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a b s t r a c t

Synthetic calcium phosphate bone graft substitutes are widely recognized for their biocompatibility and
resorption characteristics in the treatment of large bone defects. However, due to their inherent brit-
tleness, applications in load-bearing situations always require reinforcement by additional metallic
implants. Improved mechanical stability would eliminate the need for non-resorbable metallic implants.
In this context a new approach to obtain calcium phosphate scaffolds with improved mechanical stability
by texturing the material in specific crystal orientations was evaluated. Texture and reduction of crystal
size was achieved by recrystallizing a-TCP blocks into calcium deficient hydroxyapatite (CDHA) under
hydrothermal conditions. SEM and XRD analysis revealed the formation of fine CDHA needles
(diameter z 0.1e0.5 mm), aligned over several hundreds of micrometers. The obtained microstructures
were remarkably similar to the microstructures of the prismatic layer of mollusk shells or enamel, also
showing organization at 5 hierarchical structure levels. Brazilian disc tests were used to determine the
diametral tensile strength, sdts, and the work-of-fracture, WOF, of the textured materials. Hydrothermal
incubation significantly increased sdts and WOF of the ceramic blocks as compared to sintered blocks.
These improvements were attributed to the fine and entangled crystal structure obtained after incu-
bation, which reduces the size of strength-determining critical defects and also leads to tortuous crack
propagation. Rupture surfaces revealed intergranular tortuous crack paths, which dissipate much more
energy than transgranular cracks as observed in the sintered samples. Hence, the refined and textured
microstructure achieved through the proposed processing route is an effective way to improve the
strength and particularly the toughness of calcium phosphate-based ceramics.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Calcium phosphate (CaP) ceramics are widely used as bone graft
substitute materials, the majority of commercial porous scaffolds
being composed of b-tricalcium phosphate (b-TCP), hydroxyapatite
(HA) or a blend of both phases (biphasic). Many CaP ceramics
combine high biocompatibility, adequate resorption rate and
porosity for nutrient supply, vascularization, cell proliferation, and
tissue infiltration [1,2]. While some phases are soluble at
M. Bohner).
physiological pH and dissolve spontaneously in-vivo, others are
insoluble and can only be actively resorbed by bone cells [3].
However, ceramics CaP scaffolds are very brittle with a fracture
toughness well below 1MPa$m1/2. In comparison, cortical bone has
a true fracture toughness over 20 MPa$m1/2 [4]. These properties
limit the use of CaP materials to indications in which the implant is
not subjected to mechanical loading. Cyclic dynamic loading would
lead to cracking and displacement of the surrounding bone frag-
ments would delay or inhibit bone formation and thus impair
successful healing of the defect. All CaP scaffolds commercially
available can therefore only be applied in situations where either
intact bone or additional metal implants protect the ceramic bone
void filler from mechanical stress. The availability of novel load-
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bearing resorbable scaffolds would eliminate the need for addi-
tional reinforcement and widen the scope of indications. Such a
scaffold should be strong enough to support normal loading
applied on the bone, its elasticmodulus should be similar to the one
of bone to avoid stress shielding, and high toughness would be
necessary to prevent catastrophic failure.

Combination of high strength and toughness is rare in engi-
neered materials because these properties are antagonistic [5];
single-phase materials are normally either strong and brittle, or
ductile and weak. Obtaining a combination with biodegradable
materials is even more challenging because biodegradability
generally implies weak chemical bonds, which are in consequence
rarely mechanically strong. Moreover, biocompatibility and biode-
gradability strongly limit the choice of materials. Ceramics are
strong, but highly brittle. Metals can be adequate in terms of
toughness, but they lead to stress shielding and are, with the
exception of a few alloys [6e8], non-degradable. Generally, poly-
mers do not reