la ténacitésdé&es CPC. En fait, les CPC sont
naturellement fragiles et leur capacité de résigtam la fissuration provient
principalement des cristaux d’apatite enchevédéspres les micrographies, il semble
que les ciments C contiennent plus de plaquettds etgrands » cristaux d’apatite que
les ciments F, ces derniers étant plutdt constitleepetits cristaux d’apatite en forme
d’aiguilles. Plus les cristaux d’apatite sont tiplus les points de contact sont
nombreux et peuvent ainsi contribuer a une ténguibs élevée des ciments F. Un
phenomene similaire a également été observé suresanatériaux (Tancret et al., 2003).
Par ailleurs, cet enchevétrement dense de cristaypatite dans les ciments F pourrait
aussi contribuer a leur module d’Young plus éleué gelui des ciments C, en plus du
mécanisme susmentionné. Enfin, une valeur dg¢te 245 MPa a été obtenue pour les
ciments C, nettement inférieure a celle des cimer{i&30 MPa). Une telle différence de
résistance ne peut pas étre expliquée par lesssaalturs de ténacité. Ceci indique que la
taille des défauts critiques dans les ciments Gigatficativement plus grande que dans
les ciments F, ce qui est compatible avec une stiercture plus grossiére qui de surcroit
contient de nombreuses fissures.

La microstructure et les propriétés mécaniquesadRES macroporeux ont eté etudiées.

La macroporosité des CPC macroporeux préparédiff@entes fractions massiques de
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mannitol a été déterminée par analyse d’'image etaios échantillons ; elle est tracée
sur la Fig. 3-17 en fonction de la teneur en mahr{itoir lignes continues bleues).
Comme on pouvait s’y attendre, la macroporositérarge avec la fraction massique en
mannitol, allant de 7% a 46%.

Les diagrammes de DRX des CPC macroporeux prépasgsdifférentes fractions
massiques en mannitol sont présentés sur la Fi§. 8&es diagrammes sont similaires a
ceux des ciments F, ce qui indique que I'additiennthnnitol n’affecte pas la réaction
d’hydratation dex-TCP (Shimogoryo et al., 2009). Comme pour les ois&, de petits
pics dea-TCP n'ayant pas réagi sont présents, mais l'int&rdes principaux pics de
cette phase diminue lorsque la fraction massigueamitol augmente. Deux hypothéses
peuvent étre avancées pour I'expliquer. Tout d’dpta quantité totale d’eau introduite
dans la pate est déterminée a partir du poidsdesapoudresi( TCP + mannitol) ; il est
alors possible qu’une plus grande quantité d’eatudisponible pour la réaction avec
a-TCP lorsque la fraction massique en mannitol audeyece qui correspondrait a une
augmentation du rapport L/P effectif de la partimérale du ciment. La tendance
observée serait alors en accord avec les résdidesFig. 3-6. La seconde hypothése est
basée sur la « géométrie »quand la fraction massique en mannitol augmente, la
macroporosité laissée par sa dissolution augménpaeconséquent, la perméabilité du
matériau augmente, permettant a I'eau de s’écqulles facilement a l'intérieur du
matériau et d’'améliorer son contact awetCP, favorisant ainsi la réaction chimique et
conduisant & moins deTCP résiduel.

Les surfaces de rupture des CPC macroporeux, gesepar MEB, sont présentées sur
la Fig. 3-20. Sans surprise, le CPC fabriqué saarmiitol ne contient pas de macropores
(Fig. 3-20A). En revanche, des macropores de plusieentaines de micrometres,
résultant de la dissolution du mannitol, sont oleglles sur la surface de rupture du CPC
fabriqué avec 10% en masse de mannitol (Fig. 3-2D8)sque la fraction massique en
mannitol augmente (30%, figure 3-20C ; 50%, fig@&@0D), de plus en plus de
macropores sont observés, avec des orientatiors args aléatoires, indiquant que les
particules de mannitol sont bien mélangées et tiégate maniere homogene lors de la
préparation des échantillons. Enfin, la microstiteetde la matrice des CPC macroporeux
a été examinée a un plus fort grossissement (FRF3. Aucune différence notable
n’existe entre la matrice microporeuse des cimprasroporeux et celle des ciments F.
La morphologie et la taille des cristaux d’apafitanés sont comparables, indiquant que

I'addition de mannitol n’affecte pas la formationl@ croissance des cristaux de CDHA
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(Shimogoryo et al., 2009).

Les propriétés mécaniques (module d’Young, ténatitésistance a la compression)
des CPC macroporeux fabriqués avec différentesidrescmassiques en mannitol sont
présentées sur la Fig. 3-21. Comme on pouvait #§ndre, toutes les propriétés
mécaniques mesurées diminuent quand la macropdeagiimente (c’est-a-dire quand la
fraction massique en mannitol augmente). Comme targas des CPC microporeux
(Ciments F et C), afin de mieux appréhender leemisions expérimentales, une
approche de modélisation est utilisée. Pour ce,fain nouveau modele (Eg. 3-11), qui
prend en compte séparément I'effet des macropodesenicropores, est développé pour
décrire I'évolution avec la porosité (macroporosie microporosité) des propriétés
meécaniques des CPC macroporeux. Cependant, daas farticulier de nos ciments la
macroporosité et la microporosité sont interdépeteta En effet, en ajoutant du
mannitol la macroporosité augmente, mais plus desitegalement disponible pour la
partie minérale du ciment, ce qui équivaut a upoalpL/P effectif plus élevé pour cette
partie minérale et conduit a une microporosité gitsde. Par conséquent, le tracé des
propriétés meécaniques en fonction de la seule rpaoosité n’aurait pas de signification
physique, puisque la microporosité varie en mémepse Pour cette raison, une autre
méthode est utilisée pour afficher les résultatsreportant les valeurs mesurées en
fonction des valeurs calculées par le modele @i22).

Comme le montre la Fig. 3-22, un bon accord estrabentre les valeurs mesurées et
calculées, pour toutes les propriétés mécaniqueiééls (module d’Young, Eq. 3-12 ;
ténacité, Eq. 3-13 ; résistance a la compressign3-E4). Par ailleurs, les valeurs de
référence déterminées pour le module d’Young deteacité sont respectivement de
96,6 GPa et 4,47 MPalff) et sont comparables & celles des ciments F, rouanii la
validité de I'équation 3-11, proposeée et utilisémslle cas des CPC macroporeux. En
outre, comme cela apparait dans les équations 3-12,et 3-14, un exposant commun
c = 1,55 peut étre utilisé pour le module d’Yourtglae ténacité, mais pas pour la
résistance a la compression, pour laquelle la valeu ¢ » est de 2,5. Ce résultat est
cohérent avec une étude récente concernant desigaes BCP (Pecqueux et al., 2010),
ou I'exposant de la loi puissance associée a latadse en compression est également
plus élevé que ceux permettant de décrire le modiYeung et la ténacité, ces deux
derniers exposants étant du reste identiques. Qattecularité avait été reliée a une
augmentation de la taille des défauts critique déenacroporosité. Quand un nombre

limité de macropores est présent dans I'échantillesy macropores sont bien dispersés
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dans le matériau (comme dans le cas des CPC, ipiBR20B) et n’interagissent pas

fortement les uns avec les autres. Lorsque la maoosité augmente, la distance
moyenne entre les macropores voisins diminue, et lehamps de concentration de
contraintes associés commencent a interagir. Pewrai, d’'un point de vue statistique, la
probabilité de trouver des groupes de macropores dartaines zones du matériau
augmente avec le nombre total de macropores. Peledahargement en compression,
ces groupes de macropores pourraient alors dedesidéfauts critiques de grande taille
grace a la croissance sous-critique de microfisstelant plusieurs macropores entre
eux. Ainsi, ces amas de macropores (pour les fonsgoporosités) constitueraient des
défauts critiqgues d’'une taille plus importante @ede de macropores isolés (pour les
faibles macroporosités), d’ou une augmentatioradaille des défauts critiques avec la
macroporosité. Il a également été suggéré que canisne puisse se produire dans
d’autres céramiques macroporeuses (Pernot et@®) 19l a aussi été étudié en utilisant
la simulation par éléments finis (Cannillo et &Q04). Il est donc possible qu’'un

meécanisme similaire agisse dans les CPC macroporeux

L'hypothése ci-dessus peut d'ailleurs étre misévedence dans le cas de nos ciments
en tracant la quantité (o;)% qui est proportionnelle & la taille du défautigtie, en
fonction de la macroporosité (Fig. 3-23). Commenientre la Fig. 3-23, la gamme de
valeurs est a peu prées constante pour les cimdaotepureux (ciments F d’'une part et
ciments C d’autre part, ces derniers ayant delegaile défauts critiques un peu plus
grandes, en raison de leur microstructure gross@rene nous I'avons déja mentionné).
En revanche, la taille des défauts critiques de€ @Rcroporeux augmente fortement
avec la macroporosité, ce qui est semblable a dioasion faite dans le cas des
céramiques BCP macroporeuses (Pecqueux et al.),281@ent appuyer I'hypothese
proposée précédemment.

Par conséquent I'hypothése initiale, qui considégaiune taille de défaut critique
indépendante de la porosité était associée a wsarp« ¢ » commun pour la ténacité et
la contrainte de rupture, ne s’applique pas damsasedes ciments macroporeux, ce qui
peut expliquer les difféerents exposants obtenus peuénacité et la résistance a la
compression (Eq. 3-13, 3-14). De méme, les taillesdéfauts critiques a peu pres
constantes pour les ciments F ou les ciments C gmnpatibles avec le fait que des
exposants communs peuvent étre utilisés pour @&l fois la ténacité et la contrainte
de rupture (Ciment F, Fig. 3-11 ; Ciment C, Fig&-1

Chapitre 4: Influence de la fabrication et des conitions d'essai sur les propriétés
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mécaniques et sur la fiabilité des CPC

Dans I'étude ci-dessus qui correspond au trois@mpitre de la these, les propriétés
meécaniques, y compris le module d’Young, la tégaettla résistance en compression
ont été systématiquement étudiées sur les CPCrpsgepa faisant varier les rapports
L/P, la taille des particules et les pourcentagemecroporosité.

Toutefois, par souci de simplicité expérimentatytés les mesures dans ['étude
ci-dessus ont été realisées a I'état sec, asdéredif de I'environnement biologique
humide ou les CPC sont généralement implantésaiGes propriétés mécaniques de
I'apatite dense ayant été décrites comme dépefalid@ment de I'eau et de I'humidité
(Benagqga et al., 2005) et en vue d'applicationsques, il nous semble plus pertinent
de mesurer les propriétés mécaniques des CPCad lemide. Par ailleurs, il est
largement admis que la fiabilité mécanique est plygroprieée pour I'évaluation ou la
conception de matériaux fragiles plutdt que la walmoyenne de la contrainte de
rupture, mais cette méthode est néanmoins rareuigisee dans les CPC, qui sont
aussi intrinsequement fragiles.

Pour ces raisons, l'influence des conditions dedation et d'essai (degré d’humidité)
sur les propriétés mécaniques et la fiabilité dB€ Emicroporeux et macroporeux) a
donc été étudiée.

Avant de tester les éprouvettes en milieu biologigimulé (solution saline), des
expériences préliminaires ont été reéalisées afin mwsitionner précisément
I'extensometre sur des échantillons (préalablerhantidifiés) pour obtenir une mesure
de flexion la plus juste possible. Puis des éprtitesemmergées et fraichement sorties
de la solution saline ont été testées en compresaiacune différence statistiguement
significative n’a pu étre mise en évidence (Fi@)4indiquant la validité des mesures
réalisées sur les échantillons humides non immergés

En outre, parce gu’ un grand nombre d’échantillemst nécessaires pour la présente
étude, tous n’'ont pas pu étre testés exactementaims apres immersion mais parfois
aprés une période de strockage supplémentairelaawdution saline ; il a été verifié
que cette courte période supplémentaire (de l'ordigne journée) n’avait pas
d’influence sur les mesures (Fig. 4-3).

La porosité des CPC microporeux a été mesuréensuplage étendue de rapport L/P
(Fig. 4-4). Comme indiqué précédemment, la porodg8 ciments augmente avec
l'augmentation du rapport L/P. En comparaison d&®connées des ciments F préparés

dans le troisieme chapitre, la gamme de porosiéiheents préparés ici est étendue de
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pres de 62%.

Les propriétés mécaniques (module d'Young, ténaggéstance a la compression et
résistance a la flexion) des CPC microporeux pepavec différents rapports L/P ont
été mesurées a I'état humide (Fig. 4-5). Global¢éneemomme pour les CPC mesurés a
I'état sec (Fig. 3-10), toutes les propriétés miéces mesurées diminuent avec
l'augmentation de la porosité. Les modules d'Youmgsurés dans des conditions
humides et seches sont comparés (Fig. 4-6) pouafgmrts L/P ou les deux mesures
sont disponibles. Comme on le voit, le module dhpmesuré a I'état sec est supérieur
a celui mesurée a l'état humide. De fagon surptenaette différence diminue avec
l'augmentation de la porosité. En comparant ladi&a’'un méme type d’échantillon
dans les états sec et humide, on observe générdleme la présence d’eau diminue
I'énergie de surface des fissures et donc la vatesurée. Cet effet néfaste de I'eau sur
la ténacité a également été mesuré pour les céuamijhydroxyapatite (Benaqgga et al.,
2005). De méme, on observe une diminution destaggiss a la compression et a la
flexion en testant une éprouvette en conditions idlesn(Fig. 4-5C, Fig. 3-10C). Les
résistances en flexion et en compression plusefmilbhesurées a I'état humide sont
principalement la conséquence de I'évolution deélzacité, propriété intrinseque du
matériau. La fiabilité mécanique mesurée en comnsrssur les CPC microporeux a
été analysée au moyen des statistiques de Weiblib(ll, 1939, 1951). Les
diagrammes de Weibull logarithmiques calculés dhsamt I'équation 4-3 pour les
échantillons de compression des CPC préparés aWiEredts rapports L/P sont
présentés (Fig. 4-10), et le module de Weibull pooague CPC a été déterminé.
Comme on le voit, il existe un saut dans les valelurmodule de Weibull des CPC pour
un rapport L/P compris entre 0,4 et 0,45. Plusipédaent, les modules de Weibull pour
les CPC ayant un rapport L/P compris entre 0,2Zh4t0nt tous entre 8 et 9, ce qui est
significativement supérieur aux valeurs des CPGantant des rapports L/P compris
entre 0,45 et 0,6, qui sont tous entre 5 et 6.

Afin de mieux expliquer les résultats ci-dessus,glantité (Kc/o,)?, qui est
proportionnelle a la taille moyenne du défaut qui@ sur lequel la rupture s’initie, est
tracée en fonction du rapport L/P. Comme on le,vaittaille moyenne du défaut
critique augmente avec le rapport L/P. Ceci medvedence un changement de régime a
partir de rapports L/P > 0,40 qui correspond auil selservé dans I'évolution du
module de Weibull.

En fait, lorsque le rapport L/P augmente, la tailés pores et l'interconnectivité des
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pores augmentent, ce qui pourrait expliquer uneérg@ugmentation de la taille du
défaut critique, comme on l'observe pour les ragpbfP jusqu'a 0,4. Dans le méme
temps, la dispersion statistique de la contraieteughture, liée a la dispersion statistique
des défauts, reste assez forte, peut-étre simptepagne que les petits défauts sont
statistiquement plus abondants et donc influenaentfacon plus déterminante la
résistance. Toutefois, lorsque le rapport L/P autgemau-dela de 0,4, la pate devient de
plus en plus fluide au cours de la fabricationdext bulles d'air peuvent étre facilement
piegées dans la pate de ciment, et donc agir codenggands défauts critiques. Méme
si une table vibrante a été utilisée pour tentesugmrimer autant de bulles que possible,
des bulles d'air seraitent susceptibles d’étredaéglans la pate quand les rapports L/P
augmentent, alors qu'il est assez facile d’enléagrdans les pates plus séches grace a
densification par vibration ou par pression maruelin conséquence, parce que la
probabilité de trouver de grandes bulles d'air dangite augmente avec le rapport L/P
(0,45 et au-dessus), la moyenne des tailles daudétaitiques mesurées commence
également a augmenter trés rapidement. En outnée sl@e petite quantité de bulles
d'air est susceptible d'étre piegée dans chaquangbin, ce qui donne au piégeage de
bulles un fort caractére statistique, qui pourepliquer pourquoi la distribution
statistique de la taille de défaut critique, etade la contrainte de rupture, devient plus
large, a travers un module de Weibull inférieurstme le rapport L/P passe le seuil ou
le piegeage de bulles commence (environ 0,4 04.0,45

Les propriétés mécaniques (module d'Young, ténagséstance a la compression et
résistance a la flexion) ont également été meswdéekes CPC macroporeux dans des
conditions humides et séches (Fig. 4-13). Commevuprdoutes les propriétés
mécaniques diminuent avec l'augmentation de la opacosité quelles que soient les
conditions d'essai. En outre, comme pour les CPCromoreux, les propriétés
mécaniques mesurées a I'état mouillé sont génésateimférieures a celles mesurées a
I'état sec, mais les différences entre elles amdaece a diminuer avec I'augmentation
de la macroporosité. Les propriétés mécaniquesiéni®@s mesurées a |'état humide
pour les CPC macroporeux pourraientt étre attripuébeffet néfaste de I'eau existant
dans les CPC, tel que discuté précédemment.

En outre, de facon similaire a la procédure mergdes de chapitre 3, la quantité
(K\clop)? (o1 est la résistance a la flexion des CPC macroppgeiiiest proportionnelle &
la taille du défaut sur lequel la rupture s’amorest tracée en fonction de la

macroporosité (Fig. 4-14) afin d'étudier si la ssaince stable des fissures pourrait se
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produire lors d’'un chargement en traction. Commepeant le constater, la taille du

défaut critique augmente de fagon drastique agegithentation de la macroporosité, ce
qui est similaire a notre observation précédertacernant la taille de défaut critique
calculée a partir de la résistance a la compressiergui indique que la croissance
stable des fissures peuvt aussi se produire lars dhargement en traction dans les
CPC macroporeux.

La fiabilité des CPC macroporeux a également étalyaée en utilisant les
statistiques de Weibull. Comme pour les CPC micreme, les diagrammes de Weibull
logarithmiques pour les échantillons de compressies CPC macroporeux préparés
avec des fractions massiques en mannitol difféserde mesurés dans diverses
conditions sont représentées (Fig. 4-15, état haimkelg. 4-16, état sec), et le module
de Weibull pour chaque CPC macroporeux a été @ldah outre, afin de mieux
expliquer les résultats ci-dessus, comme pour RS Microporeux, la quantité gfos,)?

(or est la résistance a la compression) pour les @RE&oporeux dans des conditions
différentes d'essai est représentée en fonctida wecroporosité (Fig. 4-17).

Comme on le voit, indépendamment des différenteslitons d'essai, la taille du
défaut critique des CPC macroporeux augmente avaggnhentation de la
macroporosité. Ce résultat est cohérent avec @iéanontré dans le chapitre 3. En
comparaison avec ce qui a été vu pour les CPC puoceax, le module de Weibull pour
les CPC macroporeux est beaucoup moins variableegible indépendant des
conditions d'essai. Ceci peut étre expliqué pafale que les macropores agissent
comme des défauts critiques, que ce soit seulsaraipes (Pecqueux et al., 2010), et
parce qu'ils sont introduits en grand nombre damegqee échantillon, la résistance
devient plus « déterministe » (par exemple un haadule de Weibull), comme prédit
par la théorie du « maillon faible » lorsque lamfité de défauts est grande.

Chapitre 5: Propriétés de mise en ceuvre et propriés mécaniques des CPC
composites

Dans I'étude ci-dessus qui correspond au quatrgdragitre de la thése, l'influence de
la fabrication et des conditions d'essai (sec etitie)) sur les propriétés meécaniques et
la fiabilité des CPC (microporeux et macroporeuxgté étudiée. Toutefois, comme
indiqué dans la littérature, nos CPC, sans exaepsiont intrinsequement fragiles. Par
conséquent, il serait essentiel de développer deveamx matériaux moins fragiles
présentant des propriétés biologiques, ergonomiguegcaniques optimisées.

A cette fin, des solutions d'éthers de cellulosePMC/MC) biocompatibles
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présentant des masses moléculaires différentessatideaux de substitution différents
sont préparées et utilisées comme composantesddisjupour fabriquer des CPC
composites. Ces composés ont largement été utidiases d’autres matériaux de type
ciment (e.g. ciment Portland) pour améliorer lesppetés rhéologiques et mécaniques
de ces derniers. Il sera donc intéressant d’étsdiegs éthers de cellulose peuvent jouer
les mémes réles dans les CPC. Les effets de cgmeas sur I'ouvrabilité et les
propriétés mécaniques des CPC composites ont gtEnsgtiquement étudiés.

Linjectabilité du CPC composite HPMC/MC a eété ééd (Fig. 5-1). Avant
d'expliquer les résultats, il est utile de précipae I'injectabilité de la pate de CPC est
définie ici comme sa capacité a rester homogendgmr'injection, indépendamment
de la force d'injection (Bohner et al., 2005A).et a noter que cette grandeur est
différente de l'injectabilité liee a la force da@gtion qui doit étre appliquée a une
seringue de fagon a délivrer la pate de cimentll@jgee soit sa qualité, I'hnomogénéité
ou la quantité (Khairoun et al., 1998 ; Wang et2006).

L'injectabilité des CPC composites HPMC/MC est gigativement améliorée en
ajoutant des quantités croissantes d'éthers ddasd] comme indiqué dans la Fig. 5-1.
Par exemple, en ajoutant seulement 0,25% d’E4Njettabilité de la pate peut étre
augmentée de 75%. L'amélioration significative Ugelctabilité est principalement
attribuable a la viscosité améliorée de la patepguit effectivement réduire ou méme
éliminer les phénomeénes de démixion qui sont ceimsésr I'injectablité d'une pate de
ciment (Habit et al., 2008). Selon cette étudajekitabilité des CPC composites
préparés avec diverses solutions de cellulose daem@ncentration (par exemple
0,25%) peuvent étre classés dans l'ordre ascendeli < E4AM =~ K4M < K15M.
Cependant, fait intéressant, le ciment composiépaé en ajoutant une solution de
E4M (avec une viscosité similaire a celle K4M) sé&mdémontrer une meilleure
injectabilité, comme indiqué dans la Fig. 5-1.

Cet écart peut étre expliqué par l'analyse desrigtés rhéologiques de la pate
composite de CPC HPMC/MC. En général, les solutaanseuses de polymeres (ici des
solutions d'éthers de cellulose) sont des fluides-mewtoniens et présentent un
comportement d'écoulement pseudoplastique (Holméiead, 2002). Les systemes (se
réfere ici aux CPC) modifiés avec des solutionspd/meres visqueux présentent
généralement également une pseudoplasticité (Khai@98 ; Wang et al., 2007). En
outre, cette pseudoplasticité augmente avec lespoa@éculaire et avec la concentration.

En ce qui concerne E4M, car il a un plus petit poidoléculaire que K15M, sa

225



Jingtao ZHANG — Université de Nantes

pseudoplasticité est moins importante et devrait @ méme ordre que celle de K4M.
Cependant, comme indiqué dans le tableau 5-1, E4Mh adegré plus élevé de
substitution des groupes MeO et HPO que K4M et K16M peut entrainer un effet
stérique plus fort et qui réduit encore son conmgoent pseudoplastique. Selon les
deux facteurs ci-dessus, il est trés possible guaskcosité apparente de la pate CPC
composite avec une solution E4M a 0,25% soit sapési a celle de la pate CPC
composite contenant du K4M a la méme concentratibméme supérieure a celle de la
pate de ciment composite préparée avec une sokilibM a la méme concentration, ce
qui conduit finalement & une meilleure injectabiliFig. 5-1).

Comme prévu, l'addition de différents éthers ddulmde améliore fortement les
performances de cohésion et la résistance au #ggsidu CPC composite (Fig. 5-3).
Ces performances sont liées aux propriétés rhaplegi améliorées (par exemple la
viscosité) du CPC composite. Cette viscosité ptettevement réduire l'influence de la
pression osmotique et donc réduire la dilution Béesaignement (Khayat, 1998), et
interdit également la libération des particulesGRC dans le liquide environnant, qui
sont soupconnés d'étre les facteurs principauxoouant des pertes de cohésion et une
plus grande sensibilté au lessivage (Bohner e2@0D6B).

L'évolution des temps de prise initial et final dE®PC préparés par addition de
différentes quantités d'additifs d'éthers de cedlalest montrée dans la Fig. 5-4. Il est
évident que les temps de prise initiale des cimeot# légérement augmentés. En
revanche, les temps de prise finale des ciments\ésiblement prolongés lorsque le
montant des additifs augmente. En ce qui concerngécanisme de retard de prise dans
ces CPC composites, il est considéré comme simificelui des ciments de Portland
(Weyer et al., 2005; Khayat, 1998). Dans le syst&RE€ en prenant, un point de vue
imageé, I'éther de cellulose dans I'eau peut en éffe considéré comme un "boule” de
taille nanométrique, qui se compose de longuesiebaie polyméres et qui fixe l'eau a
l'intérieur. Ces "boules" d’éther de cellulose statlent & la surface des micro-cristaux
(6 um) dea-TCP de taille micronique, agissant comme des &aganinterferent avec la
dissolution de C& et PQ* dans l'eau, affectant ainsi la précipitation d@dtite et
prolongeant les temps de prise. Malgré I'effetrdeti@eur observé sur la prise, aucune
différence notable n’est observée entre les cimantyportant ou pas d’éther de cellulose,
ce qui indigue que ces additifs n’inhibent paslarfation finale de la CDHA (Fig. 5-5).

La porosité des CPC composites fabriqués avedffésemts éthers de cellulose a été

mesurée (Fig. 5-6). Comme on le voit, par rapaortiment contréle (fraction massique
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= 0%), la porosité du CPC composite augmente denfagonotone avec la fraction
massique croissante de chaque éther de cellulosgéajLa porosité croissante est
attribuée a des bulles d'air entrainées (Fig. & )capacité a former des bulles d'air et
puis a les stabiliser est fortement dépendantegsiétés de la composante liquide du
ciment. Dans la présente étude, les éthers delasmdluagissent comme agents
tensio-actifs qui peuvent donc abaisser la tensuperficielle de la solution liquide, et
aident a la formation de bulles d'air. En outreno@® mentionné précédemment, les
éthers de cellulose peuvent augmenter la viscdsit@ solution liquide ce qui est utile
pour la stabilisation de bulles d'air en les empéthke se déplacer et d’étre éliminées a la
surface.

La ténacité des ciments composites préparés asediffierents éthers de cellulose est
présentée sur la Fig. 5-8. Les valeurs mesuréégéagralement plus élevées que celles
du ciment de contréle, méme si la difference etilda Par ailleurs, afin de mieux
comprendre I'influence des éthers de cellulosdaténacité, cette derniére a été tracée
en fonction de la porosité totale (Fig. 5-9 A, Cet5). Comme on peut le constater, la
ténacité des CPC composites reste constante ou mdgneente avec 'augmentation de
la porosité, ce qui est toutefois différent de aatésultat précédent, a savoir que la
ténacité diminue avec la porosité ; ceci indique tps éthers de cellulose ont un effet
renforcant sur les CPC. Cependant, cette hypothiése valable que si la ténacité des
ciments composites est comparée a celle des cingentsontréle ayant les mémes
porosités. Pour cette raison et pour favoriseotagaraison, une courbe correspondant a
une loi puissance (comme les modéles présentésl@@izapitre 3) a été ajustée pour
passer par le point correspondant au ciment de@enfvoir Fig. 5-9A, C, E et G).
Comme on peut le constater, la ténacité de tousrteants composites est plus élevée que
celle des ciments de contrdle ayant les mémes ipésos

En outre, 'augmentation relative de la ténacité denents composites (par rapport a
des ciments de contréle « virtuels » ayant desgi@oidentiques) est tracée en fonction
de la fraction massique en polymere (Fig. 5-9B,FDet H). La ténacité augmente
continuellement et fortement avec la fraction n@ssien polymére, indiquant que les
additifs d’éthers de cellulose conduisent a unae@ment significatif des CPC. Par
ailleurs, 'augmentation relative de ténacité p&wé globalement décrite par des lignes
droites. Les pentes des droites (correspondantaauxd’augmentation de la ténacité)
sont tracées en fonction de la masse molaire ffésettits éthers de cellulose (Fig. 5-10).

Comme on peut le constater, les pentes augmeritdralgment avec la masse molaire
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des éthers de cellulose, indiquant que celle-ojaeénent un effet significatif sur la
ténacité des ciments composites.

Concernant cet effet de durcissement dans les @Rtpbasites, deux mécanismes
possibles sont proposés et peuvent étre explicités : en raison des procédés de
broyage et de la présence d’humidité dans I'atmé&spHes particules de-TCP ont
tendance a s’agglutiner et a former des agglomédratsqu’elles sont mélangées avec le
a-TCP, les molécules d'éther de cellulose sont ddss a la surface des particules de
a-TCP. En raison de leur effet stérique, les mokxudle cellulose permettent de réduire
les forces d’attraction de Van der Waals entrgpégticules, les séparant et les empéchant
ainsi de former des agglomérats, ce qui aboutihé népartition plus homogeéne des
particules dans la pate (Burguera et al., 2006)c&aséquent, on peut s’attendre a ce que
la croissance des cristaux d’apatite a partir d'paee homogéne puisse finalement
former une microstructure uniforme et optimiséatenant moins de défauts, conduisant
ainsi a une meilleure résistance a la rupture ¢atdal., 2002). En outre, on peut
observer que des morceaux de polymere, probablasseistdes éthers de cellulose ayant
rétréci au séchage, sont « collés » a plusieustaci d’apatite voisins (Fig. 5-11 C, D).
Ces morceaux de polymére peuvent contribuer awstéda sollicitation mécanique subie
par le fond de fissure, par le mécanisme de pordagissure (le polymere forme des
ponts reliant les faces de la fissure et consommaatpartie de I'énergie de rupture a
fournir grace a une déformation élastique-plasicaméliorant ainsi la ténacité (Launey
et al., 2009). Ainsi, a la fois la microstructuretimisée possédant une meilleure
homogénéité et le pontage de la fissure par desbgts de polymere peuvent contribuer
a une ténacité améliorée des ciments composites.

La résistance a la compression du composite CPgapréavec différents additifs
d’éthers de cellulose est présentée sur la Fig3.3-4 résistance a la compression des
ciments composites est dans tous les cas inféreewsdle du ciment de contrdle. De
méme, afin de mieux comprendre l'influence desrétte cellulose sur la résistance a la
compression des ciments composites, cette propaiéééé tracée en fonction de la
porosité (Fig. 5-14A, C, E et G).

Lorsque des éthers de cellulose sont ajoutés,siataéce des ciments composites
diminue de maniére concomittante. En outre, comoug [a ténacité, la résistance reste
généralement constante ou augmente méme avec daitgorce qui est également
différent de notre précédent résultat, a savoirlguésistance diminue avec la porosité,

indiquant que les éthers de cellulose peuvent avoeffet de renforcement sur les CPC.
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Une fois de plus, cette hypothése ne peut étrevpeque si la résistance des ciments
composites est comparée a celle des ciments démayant les mémes porosités. Ainsi,
un peu a limage de ce qui a été fait dans le @adadténacité pour favoriser la
comparaison, une loi puissance a été ajustée passep par le premier point
correspondant a chaque ciment composite (voirF~itgA, C, E et G). Laugmentation
relative de résistance des ciments compositesapport a des ciments « virtuels » ayant
des porosités identiques, est tracée en fonctioka deaction massique en polymere
(Fig. 5-14B, D, F et H). En général, 'augmentati@hative de résistance augmente
continuellement et fortement avec la fraction n@ss) indiquant que les additifs
d’éthers de cellulose ont également un effet déoreement sur les CPC. Cet effet est
attribué a la ténacité qui augmente (Fig. 5-9).

Par ailleurs, les courbes contrainte-déplacememeggestrées au cours des essais de
compression sur les ciments composites, sont péeensur la Fig. 5-15. Une
augmentation linéaire de la contrainte suivie per chute brutale peut étre observée pour
le ciment de contrdle, correspondant a une fractagile typique (par exemple, le
contréle sur la Fig. 5-15A). Au contraire, une aegmation moins linéaire de la
contrainte, suivie par une baisse légere et preyespeut étre observée pour les ciments
composites, indiguant une rupture moins fragileoetespondant a une microfissuration /
macrofissuration progressive de la matiére, cgpgut étre considéré comme une sorte de
tolérance a 'endommagement. Cette tolérance ademagement peut également étre
associée a une ténacité améliorée.

LHPMC silanisé (Si-HPMC) est synthétisé par grgéfacontrélable de silane sur
'HPMC (Bourges et al., 2002). Comme son précursédiPMC, Si-HPMC est
biocompatible et a été décrit comme présentantatangiel pour la régénération du
cartilage (Merceron et al., 2010). En outre, enutsmh il présente une viscosité élevée
(Fatimi et al., 2008) et, en tant que gel, il prdseun comportement auto-durcissant.
Ainsi, il a été utilisé dans une deuxiéeme génénatie substituts osseux injectables, en
association avec des BCP (Daculsi et al., 2010Ais8Vet al., 2008), démontrant un
avantage significatif sur la premiére génération dorcissante (Vinatier et al., 2009). La
haute viscosité et la gélification de Si-HPMC paignt étre intéressantes pour préparer
des ciments composites présentant des propriété&anmées et une ouvrabilité
améliorées.

Pour ces raisons, I'effet de Si-HPMC sur I ouMitbet les propriétés mécaniques des
CPC composites Si-HPMC a été étudié de fagcon sydigne.
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L’ injectabilité du CPC composite Si-HPMC a 4% métmnt différents rapports L/P et
apres des temps de gélification différents a étéunée, et les résultats sont tracés sur la
Fig. 5-19. De facon surprenante, le ciment compasyant un rapport L/P de 0,4 peut
difficilement étre injecté. En revanche, tous lesants composites préparés avec des
rapports L/P plus élevés peuvent étre extrudés, gtteindre un maximum d’injectabilité
d'environ 95%. Il convient de rappeler que les 586pdte restants sont laissés dans
I'embout de la seringue, de sorte que 95% estiela famite supérieure de l'injectabilité
mesurée par cette méthode. Comme pour les CPC sitegpblPMC/MC, l'injectabilité
améliorée du CPC composite Si-HPMC est attribuksugmentation de viscosité de la
pate qui peut effectivement prévenir la démixionegi considérée comme le mécanisme
provoquant l'injectablité limitée des pates de aimeQuant aux CPC composites
Si-HPMC avec un rapport L/P de 0,4, leur mauvaigectabilité peut étre lieée a un seuil
tres haut (i.e. la force nécessaire pour mettrenenvement le flux de pate), ce qui
pourrait surpasser la force d'extrusion maximaldiséé dans la présente étude
(~ 100 N).

Lorsqu'il est injecté dans une solution saline irdia@&ment apres la préparation
(moins de trois minutes), le ciment de contrbledgsintéegre complétement et des
particules sédimentent au fond du bécher (Fig.A}2duel que soit le rapport L/P (0,4 a
0,8). En revanche, les pates de ciment compositePBIC peuvent maintenir leur
forme jusqu'au durcissement et aucune désintégratiest observée, indiquant une
cohésion exceptionnelle (Fig. 5-21B). Comme poardienents composites HPMC, la
bonne cohésion des ciments composites Si-HPMCgteuaittribuée a l'augmentation de
viscosité de la pate.

Les temps de prise initiale et finale des CPC, sanavec 4% de Si-HPMC, ont été
mesures pour différents rapports L/P (Fig. 5-22nt@airement a 'THPMC qui retarde la
prise du ciment composite (Fig. 5-4), Si-HPMC seaégerement raccourcir le temps de
prise initial du ciment composite pour des rappbfisallant jusqu'a 0,6, mais au-dela de
0,8 la réduction est trés significative. Le phénoenée réduction du temps de prise
devient beaucoup plus évident pour le temps de firial avec I'augmentation du rapport
L/P. Quant au mécanisme de prise accélérée daosnknt composite, il peut étre
principalement attribué a I'effet de gélificatiom 8i-HPMC.

Apres un durcissement de cing jours, les phasepasant les ciments de contrdle et
les ciments composites Si-HPMC ont été examinée®BX (Fig. 5-23). Comme pour

les ciments composites HPMC, la plupart deTTCP dans les ciments composites
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Si-HPMC se transforme également en CDHA. Toutefaisprmation finale de CDHA
dans le ciment composite Si-HPMC semble étre réearGela peut étre attribué au fait
que Si-HPMC peut former un réseau d'hydrogel er ttisnensions qui interfere avec la
dissolution de Cd et PQ* dans I'eau, ce qui affecte la formation finalexzHA.

Comme prévisible, les porosités des ciments cadré@t composites Si-HPMC
augmentent avec un rapport L/P croissant (Fig./A}2Bn outre, la porosité des ciments
composites est supérieure a celle des ciments ritedt® pour les mémes rapports L/P,
qui est, comme dans le cas des ciments composR&¥H supposeée provenir de bulles
d'air introduites lors de la préparation (Jenralet2005 ; Khayat, 1998 ; Pourchez et al.,
2010B).

Les micrographies MEB des surfaces de rupture deents de controle et des
composites Si-HPMC avec différents rapports L/Pt gmésentées sur la Fig. 5-25.
Aucune bulle d'air entrainée n’a pu étre obsenades de ciment de contréle avec un
rapport L/P de 0,4 (Fig. 5-25A). En revanche, conpoer les ciments composites
HPMC (Fig. 5-7), une fois Si-HPMC ajouté, de nomizes bulles d'air de tailles
différentes peuvent étre facilement trouvées #ig5B). Avec I'augmentation du rapport
L/P (1,0), tres peu de bulles d'air entrainées @auétre vues dans le ciment de contrdle,
mais la matrice de ciment de contréle semble &vemue moins dense (Fig. 5-25C). En
comparant les ciments composites Si-HPMC de rappdR 0,4 et 1,0, on observe une
augmentation de la taille des macropores au-del®@am.

Le module d’Young du ciment de contrble et des aositps Si-HPMC préparés avec
différents rapports L/P est tracé en fonction dedeosité (Fig. 5-26). Comme prévu, le
module d’Young des ciments de contrdle et des caitggdiminue avec lI'augmentation
de la porosité (Fig. 5-26). Afin d'étudier I'eftlt Si-HPMC sur le module d’Young, il est
donc nécessaire de comparer le module d’Youngidemnts composites Si-HPMC avec
celui des ciments de controle ayant les mémes pésod cette fin, pour favoriser la
comparaison, une loi puissance a été utilisée gécrire le module d’Young du ciment
de contrdle (Fig. 5-26). Comme on le voit, le me@ddiYoung des ciments composites
Si-HPMC est apparemment plus élevé que celui cesrids de contréle avec les mémes
porosités. Par ailleurs, l'augmentation relative ohodule d’Young des ciments
composites est tracée en fonction du rapport Lifp §27). L'augmentation relative du
module d’Young augmente continuellement et fortenasec le rapport L/P. Ce résultat
semble étre en contradiction avec notre résultatatent, a savoir que le module

d’Young diminue avec la porosité. La raison prédieeette contradiction n'est pas claire,
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mais peut étre due aux différentes microstructrgssltant de I'effet de Si-HPMC.

Comme pour HPMC, afin de révéler l'effet de Si-HPMeCténacité des ciments de
contrle et composites préparés avec differentparép L/P et avec Si-HPMC en
concentrations différentes est tracée en fonct®madporosité (Fig. 5-29). Comme on
peut le constater, la ténacité des ciments congsositigmente avec une porosité
croissante quel que soit le rapport L/P. Ceci dfrdnt de nos résultats précédents, a
savoir que la ténacité diminue avec la porositdigmant que Si-HPMC a un effet de
renforcement sur les CPC. Afin de prouver cetteohiygse, la ténacité des ciments
composites devrait étre comparée a celle de cimgatgontrble ayant les mémes
porosités. De méme, pour favoriser la comparaigoe,loi puissance a été utilisée pour
décrire la ténacité des ciments de controle (B9 Le ténacité de tous les ciments
composites est apparemment plus élevée que cdleidents de contrdle ayant les
mémes porosités.

Par ailleurs, l'augmentation relative de la témaaes ciments composites avec
différentes concentrations en Si-HPMC est tracé®mction du rapport L/P (Fig. 5-30).
L'augmentation relative de la ténacité augmenteifsigtivement avec la concentration
en polymeére, montrant que Si-HPMC a bien un eéfefarcant sur les CPC. En outre, cet
effet de durcissement devient plus évident dan<ilegnts composites a rapport L/P
élevé. Comme pour les ciments composites HPMC ou (MiG. 5-9), la ténacité
ameliorée des ciments composites Si-HPMC a étbwad a un effet synergique d'une
microstructure plus homogene et du pontage degréisspar des ligaments polyméres
(Fig. 5-31, Fig. 5-32).

La résistance a la flexion des ciments de congbtkes composites Si-HPMC prépares
avec des rapports L/P différents est tracée ertitonde la porosité (Fig. 5-34). Comme
prévu, la résistance a la flexion des ciments dérole et des composites diminue avec
l'augmentation de la porosité. Afin de déterminerfluience de Si-HPMC sur la
résistance a la flexion, une loi puissance a étiséd pour décrire la résistance a la
flexion des ciments de contrdle pour faciliter @mparaison entre ces derniers et les
ciments composites ayant la méme porosité (Figl)5Bomme on le voit, a I'exception
du rapport L/P de 0,4, la résistance a la flexiea diments composites Si-HPMC est
supérieure a celle des ciments de controle ayantmiémes porosités. En outre,
'augmentation relative de la résistance a ladlexies ciments composites, par rapport a
des ciments de contréle « virtuels » ayant desgit@®identiques, est tracée en fonction

du rapport L/P (Fig. 5-35). L'augmentation relatilela résistance a la flexion augmente
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continuellement et fortement avec l'augmentation rdpport L/P, indiquant que
Si-HPMC a un effet de renforcement sur les CPQte ¢endance devient plus importante
dans les ciments composites a hauts rapports L/P.

La résistance a la compression des ciments dedterdt des composites Si-HPMC
préparés avec différents rapports L/P et avec 3itEil_en concentrations différentes est
également représentée en fonction de la porosaé §F37). Deux tendances différentes
peuvent étre observées. Dans le cas des cimenfssdss avec des rapports L/P de 0,4
ou 0,45, la résistance a la compression diminue Baegmentation de la porosité. En
revanche, pour les ciments composites avec desmtadpgP de 0,6 ou 1,0, la résistance a
la compression reste constante, voire augmenteelégit avec la porosité, indiquant
que Si-HPMC peut aussi avoir un effet de renforadraer la résistance a la compression
des CPC.

Pour vérifier cette hypothese, la résistance atapression des ciments composites
Si-HPMC est comparée a celle des ciments de cenagant les mémes porosités.
Comme on peut le constater, la résistance a la @asipn des ciments composites ayant
des rapports L/P élevés (0,6, 0,8 et 1,0) est myréra celle des ciments de controle
ayant les mémes porosités. L'augmentation reldtvea résistance a la compression des
ciments composites préparés avec des concentrdiff@entes en Si-HPMC est tracée
en fonction du rapport L/P (Fig. 5-38). Comme pdarrésistance a la flexion, a
I'exception des ciments composites avec des rappfirtde 0,4 ou 0,45, I'augmentation
relative de résistance a la compression augmemtenfent avec la concentration en
polymere, montrant que Si-HPMC a sirement dessafierenforcement sur la résistance
a la compression des CPC. Cet effet de renforceaestattribué a une ténacité améliorée.

Dans I'étude ci-dessus, il a été observé que dieslolair de tailles différentes peuvent
étre trouvées dans les CPC composites. D'une @estbulles se sont avérées tres
difficiles a éviter, indiquant qu'elles sont plutétables, et d'autre part leur taille,
typiguement plusieurs dizaines de micrometresgesordre de la taille des macropores
recherchés dans les phosphates de calcium (Hialg 4999), dans lesquels les cellules
osseuses peuvent facilement se développer. Il @st @i proposé d'exploiter les
particularités de Si-HPMC pour entrainer volontaieat un grand nombre de bulles d'air
dans les ciments Si-HPMC, pour produire des matérraacroporeux. Si-HPMC est
donc préliminairement évalué comme agent entraidiaurpour produire des bulles d'air
stables, qui seront ensuites melangées avec ureQPaL pour préparer une mousse

macroporeuse. La porosité, les propriétés de misewvre et les propriétés mécaniques
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de ces CPC composites macroporeux ont été étudiées.

Linjectabilité de la mousse composite CPC Si-HPM@té évaluée et toutes les
mousses étudiées peuvent étre extrudées compldtdménseringue. Comme pour les
composites CPC HPMC ou Si-HPMC, Tinjectabilité egtionnelle des mousses
composites est due a la viscosité améliorée déteaqui permet de réduire efficacement,
voire de supprimer la séparation de phase lorgesspge.

Méme avec une grande quantité de bulles d’air, taugse de ciment composite
Si-HPMC démontre une excellente cohésion (Fig. b-4& forte cohésion des mousses
de ciment peut étre attribuée a la viscosité amédiale la pate et a I'effet du réseau
tri-dimensionnel de I'hydrogel.

Comme prévu, la porosité totale des mousses cotepdSPC Si-HPMC augmente
avec le volume d’air introduit (Fig. 5-44). En atetant donnée la maniére dont les
macropores sont créés dans la présente étudectapoeosité d’'une mousse de ciment
peut étre estimée en soustrayant la porosité tdtatément correspondant, fabriqué sans
air, de la porosité totale de la mousse de cimabtiquée avec de I'air, en utilisant
I’équation 2-7 développée dans le Chapitre 2. Laeropgorosité augmente avec le volume
d’air introduit (Fig. 5-44).

Les micrographies MEB de surfaces de rupture dessesude ciments composites
Si-HPMC sont présentées sur la Fig. 5-45. De nomomeacropores sphériques de tailles
diverses sont arbitrairement distribués dans lass®uwe ciment composite Si-HPMC
ayant un rapport L/P de 0,8 et un rappoti/Vhyaogel = 1 (Fig. 5-45A). Avec
l'augmentation du ratio M/Vhydroget d€ NOMbreux macropores de grande taille et ayant
des formes distordues sont observés (Fig. 5-458)aleurs, a plus fort grossissement
on peut trouver, dans la matrice de ciment situdeedes macropores, des ligaments de
polymére adhérant aux cristaux d’apatite ; ils gombablement issus de I'hydrogel
Si-HPMC s’étant contracté au séchage (Fig. 5-486nme mentionné précédemment,
ces ligaments de polyméres peuvent contribuer e les propriétés mécaniques, en
particulier la ténacité.

Les mousses composites CPC Si-HPMC ont été examparanicrotomographie X,
pour une évaluation préliminaire de la taille etlistribution des bulles d’air introduites
(Fig. 5-46 et 5-47). Seuls quelgues macropores graudtre observés dans une section
transversale de la mousse de ciment ayant un reppode 0,6 et un rapporta)Vnydrogel
de 0,5 (Fig. 5-46A). Avec l'augmentation du rappdgi/Vydroger l€ NOMbre et la taille
des macropores augmentent simultanément (Fig. 5-45B Par contre, de plus
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nombreux macropores sont observés dans la sedimsversale de la mousse de ciment
ayant un rapport L/P supérieur (0,8) et un rapp@#Vnyarogeide 0,5 (Fig. 5-46D). Par
ailleurs, le nombre et la taille des macroporesnamgent de facon significative avec
'augmentation de M/V nydrogel (Fig. 5-46E, F).

Comme prévu, toutes les propriétés meécaniques gmsuliminuent lorsque la
macroporosité augmente (Fig. 5-48). Dans le cda disistance a la compression et avec
un rapport L/P de 0,6, il semble qu’une forte dimtion est provoquée dés que des bulles
d’air sont introduites. Ce phénoméne a égalemenbBservée dans tous les ciments
macroporeux. Ceci est principalement attribué présence de grosses bulles d’air qui
agissent comme défauts critiques de grande t&fién, il convient de noter que, bien
que les propriétés mécaniques des mousses de simaient tres faibles, elles sont
encore comparables aux valeurs rapportées pousporgieux (Koester et al., 2008 ;
Wagoner Johnson et al., 2011).

Enfin, des courbes contrainte-déplacement enrégistrau cours d'essais de
compression de mousses de ciments composites SicHRBhfermant différentes
quantités d’air, sont présentées sur la Fig. 340chute brutale de la contrainte peut étre
observée pour le ciment de contrble ayant un rappBrde 0,8, ce qui est caractéristique
d’une rupture fragile. Au contraire, une baissettéget progressive de la contrainte se
produit pour le ciment composite Si-HPMC ayant apport \4i/Vhydroget de O (pas de
macropores), ce qui peut étre assimilé a une dertelérance a 'endommagement. Cette
tolérance a I'endommagement devient encore plusogmeee dans les mousses de
ciments composites Si-HPMC contenant diverses gaard’air introduit. Ces courbes
de rupture non fragile montrent I'effet bénéfiquei-HPMC sur le comportement a la
rupture des mousses de ciments composites Si-HREIQui est comparable avec les
ciments composites HPMC/Si-HPMC dont il a été qoagtrécédemment.

Conclusion

Dans ce travail, des CPC présentant des microstasctontrdlables (porosité, taille
des pores, forme et taille des cristaux) ont eépames et leurs propriétés mécaniques
(module d’Young, ténacité, résistance a la compmaset a la flexion) ont été
systématiquement étudiées. Par ailleurs, des CPapasites ont été développés en
utilisant différents éthers de cellulose, et lqapriétés mécaniques et de mise en ceuvre
ont été étudiées. Les principaux résultats deesgerches ont déja été décrits et discutés,
mais les caracteéristiques les plus importantesr&snoimeées ici.

Du phosphate tricalcique (a-TCP) n’ayant pas réagi peut étre détecté par sliver
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moyens (DRX et MEB), dans les ciments fabriqués awrefaible rapport L/P et d'une
maniere générale dans les ciments préparés avéx pleudreo-TCP grossiere. Ces
particules dea-TCP présentent des liens faibles avec la matreeCBHA et sont
habituellement entourées par des « espaces »jséparent de la matrice, ces espaces
étant comparables a « microfissures ». Celles4gvegra provoquer une diminution du
module d’Young, mais ne semblent pas influer stiémecité.

La taille des particules de la poudxeTCP de départ a un effet important sur la
microstructure du produit final (CDHA). Plus lesrfpaules initiales deoa-TCP sont
grosses, plus la microstructure finale de la CDWgeossiére, ce qui entraine une taille
de défaut critique plus importante et donc un téste réduite par rapport aux ciments
fabriqués avec une poudre fine. Dans le cas des rG&Coporeux obtenus en utilisant
des particules de mannitol solubles comme agewigeoe, la taille du défaut critique est
de l'ordre de celle des plus grands macropores dearmacroporosités faibles, puis
augmente de facon monotone avec l'augmentationadedcroporosité. Cette taille
croissante du défaut critique est associée a [aagation sous-critique de microfissures,
qui relieraient les macropores entre eux avantaliadre le pic de contrainte, comme cela
avait été suggéré dans les céramiques macroporB@sesPecqueux et al. 2010). Cette
croissance stables des fissures dans les CPC maeuapsemble d’ailleurs se produire
lors d’'un chargement en compression, mais égaleeretraction (flexion). L'évolution
de la plupart des propriétés mécaniques (moduleuwly, ténacité et résistance a la
compression), avec la microporosité et la macropt@raonsidérées séparément, peut
étre décrite avec des modeles en loi puissancelialéchelle ; elle peut étre interprétée
en prenant en compte tous les phénomenes mentiondéssus.

Les conditions d’essai (sec ou humide) affectertefoent les propriétés mécaniques
des CPC microporeux ou macroporeux. Les proprigtésaniques mesurées a I'état
humide sont généralement inférieures a cellesaqntimesurées a sec. Les propriétés de
rupture inférieures obtenues dans des conditionsdas sont principalement attribuées
a la présence d’eau qui peut diminuer I'énergisutéace des fissures.

Le procédé de fabrication des CPC, en particuiesthde de mélange de la pate de
ciment, réduit la fiabilité mécanique des CPC npor@ux ayant un rapport L/P élevé, en
raison du caractére imprévisible d'un petit nondeeyrosses bulles d’air piégées dans la
pate, agissant comme défauts critiques de tailleerfeent aléatoire. En revanche, le
procédé de fabrication a moins d’effet sur la fisbdes CPC macroporeux. Leur fiabilité

est élevée et constante avec la macroporosit@jgnrde la présence d’'un grand nombre
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de macropores de taille calibrée, conduisant a taille de défaut critique plus
déterministe.

L'addition d’éthers de cellulose HPMC/MC, posséddet parametres structurels
différents, et Si-HPMC, présentant un réseau tidisionnel de chaines polymeéres,
modifie 'ensemble des performances des CPC, y denig porosité ainsi que les
propriétés mécaniques et de mise en ceuvre.

La masse molaire des HPMC/MC et leur degré de iutish ont tous deux une
grande influence sur l'injectabilité des CPC. Réusolution de HPMC/MC est visqueuse,
meilleure est l'injectabilité de la pate de CPC posite. Pour différentes solutions de
HPMC ayant des viscosités similaires, le degréuthstitution par des groupes MeO ou
HPO semble jouer un grand réle. Les additifs HPMC/Bemblent représenter une
excellente option, non seulement pour ameéliorajditabilité mais aussi pour améliorer
la cohésion et la résistance au lessivage. Paussllles HPMC/MC peuvent prolonger le
temps de prise des ciments composites, et en yeetite temps de prise final. De méme,
I'ajout de Si-HPMC améliore significativement I'egtion et la cohésion des pates de
ciment composite. Cependant, contrairement aux HRMXICqui retardent la prise,
Si-HPMC réduit le temps de prise apparent des GQff@hablement en raison de son
comportement auto-durcissant lors de la gélificatiMéme une petite quantité de
HPMC/MC ou de Si-HPMC suffit pour changer radicaggrintoutes les propriétés de
mise en ceuvre des pates de ciment étudiées.

Les HPMC/MC et Si-HPMC induisent un fort effet desnforcement des propriétés
mécaniques ; cet effet devient plus important dassciments composites ayant des
fractions massiques élevées en polymere, lorsquendase molaire du polymere
augmente, ou dans les ciments composites a rapgferelevé. Ce renforcement est
attribué, entre autres, au pontage des fissuredgsdigaments de polymere se déformant
plastiquement ; I'évolution de la ténacité aveftdation en polymere et sa masse molaire
est conforme aux descriptions existantes. Si-HPM@l@re également le module
d’'Young et la ténacité grace a une meilleure homémé de la structure microporeuse.
Cependant, des que de petites quantités de HPM@MSI-HPMC sont ajoutées aux
ciments, une baisse soudaine de la résistance cangression est provogquée par
I'apparition de bulles d’air, entrainées lors dedéparation de la pate et agissant comme
des défauts critiques de grande taille. Néeanma@iasrapport aux ciments de contréle
macroporeux ayant la méme porosité, la résistaneesaite généralement tendance a

augmenter avec la fraction massique en polymérequiepeut étre attribuée a
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'augmentation de ténacité précédemment identifiéajout de polymeres confere
également au matériau une certaine tolérance @diamagement, permettant une
déformation et une fissuration progressives lorsckargement, au lieu d’'une rupture
fragile, ce qui peut étre intéressant pour lesiegipbns biologiques, en empéchant la
libération de débris dans le corps en cas de sigeha

L’hydrogel Si-HPMC semble étre un agent moussaminetteur pour la préparation de
CPC macroporeux. Les CPC macroporeux démontrertellentes propriétés de mise
en ceuvre telles que I'injectabilité et la cohésiogurs propriétés mécaniques (module
d’Young et résistance a la compression) sont coaftyes a celles de I'os spongieux. Par
ailleurs, ils présentent également une certainérdote a I'endommagement, qui est
généralement aussi liée a une amélioration denkcit®, méme si cette derniére n’a pas
encore été mesurée. Compte tenu des exigencegpplexrapportées pour I'application
des CPC en chirurgie (macropores, propriétés dee meis ceuvre et propriétés
mécaniques), les CPC composites macroporeux cont&radPMC, développés dans
cette étude, peuvent représenter une alternati@eessante aux greffes d’os spongieux.

Sur la base des constatations ci-dessus, en pirtticelles concernant les ciments
composites macroporeux Si-HPMC, des recherched&upptaires sont donc a mener.

La fiabilité mécanique et la ténacité sont lest@wiréelles des CPC. Ainsi, il serait tres
intéressant d’étudier la fiabilité et la ténaciésdCPC macroporeux Si-HPMC et, si
nécessaire, d’essayer de les améliorer.

Si-HPMC a été évalué comme agent moussant pouuipeodes macropores dans les
CPC, mais les quantités et les tailles de ces rpapes ne sont pas bien contrdlées ni
caractérisées. Ce travail restera a mener a I'aveni

La prochaine étape de I'étude consistera a étleieromportements in vitro & in vivo
des CPC macroporeux Si-HPMC, en particulier letetefur la conductivité osseuse.
Dans cet objectif, une formulation expérimentaleGRC composite Si-HPMC va étre
prochainement implantée dans des fémurs de lapamigmt huit semaines afin
d’examiner si les mousses de CPC macroporeux Si<EIRENt bénéfiques pour la
colonisation cellulaire. Si les résultats sont pissiune étude biologique plus compléte
sera menée pour mesurer la sécurité et I'effica@gscomposites contenant du Si-HPMC
chez le grand animal (par exemple, la brebis ahien).

238



References

References

Almirall, A., Larrecq, G., Delgado, J. A., Martine3., Planell, J. A., Ginebra, M. P.
Fabrication of low temperature macroporous hydrpayite scaffolds by foaming
and hydrolysis of an alpha-TCP paste. Biomate#&|s3671-3680 (2004)

Andrianjatovo, H., Lemaitre, J. Effects of polyshaddes on the cement properties in the
monocalcium phosphatefB-tricalcium phosphate system. Innovation and
Technology in Biology and Medicine 16, 140-147 (8P9

Arato, P. Comment on ‘dependence of ceramics fragitoperties on porosity’. Journal
of Materials Science Letters 15, 32-33 (1996)

Ashby, M. F. Criteria for selecting the componests£omposites. Acta Metallurgica et
Materialia 41, 1313-1335 (1993)

Ashby, M. F.,, Jones, D. R. H., Bréchet, Y., CourbhnDupeux, M. Matériaux. Tome 1,
Propriétés, applications et conception. Dunod 2008

Bai, F., Meng, G., Yuan, Y., Liu, C., Wang, Z., Lill. Role of macropore size in the
mechanical properties and in vitro degradation ofops calcium phosphate
cements. Materials Letters 64, 2028-2031 (2010)

Baroud, G., Cayer, E., Bohner, M. Rheological cbmazation of concentrated aqueous
beta-tricalcium phosphate suspensions: The effdjwod-to-powder ratio, milling
time, and additives. Acta Biomaterialia 1, 357-38305)

Barralet, J. E., Gaunt, T., Wright, A. J., GibsbrRR., Knowles, J. C. Effect of porosity
reduction by compaction on compressive strength rarmlostructure of calcium
phosphate cement. Journal of Biomedical ReseantibPapplied Biomaterials 63,
1-9 (2002A)

Barralet, J. E., Grover, L., Gaunt, T., Wright, A, Gibson, I. R. Preparation of
macroporous calcium phosphate cement tissue emgigescaffold. Biomaterials
23, 3063-3072 (2002B)

Barralet, J. E., Hofmann, M., Grover, L. M., Gblked. High strength apatitic cement
by modification witha-hydroxy acid salts. Advanced Materials 15, 209940
(2003)

Barralet, J. E., Grover, L. M., Gbureck, U. loniodification of calcium phosphate
cement viscosity. Part Il: hypodermic injection asttength improvement of
brushite cement. Biomaterials 25, 2197-2203 (2004)

Barriga, A., Diaz-de-Rada, P., Barroso, J. L., Ao, M., Lamata, M., Hernaez, S.,
Beguiristain, J. L., San-Julian, M., Villas, C. Eem cancellous bone allografts:

239



Jingtao ZHANG — Université de Nantes

Positive cultures of implanted grafts in posteffiesions of the spine. European
Spine Journal.13, 152-156 (2004)

Bazant, Z. P., Xiang, Y. J. Size effect in compimsdracture: Splitting crack band
propagation. Journal of Engineering Mechanics 182;172 (1997)

Beaudoin, J. J. Handbook of fibre-reinforced coterdloyes publications, New Jersey
1990

Benaqqga, C., Chevalier, J., Saadaoui, M., Fant&zzElow crack growth behavior of
hydroxyapatite ceramics. Biomaterials 26, 6106-61D5)

Bermudez, O., Boltong, M. G., Driessens, F. C. Manell, J. A. Compressive strength
and diametral tensile strength of some calciumepftiosphate cements: a pilot
study. Journal of Materials Scienece: Materialsledicine 4, 389-393 (1993)

Bermudez, O., Boltong, M. G., Driessens, F. C. Ranell, J. A. Development of some
calcium phosphate cements from combination-#iCP, MCPM, and CaO. Journal
of Materials Scienece: Materials in Medicine 5, 83 (1994)

Bernards, C. M., Chapman, J. R., Mirza, S. K. Lithaf embolized Norian bone
cement varies with the time between mixing and dinétion. Proceeding of the
50" annual meeting of the orthopaedic research so@®8), San Francisco, P254
(2005)

Bhamra, G., Palin, W. M., Fleming, G. J. P. Theefof surface roughness on the flexure
strength of an alumina reinforced all-ceramic crawaterial. Journal of Dentistry
30, 153-160 (2002)

Bignon, A., Chouteau, J., Chevalier, J., Fantd@ziCarret, J. P., Chavassieux, P., Boivin,
G., Melin, M., Hartmann, D. Effect of micro- and anaporosity of bone substitutes
on their mechanical properties and cellular respodsurnal of Materials Scienece:
Materials in Medicine 14, 1089-1097 (2003)

Blakeslee, K. C., Condrate Sr, R. A. Vibrationak&pa of hydrothermally prepared
hydroxyapatites. Journal of the American Ceramici&y 54, 559-563 (1971)

Boger, A., Bohner, M., Heini, P., Verrier, S., Selder, E. Properties of an injectable low
modulus PMMA bone cement for osteoporotic bone.rilauof Biomedical
Materials Research Part B- Applied Biomaterials 86B4-482 (2008)

Bohner, M. Physical and chemical aspects of calgtsphates used in spinal surgery.
European Spine Journal 10, 114-121 (2001)

Bohner, M. Reactivity of calcium phosphate cemejasiynal of Materials Chemistry 17,
3980-3986 (2007)

Bohner, M. Resorbable biomaterials as bone gréftdutes. Materials Today 13, 24-30
(2010A)

240



References

Bohner, M. Design of ceramic-based cements andepufibr bone graft substitution.
European Cells and Materials 20, 1-12 (2010B)

Bohner, M., Merkle, H. P., Landuyt, P. V., Trophgr®., Lemaitre, J. Effect of several
additives and their admixtures on the physico-clbamproperties of a calcium
phosphate cement. Journal of Materials Scieneceerdés in Medicine 11, 111-116
(2000)

Bohner, M. and G. Baroud, Injectability of calcipphosphate pastes. Biomaterials 26,
1553-1563 (2005A)

Bohner, M., Gbureck, U., Barralet, J.E. Technolabissues for the development of more
efficient calcium phosphate bone cements: A clitissessment. Biomaterials 26,
6423-6429 (2005B)

Bohner, M., Malsy, A. K., Camire, C. L., Gbureck, Qombining particle size
distribution and isothermal calorimetry data toedetine the reaction kinetics of
alpha-tricalcium phosphate-water mixtures. ActanBaterialia 2, 343-348 (2006A)

Bohner, M., Doebelin, N., Baroud, G. Theoreticall @xperimental approach to test the
cohesion of calcium phosphate pastes. Europears @etl Materials 12, 26-35
(2006B)

Bohner, M., Luginbuhl, R., Reber, C., Doebelin, Baroud, G., Conforto, E. A physical
approach to modify the hydraulic reactivity of aptiicalcium phosphate powder.
Acta Biomaterialia 5, 3524-3535 (2009)

Bouler, J. M., et al., Macroporous biphasic calcpimysphate ceramics: Influence of five
synthesis parameters on compressive strength. aloafnBiomedical Materials
Research 32, 603-609 (1996)

Bourges, X., Weiss, P., Daculsi, G., Legeay, G.tl$3sis and general properties of
silated-hydroxypropyl methylcellulose in prospetb@mmedical use. Advances in
Colloid and Interface Science 99, 215-228 (2002)

Brown, P. W., Fulmer, M. Kinetics of hydroxyapatitermation at low temperature.
Journal of American Ceramic Society 74, 934-94®()9

Brown, W. E., Chow, L. C. A new calcium phosphatttieg cement. Journal of Dental
Research 62, 672-679 (1983)

Brunner, T.J., Grass, R. N., Bohner, M., Stark JW\Effect of particle size, crystal phase
and crystallinity on the reactivity of tricalciumhpsphate cements for bone
reconstruction. Journal of Materials Chemistry4072-4078 (2007A)

Brunner, T. J., Bohner, M., Dora, C., Gerber, Garl§ W. J. Comparison of amorphous
TCP nanoparticles to micron-sized alpha-TCP adistamaterials for calcium
phosphate cements. Journal of Biomedical Matefdsearch Part B- Applied
Biomaterials. 83B, 400-407 (2007B)

241



Jingtao ZHANG — Université de Nantes

Burguera, E. F., Xu, H. H. K., Takagi, S., Chow, C. High early strength calcium
phosphate bone cement: Effects of dicalcium phdsptidaydrate and absorbable
fibers. Journal of Biomedical Materials Researctt R&5, 966-975 (2005)

Burguera, E. F., Xu, H. H. H., Weir, M. D. Injectaland rapid-setting calcium phosphate
bone cement with dicalcium phosphate dihydraternkwof Biomedical Materials
Research Part B-Applied Biomaterials 77, 126-(3306)

Cama, G., Barberis, F., Botter, R., Cirillo, P.,pGao, M., Quarto, R., Scaglione, S.,
Finocchio, E., Mussi, V., Valbusa, U. Preparationl goroperties of macroporous
brushite bone cements. Acta Biomaterialia 5, 2163822009)

Camire, C. L., Gbureck, U., Hirsiger, W., Bohner, Korrelating crystallinity and
reactivity in an alpha-tricalcium phosphate. Bioengtls 26, 2787-2794 (2005)

Canal, C., Ginebra, M. P. Fibre-reinforced calcpimosphate cements: A review. Journal
of the Mechanical Behavior of Biomedical Materid|sL658-1671 (2011)

Cannillo, V., Manfredini, T., Montorsi, M., Boccaog A. R. Use of numerical
approaches to predict mechanical properties dfidhibdies containing controlled
porosity. Journal of Materials Science 39, 433574&004)

Carrodeguas, R. G., Aza, S. B-Tricalcium phosphate: Synthesis, properties and
biomedical applications. Acta Biomaterialia 7, 358816 (2011)

Charnley, J. Anchorage of the femoral head proghesthe shaft of the femur. The
journal of Bone and Joint Surgery (British volurd@B, 28-30 (1960)

Chen, G. X., Li, W. W.,, Yu, X. M., Sun, K. Study diie cohesion of TTCP/DCPA
phosphate cement through evolution of cohesion ame remaining percentage.
Journal of Materials Science 44, 828-834 (2009)

Cherng, A., Takagi, S., Chow, L. C. Effects of hyxdypropyl methylcellulose and other
gelling agents on the handling properties of catcphosphate cement. Journal of
Biomedical Materials Research 35, 273-277 (1997)

Chevalier, J., Gremillard, L. Ceramics for mediagpplications: A picture for the next 20
years. Journal of the European Ceramic Society1245-1255 (2009)

Cho, S. J., Yoon, K. J., Kim, J. J., Kim, K. H. llrdnce of humidity on the flexural
strength of alumina. Journal of the European Car&ociety 20, 761-764 (2000)

Cho, S. J., Yoon, K. J., Lee, Y. C., Chu, M. C.€eété of environmental temperature
and humidity on the flexural strength of aluminadameasurement of
environment-insensitive inherent strength. Materiadtters 57, 2751-2754 (2003)

Chow, L. C., Hirayama, S., Takagi, S., Parry, Earbetral tensile strength and
compressive strength of a calcium phosphate ceneéfiect of applied pressure.

242



References

Journal of Biomedical Materials Research Part Bolfgal Biomaterials 53, 511-517
(2000)

Chow, L. C., Eanes, E. D. Octacalcium phosphatenddoaphs in Oral Science Karger
18, (2001)

Chow, L. C. Next generation calcium phosphate-bdsethaterials. Dental Materials
Journal 28, 1-10 (2009)

Claussen, N., Petzow, G. Strengthening and touggemiodels in ceramics based on
ZrO, inclusions. Proceeding of thd" 4nternational meeting on modern ceramics
technologies, 680-691 (1980)

Cordell, J. M., Vogl, M. L., Johnson, A. J. W. Thdluence of micropore size on the
mechanical properties of bulk hydroxyapatite andrbyyapatite scaffolds. Journal
of the Mechanical Behavior of Biomedical Materia|$560-570 (2009)

Cordier, P., Tournilhac, F., Soulie-Ziakovic, C.,eilbler, L. Self-healing and
thermoreversible rubber from supramolecular assgmidhture 451, 977-980
(2008)

Daculsi, G., Baroth, S., LeGeros, R. 20 years plasic calcium phosphate bioceramics
development and applications. Westerville: Americaaramic Society 45-58
(2010A)

Daculsi, G., Uzel, A. P., Weiss, P., Goyenvalle Afjuado, E. Developments in injectable
multiphasic biomaterials. The performance of miorgus biphasic calcium
phosphate granules and hydrogels. Journal of Mdgeibcience-Materials in
Medicine 21, 855-861 (2010)

Davies D. G. S. The statistical approach to engingalesign in ceramics. Proceedings
of the British Ceramic Society 22, 429-452 (1973)

De With, G., Van Dijk, H. J. A, Hattu, N., Prijs,.Kreparation, microstructure and
mechanical properties of dense polycrystalline bygapatite. Journal of Materials
Science 16, 1592-1598 (1981)

Del Real, R. P., Wolke, J. G. C., Vallet-Regi, Nansen, J. A. A new method to produce
macropores in calcium phosphate cements. Biom&&# 3673-3680 (2002)

Deville, S., Saiz, E., Tomsia, A. P. Freeze castihgydroxyapatite scaffolds for bone
tissue engineering. Biomaterials 27, 5480-5489 §200

Dlouhy, I., Holzmann, M., Man, J., Valka, L. Usimpevron notched specimens for
determining fracture toughness of bearing steettaMc Materials 32, 5-10 (1994)

Dorozhkin, S. V. Calcium orthophosphate cementbiomedical application. Journal of
Materials Science 43, 3028-3057 (2008)

243



Jingtao ZHANG — Université de Nantes

Dorozhkin, S. V. Bioceramics of calcium orthophosigls. Biomaterials 31, 1465-1485
(2010)

Dos Santos, L. A., de Oliveira, L. C., Rigo, E.CC, Carrodeguas, R. G., Boschi, A. O.,
de Arruda, A. C. F. Fiber reinforced calcium phaselcement. Artificial Organs 24,
212-216 (2000)

Dow Chemical Company, METHOCEL Cellulose Ethershrecal Handbook. Form
No. 192-01062-0902 AMS, USA (2002)

Driessens, F. C., Boltong, M. G., Bermudez, O.néllaJ. A., Ginebra, M. P., Fernandez,
E. Effective formulations for the preparation af@um-phosphate bone cements.
Journal of Materials Scienece: Materials in Medich) 164-170 (1994)

Driessens, F. C., Planell, J. A., Boltong, M. G.haKoun, I., Ginebra, M. P.
Osteotransductive bone cements. Proceeding of riegtution of Mechanical
Engineers Part H: Journal of Engineering in Medic12, 427-435 (1998)

Dunne, N. J., Orr, J. F. Curing characteristicaa/lic bone cement. Journal of Materials
Scienece: Materials in Medicine 13, 17-22 (2002)

Durucan, C., Brown, P.W. alpha-Tricalcium phosphatdrolysis to hydroxyapatite at
and near physiological temperature. Journal of Nkt Scienece: Materials in
Medicine 11, 365-371 (2000)

Durucan, C., Brown, P.W. Kinetic model for alphaafcium phosphate hydrolysis.
Journal of the American Ceramic Society 85, 20138(2002A)

Durucan, C., Brown, P.W. Reactivity of alpha-trmam phosphate. Journal of Materials
Science 37, 963-969 (2002B)

Eden, N. B., Bailey, J. E. Cellulose and its ddnes. Ellis Horwood (1985)

Espanol, M., Perez, R. A., Montufar, E. B., Maricha., Sacco, A., Ginebra, M. P.
Intrinsic porosity of calcium phosphate cements #@sdsignificance for drug
delivery and tissue engineering applications. ABiamaterialia 5, 2752-2762
(2009)

Eyre, D. R., Paz, M. A., Gallop, P. M. Cross-linkim collagen and elastin. Annual
Review of Biochemistry 53, 717-748 (1984)

Fantner, G.E., Hassenkam, T., Kindt, J. H., Wea¥ef ., Birkedal, H., Pechenik, L.,
Cutroni, J.A., Cidade, G. A. G., Stucky, G. D., Mer D. E., Hansma, P. K.
Sacrificial bonds and hidden length dissipate enesymineralized fibrils separate
during bone fracture. Nature Materials 4, 612-6A@06)

Fatimi, A., Tassin, J., Axelos, M. A. V., Weiss, Fhe stability mechanisms of an
injectable calcium phosphate ceramic suspensionurndb of Materials
Science-Materials in Medicine 21, 1799-1809 (2010)

244



References

Fatimi, A., Tassin, J. F., Quillard, S., Axelos,,Weiss, P. The rheological properties of
silated hydroxypropylmethylcellulose tissue engriregmatrices. Biomaterials 29,
533-543 (2008)

Fatimi, A., Tassin, J. F., Turczyn, R., Axelos, NM\Veiss, P. Gelation studies of a
cellulose-based biohydrogel: The influence of péinperature and sterilization.
Acta Biomaterialia 5, 3423-3432 (2009)

Fernandez, E., Ginebra, M. P., Boltong, M. G., Bsens, F. C. M., Ginebra, J., De
Maeyer, E. A. P., Verbeeck, R. M. H., Planell, J.KAnetic study of the setting
reaction of a calcium phosphate bone cement. JbwmBiomedical Materials
Research 32, 367-374 (1996)

Fernandez, E., Gil, F. J., Best, S. M., GinebraPMDriessens, F. C. M., Planell, J. A.
Improvement of the mechanical properties of newiaal phosphate bone cements
in the CaHPO4-alpha-Ca-3(P0O4)(2) system: Compresssirength and
microstructural development. Journal of Biomediddhterials Research 41,
560-567 (1998)

Fernandez, E., Gil, F. L., Ginebra, M. P., Driessén C. M., Planell, J. A. Calcium
phosphate bone cements for clinical applications IP&olution chemistry. Journal
of Materials Science: Materials in Medicine 10, 16@% (1999A)

Fernandez, E., et al., Production and charactesizatf new calcium phosphate bone
cements in the CaHPO4-alpha-Ca-3(P0O4)(2) systemwakability and setting
times. Journal of Materials Science: Materials ieditine 10, 223-230 (1999B)

Fernandez, E., Sarda, S., Hamcerencu, M., VladdpMGel, M., Valls, S., Torres, R.,
Lopez, J. High-strength apatitic cement by modifara with superplasticizers.
Biomaterials 26, 2289-2296 (2005)

Fleming, G. J. P., Shortall, A. C. C., SheltonMr, Marquis, P. M. Encapsulated verses
hand-mixed zinc phosphate dental cement. Biomdde2® 2147-2153 (1999)

Frankenburg, E.P., et al., Biomechanical and logiohl evaluation of a calcium
phosphate cement. Journal of Bone and Joint Sudygergrican volume 80,
1112-1124 (1998)

Fratzl, P., Groschner, M., Vogl, G., Plenk H. E¢lberger, J., Fratzl-zelman, N., Koller,
K., Klaushofer, K. Mineral crystalsS in calcifieddues: A comparative study by
SAXS. Journal of Bone and Mineral Research 7, 328{3992)

Friel, J. J. Practical guide to image analysis. M3mternational, Materials Park 101-128
(1992)

Fukase, Y., Eanes. E. D., Takagi, S., Chow, L.BZown, W. E. Setting reactions and
compressive strengths of calcium phosphate cemimisnal of Dental Research 69,
1852-1856 (1990)

245



Jingtao ZHANG — Université de Nantes

Galibert, P., Deramond, H., Rosat, P., Legars, &telpréliminaire sur le traitement des
angiomes vertébraux par vertébroplastie percutadéarochirurgie 33, 166-168
(1987)

Gauthier, O., Bouler, J. M., Aguado, E., Pilet, Paculsi, G. Macroporous biphasic
calcium phosphate ceramics: influence of macropmeneter and macroporosity
percentage on bone ingrowth. Biomaterials 19, 133{1998)

Gbureck, U., Barralet, J. E., Radu, L., Klinger, B., Thull, R. Amorphous
alpha-tricalcium phosphate: Preparation and aqusetting reaction. Journal of the
American Ceramic Society 87, 1126-1132 (2004A)

Gbureck, U., Barralet, J. E., Spatz, K., GroverM., Thull, R. lonic modification of
calcium phosphate cement viscosity. Part I: hypwodternnjection and strength
improvement of apatite cement. Biomaterials 25,722895 (2004B)

Gbureck, U., Grolms, O. Barralet, J. E., GroverM., Thull, R. Mechanical activation
and cement formation of beta-tricalcium phosphBiematerials 24, 4123-4131
(2003)

Gibson, L. J. The mechanical behavior of cancellmwse. Journal of Biomechanics 18,
317-328 (1985)

Gibson, L. J., Ashby, M. F. The mechanics of thademensional cellular materials.
Proceedings of the Royal Society of London. SekieBlathematical and Physical
Sciences 382, 43-59 (1982)

Gibson, L. J., Ashby, M. F. Cellular solids: stwet and properties. Cambridge university
press 1999

Ginebra, M. P., Delgado, J. A., Harr, 1., Almirall,, Del Valle, S., Planell, J. A. Factors
affecting the structure and properties of an igbla self-setting calcium phosphate
foam. Journal of Biomedical Materials Research R&®, 351-361 (2007)

Ginebra, M.P., Driessens, F., Planell, J.A. Effeicthe particle size on the micro and
nanostructural features of a calcium phosphate oeme kinectic analysis.
Biomaterials 25, 3453-3462 (2004)

Ginebra, M. P., Fernandez, E., DeMaeyer, E. Avétheeck, R. M. H., Boltong, M. G.,
Ginebra, J., Driessens, F. C. M., Planell, J. Atisgreaction and hardening of an
apatitic calcium phosphate cement. Journal of 8ldd¢search 76, 905-912 (1997)

Ginebra, M. P., Fernandez, E., Driessens, F. CBbltpng, M. G., Muntasell, J., Font, J.,
Planell, J. A. The effects of temperature on thhaber of an apatitic calcium
phosphate cement. Journal of Materials Science+ldétan Medicine 6, 857-860
(1995)

246



References

Ginebra, M.P., Fernandez, E., Driessens, F. C. Rfianell, J. A. Modeling of the
hydrolysis of alpha-tricalcium phosphate. Jourriadhe American Ceramic Society
82, 2808-2812 (1999)

Ginebra, M. P., Rilliard, A., Fernandez, E., Elyi, San Roman, J., Planell, J. A.
Mechanical and rheological improvement of a calciphosphate cement by the
addition of a polymeric drug. Journal of Biomedibdterials Research 57, 113-118
(2001)

Glimcher, M. J., Bonar, L. C., Grynpas, M. D., LadV. J., Roufosse, A. H. Recent
studies of bone mineral: Is the amorphous calcibosphate theory valid?. Journal
of Crystal Growth 53, 100-11@981)

Gorst, N. J. S., Perrie, Y., Gbureck, U., Hutton,LA Hofmann, M. P., Grover, L. M.,
Barralet, J. E. Effects of fibre reinforcement ba thnechanical properties of brushite
cement. Acta Biomaterialia 2, 95-102 (2006)

Grados, F., Depriester, C., Cayrolle, G., Hardy, Neramond, H., Fardellone, P.
Long-term observations of vertebral osteoporotctinres treated by percutaneous
vertebroplasty. Rheumatology 39, 1410-1414 (2000)

Greenwald, A. S., Boden, S. D., Goldberg, V. M.aKhY., Laurencin, C. T., Rosier, R. N.
Bone-graft substitutes: Facts, fictions, and appins. Journal of Bone and Joint
surgery-American 83, 98-103 (2001)

Gross, K. A., Rodriguez-Lorenzo, L. M. Sintered toyd/fluorapatites. Part Il
Mechanical properties of solid solutions determinbg microindentation.
Biomaterials 25, 1385-1394 (2004)

Griffith A. A. The phenomenon of rupture and flomsolids. Philosophical Transactions
of the Royal Society of London A221, 163-198 (1920)

Habib, M., Baroud, G., Gitzhofer, F., Bohner, M. déhanisms underlying the limited

injectability of hydraulic calcium phosphate pa#teta Biomaterialia 4, 1465-1471
(2008)

Hallam, M. A., Pollard, G., Ward, I. M. Relationphbetween tensile-strength and
molecular-weight of highly drawn polyethylenes. d@al of Materials Science
Letters 6, 975-976 (1987)

Heikkila, J. T., Aho, A. J., Kangasniemi, l., Ylipw, A. Polymethylmethacrylate
composites: Disturbed bone formation at the surfatebioactive glass and
hydroxyapatite. Biomaterials 17, 1755-1760 (1996)

Hing, K. A. Best, S. M., Bonfield, W. Characterimat of porous hydroxyapatite. Journal
of Material Science: Materials in Medicine 10, 1345 (1999)

Hing, K. A. Bone repair in the twenty-first centutyiology, chemistry and engineering?.
Philosophical Transactions of the Royal Societyo®,32821-2850 (2004)

247



Jingtao ZHANG — Université de Nantes

Hing, K. A. Bioceramic bone graft substitutes: Ughce of porosity and chemistry.
International Journal of Applied Ceramic Technol@yy.84-199 (2005A)

Hing, K. A., Annaz, B., Saeed, S., Revell, P. AucBland, T. Microporosity enhances
bioactivity of synthetic bone graft substitutesud@l of Material Science: Materials
in Medicine 16, 467-475 (2005B)

Hofmann, M. P., Mohammed, A. R., Perrie, Y., Gblured., Barralet, J. E. High-strength
resorbable brushite bone cement with controlledygleleasing capabilities. Acta
Biomaterialia 5, 43-49 (2009)

Holmberg, K., Jonsson, B., Kronberg, B., Lindman, Rirfactants and polymers in
aqueous solution. John Wiley (2002)

Ikenaga, M., Trecant, M., Delecrin, J., RoyerPassuti, N., Daculsi, G. Biomechanical
characterization of a biodegradable calcium phasphHaydraulic cement: A
comparison with porous biphasic calcium phosphageamics. Journal of
Biomedical Materials Research 40, 139-144 (1998)

Ishikawa, K. Effect of spherical tetracalcium phiogfg on injectability and basic
properties of apatitic cement. Key Engineering Mate 240-242; 269-272 (2003)

Ishikawa, K., Asaoka, K. Estimation of ideal medkahstrength and critical porosity of
calcium phosphate cement. Journal of Biomedical eMias Research 29,
1537-1543 (1995B)

Ishikawa, K., Miyamoto, Y., Kon, M., Nagayama, MAsaoka, K. Non-decay type
fast-setting calcium phosphate cement: compositéh wsodium alginate.
Biomaterials 16, 527-532 (1995A)

Ishikawa, K., Takagi, S., Chow, L. C., Ishikawa, Rtoperties and mechanisms of
fast-setting calcium phosphate cements. JournMaiérial Science: Materials in
Medicine 6, 528-533 (1995C)

Jenni, A., Holzer, L., Zurbriggen, R., Herwegh, Nhfluence of polymers on
microstructure and adhesive strength of cemensttde adhesive mortars. Cement
and Concrete Research 35, 35-50 (2005)

Jernot, J. P., Coster, M., Chermant, J. L. ModdEscribe the elastic modulus of sintered
materials. Physica Status Solidi A 72, 325-332 2)98

Julien, M., Khairoun, |., LeGeros, R. Z., Delpla&, Pilet, P., Weiss, P., Daculsi, G.,
Bouler, J. M., Guicheux, J. Physico-chemical-med&rand in vitro biological
properties of calcium phosphate cements with dopedorphous calcium
phosphates. Biomaterials 28, 956-965 (2007)

Jyoti, M. A., Thai, V. V,, Min, Y. K., Lee, B. T.Song, H. Y. In vitro bioactivity and
biocompatibility of calcium phosphate cements using

248



References

Hydroxy-propyl-methyl-Cellulose (HPMC). Applied Sace Science 257,
1533-1539 (2010)

Kai, D., Li, D. X., Zhu, X. D., Zhang, L., Fan, I$., Zhang, X. D. Addition of sodium
hyaluronate and the effect on performance of theciable calcium phosphate
cement. Journal of Materials Science-Materials gdiMine 20, 1595-1602 (2009)

Karageorgiou, V., Kaplan, D. Porosity of 3D biomatk scaffolds and osteogenesis.
Biomaterials 26, 5474-5491 (2005)

Keary, C. M. Characterization of METHOCEL cellulosthers by aqueous SEC with
multiple detectors. Carbohydrate polymers 45, 2032001)

Khairoun, I., Boltong, M. G., Driessens, F. C. Mlanell, J. A. Some factors controlling
the injectability of calcium phosphate bone cemenisurnal of Materials
Science-Materials in Medicine 9, 425-428 (1998)

Khairoun, I., Driessens, F. C. M., Boltong, M. @lanell, J. A., Wenz, R. Addition of
cohesion promoters to calcium phosphate cemerasderials 20, 393-398 (1999)

Khairoun, I., Magne, D., Gauthier, O., Bouler, J, Mguado, E., Daculsi, G., Weiss, P.
In vitro characterization and in vivo propertiesaodarbonated apatite bone cement.
Journal of Biomedical Materials Research 60, 633-&4002)

Khayat, K. H. Effects of anti-washout admixturesfieash concrete properties. American
concrete institute-materials journal 92, 164-17998)

Khayat, K. H. Viscosity-enhancing admixtures fomemt-based materials-An overview.
Cement and Concrete Composites 20, 171-188 (1998)

Khayat, K. H., Yahia, A. Effect of welan gum-higange water reducer combinations on
rheology of cement grout. American concrete inttHmaterials journal 94, 365-372
(1997)

Kingery, W. D. Introduction of ceramics. Wiley, Nexerk (1976)

Knott, L., Bailey, A. J. Collagen cross-links inmeralizing tissues: A review of their
chemistry, function, and clinical relevance. Bo2e 281 (1998)

Koester, K.J., Ager J.W., Ritchie, R.O. The truegioness of human cortical bone
measured with realistically short cracks. Naturdevials 7, 672-677 (2008)

Konigsberger, E., Konigsberger, L. C. Biomineraiaa: Medical aspects of solubility.
Wiley, England (2006)

Launey, M.E., Ritchie, R.O. On the Fracture Tougisn®f Advanced Materials.
Advanced Materials 21, 2103-2110 (2009)

LeGeros, R. Z., Chohayeb, A., Shulman, A. Apatitadcium phosphates: possible
dental restorative materials. Journal of Dentaldaesh 61, 343 (1982)

249



Jingtao ZHANG — Université de Nantes

Le Huec, J. C., Schaeverbeke, T., Clement, D., f-dbd.e Rebeller, A. Influence of
porosity on the mechanical resistance of hydroxiegpaceramics under
compressive stress. Biomaterials 16, 113-118 (1995)

Lewis, G. Properties of acrylic bone cement: Statethe art review. Journal of
Biomedical Materials Research 38, 155-182 (1997)

Lewis, G., Mladsi, S. Correlation between impacersgth and fracture toughness of
PMMA-based bone cements. Biomaterials 21, 775-280()

Li, M., Liu, X. Y., Liu, X. D., Ge, B. F., Chen, KM. Creation of macroporous calcium
phosphate cements as bone substitutes by usingigenosslinked gelatin
microspheres. Journal of Materials Science-Material Medicine 20, 925-934
(2009)

Lilley, K. J., Gbureck, U., Knowles, J. C., Farraxr, F., Barralet, J. E. Cement from
magnesium substituted hydroxyapatite. Journal ofeki#s Science-Materials in
Medicine 16, 455-460 (2005)

Link, D.P., et al., Mechanical evaluation of impkeh calcium phosphate cement
incorporated with PLGA microparticles. Biomateridlg, 4941-4947 (2006)

Liu, C. S., Shao, H. F., Chen, F. Y., Zheng, H.E¥fects of the granularity of raw
materials on the hydration and hardening processatmium phosphate cement.
Biomaterials 24, 4103-4113 (2003)

Liu, C. S., Shao, H. F., Chen, F. Y., Zheng, HR¥eological properties of concentrated
agueous injectable calcium phosphate cement slBroynaterials 27, 5003-5013
(2006)

Liu, D. M. Influence of porosity and pore size dretcompressive strength of porous
hydroxyapatite ceramic. Ceramics Internationall®%-139 (1997)

Liu, D. M. Preparation and characterization of psrdydroxyapatite bioceramic via a
slip-casting route. Ceramics International 24, 446-(1998)

Liu, H., Li, H., Cheng, W. J., Yang, Y., Zhu, M., ¥hou, C. R. Novel injectable calcium
phosphate/chitosan composites for bone substitaterrals. Acta Biomaterialla 2,
557-565 (2006)

Lowenstam, H. A., Weiner, S. On biomineralizatiGxford, (1989)

Lu, W.W.,, Zhao, F., Luk, K. D. K., Yin, Y. J., Cheg, K. M. C., Cheng, G. X., Yao, K. D.,
Leong, J. C. Y. Controllable porosity hydroxyapatiteramics as spine cage:
fabrication and properties evaluation. Journal dadtéials Science-Materials in
Medicine 14, 1039-1046 (2003)

250



References

Maravic, M., Le Bihan C, Landais, P., Fardelloneln@idence and cost of osteoporotic
fractures in France during 2001. A methodologiggdraach by the national hospital
database. Osteoporosis International 16, 1475-(2@1b)

Marino, F.T., Torres, J., Hamdan, M., RodriguezRGC.Cabarcos, E. L. Advantages of
using glycolic acid as a retardant in a brushitemfog cement. Journal of
Biomedical Materials Research Part B- Applied Bitenals 83, 571-579 (2007)

Martin, R. 1., Brown, P. W. Mechanical propertie$ loydroxyapatite formed at
physiological temperature. Journal of MaterialseBce-Materials in Medicine 6,

138-143 (1995

Meeder, P. J., Eggers, C. The history of autogethomng grafting. Injury 25(suppl. 1),
A2-A3 (1994)

Merceron, C., Portron, S., Masson, M., Fellah, B.Gauthier, O., Lesoeur, J., Chérel, Y.,
Weiss, P., Guicheux, J., Vinatier, C. Cartilagsuesengineering: From hydrogel to
mesenchymal stem cells. Bio-medical Materials amgjikieering 20, 159-166
(2010)

Merkert, P., Hoffman, M., Rodel, J. Detection oéfpacture microcracking in AD; by
acoustic emission. Journal of the European Cer&woiety 18, 1645-1654 (1998)

Meyer, P. R., Lautenschlager, E.P., Moore, B.K.tlinsetting properties of acrylic bone
cement. The Journal of Bone and Joint Surgery (Ataervolume) 55, 149-56
(1973)

Metsger, D. S., Rieger, M. R., Foreman, D. W. Meateal properties of sintered
hydroxyapatite and tricalcium phosphate ceramicurdal of Materials
Science-Materials in Medicine 10, 9-17 (1999)

Milosevski, M., Bossert, J., Milosevski, D., Grukas N. Preparation and properties of
dense and porous calcium phosphate. Ceramics &tiiemal 25, 693-696 (1999)

Miranda, P., Pajares, A., Saiz, E., Tomsia, AGRiperteau, F. Mechanical properties of
calcium phosphate scaffolds fabricated by robowegstiournal of Biomedical
Materials Research Part A 85, 218-227 (2008)

Monma, H., Ueno, S., Kanazawa, T. Properties ofdwyhpatite prepared by hydrolysis
of tricalcium phosphate. Journal of Chemical Tedbgy and Biotechnology 31,
15-24 (1981)

Montufar, E. B., Traykova, T., Gil, C., Harr, I lAirall, A., Aguirre, A., Engel, E.,
Planell, J. A., Ginebra, M. P. Foamed surfactariutem as a template for
self-setting injectable hydroxyapatite scaffoldsr foone regeneration. Acta
biomaterialia 6, 876-885 (2010)

251



Jingtao ZHANG — Université de Nantes

Morgan, E. F., Yetkinler, D. N., Constantz, B. Rauskardt, R. H. Mechanical properties
of carbonated apatite bone mineral substitutengthe fracture and fatigue behavior.
Journal of Materials Science-Materials in Medic&)&59-570 (1997)

Munz, D., Fett, T. Ceramics: mechanical properti@éjre behavior, materials selection.
Springer 2001

Nalla, R. K., Kruzic, J. J., Ritchie, R. O. On thwgin of the toughness of mineralized
tissue: microcracking or crack bridging? Bone 30)-798 (2004A)

Nalla, R. K., Kruzic, J. J., Kinney, J. H., Ritchie. O. Effect of aging on the toughness of
human cortical bone: evaluation by R-curves. Banel240-1246 (2004B)

Nalla, R. K., Kruzic, J. J., Kinney, J. H., Ritchi®. O. Mechanistic aspects of fracture
and R-curve behavior in human cortical bone. Bi@mals 26, 217-231 (2005)

Nyman, J.S., Roy, A., Shen, X. M., Acuna, R. LlefyJ. H., Wang, X. D. The influence
of water removal on the strength and toughnessoofical bone. Journal of
Biomechanics 39, 931-938 (2006)

Olszta, M. J., Cheng, X. G., Jee, S. S., KumarkRy, Y. Y., Kaufman, M. J., Douglas, E.
P., Gower, L. B. Bone structure and formation: saviperspective. Materials Science
& Engineering R-Reports 58, 77-116 (2007)

Ormsby, R., McNally, T., Mitchell, C., Dunne, N.dorporation of multiwalled carbon
nanotubes to acrylic based bone cements: Effectsneohanical and thermal
properties. Journal of the Mechanical Behavior minBedical Materials 3, 136-145
(2010)

Osmers, H. R., Metzner, A. B. Diffusion in dilut®lpmeric solutions. Industrial &
Engineering Chemistry Fundamentals 11, 161-1693)197

Otsuka, M., Matsuda, Y., Suwa, Y., Fox, J. L., Hilgiyy W. I. Effect of particle size of
metastable calcium phosphates on mechanicalgsitresf a novel self-setting
bioactive calcium phosphate cement. Journal of Bidical Materials Research 29,
25-32 (1995)

Pecqueux, F. Elaboration et propriétés mécanigadsodtéramiques macroporeuses pour
la substitution osseuse. PhD Thesis, Universitdages (2009)

Pecqueux, F., Tancret, F., Payraudeau, N., BollléW. Influence of microporosity and
macroporosity on the mechanical properties of Bmhacalcium phosphate
bioceramics: Modelling and experiment. Journalh&f European Ceramic Society
30, 819-829 (2010)

Pernot, F., Etienne, P., Boschet, F., Datas, LbWeparameters and the tensile strength
of porous phosphate glass-ceramics. Journal ofAtherican Ceramic Society 82,
641-648 (1999)

252



References

Peterlik, H, Roschger, P., Klaushofer, K., Fra@zErom brittle to ductile fracture of bone.
Nature Materials 5, 52-55 (2006)

Pietak, A. M. et al Silicon substitution in the aam phosphate bioceramics.
Biomaterials 28, 4023-4032 (2007)

Pina, S., Torres, P. M., Goetz-Neunhoeffer, F., bédewer, J., Ferreira, J. M. F. Newly
developed Sr-substituted [alpha]-TCP bone ceméwta. Biomaterialia 6, 928-935
(2010)

Pourchez, J., Grosseau, P., Ruot, B. Changes ilh@8&tion in the presence of cellulose
ethers. Cement and Concrete Research 40, 179-088A2

Pourchez, J., Ruot, B., Debayle, J., PourcheZfsseau, P. Some aspects of cellulose
ethers influence on water transport and poroustirel of cement-based materials
F-4976-2011. Cement and Concrete Research 40,227229010B)

Qi, X. P., Ye, J. D. Mechanical and rheologicalgmdies and injectability of calcium
phosphate cement containing poly (lactic-co-glycalid) microspheres. Materials
Science & Engineering C-Materials for Biological fligations 29, 1901-1906
(2009)

Raynaud, S., Champion, E., Lafon, J. P., Bernactsslant, D. Calcium phosphate
apatites with variable Ca/P atomic ratio Ill. Megltal properties and degradation
in solution of hot pressed ceramics. Biomateri&ls1®81-1089 (2002)

Reddi, A. H. Morphogenesis and tissue engineeringome and cartilage: inductive
signals, stem cells and biomimetic biomaterialsstie Engineering 6, 351-359
(2000)

Rho, J. Y., Kuhn-Spearing, L., Zioupos, P. Mechahfroperties and the hierarchical
structure of bone. Medical Engineering & Physics 28102 (1998)

Rice, R. W. Comparison of stress concentration ugensinimum solid area based
mechanical property-porosity relations. JourndVlaterials Science 28, 2187-2190
(1993)

Rice, R. W. Evaluation and extension of physicaperty-porosity models based on
minimum solid area. Journal of Materials Sciencel®R-118 (1996)

Rice, R. W. Porosity of ceramics. CRC, USA (1998)

Rice, R. W., Freiman, S. W. Grain-size depend@fdecture energy in ceramics: Il, a
model for noncubic materials. Journal of Americagrdinic Society 64, 350-354
(1981B)

Rice, R. W., Freiman, S. W., Becher, P. F. Grameslependence of fracture energy in
ceramics: |, experiment. Journal of American Cera8uciety 64, 345-350 (1981A)

253



Jingtao ZHANG — Université de Nantes

Ritchie, R. O. The conflicts between strength aodghness. Nature Materials 10,
817-822 (2011)

Rodel, J. Crack closure forces in ceramics: chariaettion and formation. Journal of
the European Ceramic Society 9, 323-334 (1992)

Rodriguez-Lorenzo, L. M., Vallet-Regi, M., Ferreith M. F., Ginebra, M. P., Aparicio,
C., Planell, J. A. Hydroxyapatite ceramic bodiethwailored mechanical properties
for different applications. Journal of Biomedicakidrials Research 60, 159-166
(2002)

Rupprecht, S., Merten, H. A., Kessler, P., Wiltfang Hydroxyapatite cement
(BoneSourcB") for repair of critical sized calvarian defectsrexperimental study.
Journal of Cranio-Maxillofacial Surgery 31, 149-1Z803)

Saha, S., PAL, S. Improvement of mechanical preggedf acrylic bone cement by fiber
reinforcement. Journal of Biomechanics 17, 467-4B84)

Saimoto, A., Imai, Y., Hashida, T., Nisitani, H.n8ilation of compressive fracture of
brittle and disordered solids. Key Engineering Mate 243, 285-290 (2003)

Saint-Jean, S. J., Camire, C. L., Nevsten, P., &éfanS., Ginebra, M. P. Study of the
reactivity and in vitro bioactivity of Sr-substiad alpha-TCP cements. Journal of
Materials Science-Materials in Medicine 16, 993-1.(R005)

Salehi, M., Salem, A. Effect of moisture contentesttrusion process of kaolinitic-illitic
clay in manufacturing of ceramic Raschig ring. dalirof Materials Processing
Technology 200, 232-237 (2008)

Sammis, C. G., Ashby, M. F. The failure of briterous solids under compressive stress
states. Acta Metallurgica 34, 511-526 (1986)

Sarda, S., Fernandez, E., Nilsson, M., Balcells,Manell, J. A. Kinetic study of citric
acid influence on calcium phosphate bone cemenistes-reducing agent. Journal
of Biomedical Materials Research 61, 653-659 (2002)

Shimogoryo, R., Eguro, T., Kimura, E., Maruta, Mlatsuya, S., Ishikawa, Kunio.
Effects of added mannitol on the setting reactioth @mechanical strength of apatite
cement. Dental Materials Journal 28, 627-633 (2009)

Steinbrech, R.W. “Toughnening mechanisms for cetamaterials”. Journal of the
European Ceramic Society 10, 131-142 (1992)

Strom, O., Borgstrom, F., Kanis, John A., Compstd.,, Cooper, C., McCloskey,
Eugene V. and Jonsson, B. Osteoporosis: burderthheare provision and
opportunities in the EU- A report prepared in dodleation with the International
Osteoporosis Foundation (IOF) and the Europeanri&gde of Pharmaceutical
Industry Associations (EFPIA). Archives of Osteamis 6, 59-155 (2011)

254



References

Swain, M. V,, Rose, L. R. F. Toughening of ceramR®ceeding of the'international
conference on fracture 473-494 (1984)

Tajima, S., Kishi, Y., Makoto, O. D. A., Maruta, MMatsuya, S., Ishikawa, K.
Fabrication and biporous low-crystalline apatitedzhon mannitol dissolution from
apatite cement. Dental Materials Journal 25, 61&{@P06)

Takagi, S., Chow, L. C. Formation of macroporesaltium phosphate cement implants.
Journal of Materials Science-Materials in Medicir#e 135-139 (2001)

Tancret, F., Bouler, J. M., Chamousset, J., MinbisM. Modelling the mechanical
properties of microporous and macroporous biphasacium phosphate
bioceramics. Journal of the European Ceramic Sp2igt3647-3656 (2006)

Tancret, F., Desgardin, G., Osterstock, F. Infleend porosity on the mechanical
properties of cold isostatically pressed and saiterBaCusO;.« superconductors.
Philosophical Magazine A 75, 505-523 (1997)

Tancret, F., Monot, I., Osterstock, F. Toughnessl #mermal shock resistance of
YBa,Cu;O7.x composite superconductors containingBaCuQ or Ag particles
Materials Science and Engineering A 298, 268-28812

Tancret, F., Osterstock, F. Modelling the toughrefsgorous sintered glass beads with
various fracture mechanism. Philosophical Maga8®e137-150 (2003)

Taylor, D., Hazenberg, J. G., Lee, T. C. Livingwitacks: Damage and repair in human
bone. Nature Materials 6, 263-268 (2007)

TenHuisen, K.S., Brown, P.W. The effects of citiitd acetic-acids on the formation of
calcium-deficient hydroxyapatite at 88 Journal of Materials Science-Materials in
Medicine 5, 291-298 (1994)

TenHuisen, K.S., Brown, P.W. Formation of calciusficient hydroxyapatite from
alpha-tricalcium phosphate. Biomaterials 19, 220972(1998)

TenHuisen, K.S., Brown, P.W. Hydrolysis of alph@dfcium phosphate in NaF solutions.
Biomaterials 20, 427-434 (1999)

Thangamani, N., Chinnakali, K., Gnanam, F. D. THece of powder processing on
densification, microstructure and mechanical proger of hydroxyapatite.
Ceramics International 28, 355-362 (2002)

Togawa, D., Bauer, T. W., Lieherman, I. H., SakhiLumbar intervertebral body fusion
cages: histological evaluation of clinically failedges retrieved from humans.
Journal of Bone and Joint Surgery America 86, 7QZ0®@4)

Trojani, C., Boukhechba, F., Scimeca, J. C., VabdenF., Michiels, J. F., Daculsi, G.,
Boileau, P., Weiss, P., Carle, G. F., Rochet, Nojc bone formation using an

255



Jingtao ZHANG — Université de Nantes

injectable biphasic calcium phosphate/Si-HPMC hgdtacomposite loaded with
undifferentiated bone marrow stromal cells. Biomate 27, 3256-3264 (2006)

Ueyama, Y., Ishikawa, K., Mano, T., Koyama, T., B&sgka, H., Matsumura, T. Initial
tissue response to anti-washout apatite cemeheimnat palatal region: comparison
with conventional apatite cement. Journal of BioroadMaterials Research 55,
652-660 (2001)

Vallet-Reg, M., Gonzalez-Calbet, J.M. Calcium pHugps as substitution of bone
tissues. Progress in Solid State Chemistry 32, (2604)

Vallo, C. I., Montemartini, P. E., Fanovich, M. Rprto-Lopez, J. M., Cuadrado, T. R.
Polymethylmethacrylate-based bone cement modifidéa ydroxyapatite. Journal
of Biomedical Materials Research 48, 150-158 (1999)

Vashishth, D., Rising crack-growth-resistance beéran cortical bone: implications for
toughness measurements. Journal of Biomechani@137946 (2004)

Villora, J. M., Callejas, P., Barba, M. F., Baud@®, Statistical analysis of the fracture
behavior of porous ceramic Raschig rings. JourhtleEuropean Ceramic Society
24, 589-594 (2004)

Vinatier, C., Gauthier, O., Fatimi, A., Merceron, ®lasson, M., Moreau, A., Moreau, F.,
Fellah, B., Weiss, P., Guicheux, J. An injectabddl@se-based hydrogel for the
transfer of autologous nasal chondrocytes in ddicucartilage defects.
Biotechnology and Bioengineering 102, 1259-1260@0

von Doernberg, M. C., von Rechenberg, B., Bohney@dunenfelder, S., van Lenthe, G.
H., Muller, R., Gasser, B., Mathys, R., Baroud, Suer, J. In vivo behavior of
calcium phosphate scaffolds with four different @pasizes. Biomaterials 27,
5186-5198 (2006)

Wagoner Johnson, A. J., Herschler, B.A. A reviewhefmechanical behavior of CaP and
CaP/polymer composites for applications in bondaegment and repair. Acta
Biomaterialia 7, 16-30 (2011)

Wagh, A. S., Poeppel, R. B., Singh, J. P. Open geseription of mechanical properties
of ceramics. Journal of Materials Science 26, 388@8 (1991)

Wagh, A. S., Singh, J. P., Poeppel, R. B. Deperglehceramic fracture properties on
porosity. Journal of Materials Science 28, 358936®993)

Wang, L., D’Alpino, P. H. P., Lopes, L. G., PergilaC. Mechanical properties of dental
restorative materials: relative contribution of dadtory tests. Journal of Applied
Oral Science 11, 162-167 (2003)

Wang, X. P., Chen, L., Xiang, H., Ye, J. D. Infleenof anti-washout agents on the
rheological properties and injectability of a catoi phosphate cement. Journal of
Biomedical Materials Research Part B-Applied Biosniais 81, 410-418 (2007)

256



References

Wang, X. P, Ye, J. D., Wang, Y. J. Reinforcemehtacium phosphate cement by
bio-mineralized carbon nanotube. Journal of Americderamic Society 90,
962-964 (2007)

Weibull, W. A. A statistical theory of the strength materials. Ingeniérs Vetenskaps
Akademien — Hanlingar 151, 1-45 (1939)

Weibull, W. A statistical distribution function afide applicability. Journal of Applied
Mechanics 18 (1951) 293-305.

Weiss, P., Gauthier, O., Bouler, J. M., Grimandj,[@aculsi, G. Injectable bone substitute
using a hydrophilic polymer. Bone 2, 67-70 (1999)

Weiss, P., Lapkowski, M., Legeros, R. Z., Bouler, M., Jean, A., Daculsi, G.
Fourier-transform infrared spectroscopy study obeganic—mineral composite for
bone and dental substitute materials. Journal ofeN#&s Science: Materials in
Medicine 8(10), 621-629 (1997)

Weiss, P., Vinatier, C., Sohier, J., Fatimi, A.ytalle, P., Demais, V., Atmani, H., Basle,
M. F., Guicheux, J. Self-hardening hydrogel for é&omissue engineerin.
Macromolecular Symposia 266, 30-35 (2008)

Weyer, H. J., Muller, 1., Schmitt, B., Bosbach, Butnis, A. Time-resolved monitoring of
cement hydration: Influence of cellulose ethers hywlration kinetics. Nuclear
instrument and methods in physics B 238, 102-100%2

Woodard, J.R., Hilldore, A.J., Lan, S.K., Park,.CMorgan, A.W., Eurell, J.A.C., Clark,
S.G., Wheeler, M.B., Jamison, R.D., Wagoner Johngod., The mechanical
properties and osteoconductivity of hydroxyapdtib@e scaffolds with multi-scale
porosity, Biomaterials 28, 45-54 (2007)

Xie, B. Q., Nancollas, G. H. How to control the esiand morphology of apatite
nanocrystals in bone. Proceedings of the Natiormd&my of Sciences of the
United States of AmericalQ07, 22369-22370 (2010)

Xu, H. H. K., Eichmiller, F. C., Giuseppetti, A. Reinforcement of a self-setting calcium

phosphate cement with different fibers. JournaBmimedical Materials Research
52, 107-114 (2000).

Xu, H. H. K., Quinn, J. B. Calcium phosphate cemanitaining resorbable fibers for
short-term reinforcement and macroporosity. Biomalg 23, 193-202 (2002)

Xu, H. H. K., Quinn, J. B., Takagi, S., Chow, L., &ichmiller, F. C. Strong and
macroporous calcium phosphate cement: Effects migity and fiber reinforcement

on mechanical properties. Journal of Biomedical évats Research 57, 457-466
(2001)

257



Jingtao ZHANG — Université de Nantes

Xu, H. H. K., Simon, C. G. Self-hardening calciumgphate cement-mesh composite :
reinforcement, macropores, and cell response. dbuwi Biomedical Materials
Research 69, 267-278 (2004A)

Xu, H. H. K., Simon, C. G. Fast setting calcium ghloate-chitosan scaffold: mechanical
properties and biocompatibility. Biomaterials 2831-1348 (2005)

Xu, H. H. K., Takagi, S., Quinn, J. B., Chow, L. East-setting calcium phosphate
scaffolds with tailored macropore formation ratesldone regeneration. Journal of
Biomedical Materials Research Part A 68, 725-730{B)

Xu, H. H. K., Weir, M. D., Burguera, E. F., Frasér, M. Injectable and macroporous
calcium phosphate cement scaffold. Biomaterials4279-4287 (2006)

Yamamoto, H., et al., Mechanical strength of cattiphosphate cement in vivo and in
vitro. Biomaterials 19, 1587-1591 (1998)

Yang, Q. Z., Troczynski, T., Liu, D. M. Influencd apatite seeds on the synthesis of
calcium phosphate cement. Biomaterials 23, 27513Z2602)

Yashima, M., Sakai, A. High-temperature neutron gemwvdiffraction study of the
structural phase transition betweenand o' phases in tricalcium phosphate
Ca3(P04)2. Chemical Physics Letters 372, 779-7683R

Yokoyama, A., Yamamoto, S., Kawasaki, T., Kohgq, Nakasu, M. Development of
calcium phosphate cement using chitosan and c#cdd for bone substitute
materials. Biomaterials 23, 1091-1101 (2002)

Zhang, Y., Xu, H. H. K. Effect of synergistic reamtement and absorbable fiber strength
on hydroxyapatite bone cement. Journal of Bioméd\daterials Research 75,
832-840 (2005)

Zhang, Y., Xu, H. H. K., Takagi, S., Chow, L. C:3iiu hardening hydroxyapatite-based
scaffold for bone repair. Journal of Materials &ce-Materials in Medicine 17,
437-445 (2006)

Zuo, Y., Yang, F., Wolke, J. G. C., Li, Y. B., Jans J. A. Incorporation of biodegradable
electrospun fibers into calcium phosphate cementbfmne regeneration. Acta
Biomaterialia 6, 1238-1247 (2010)

258



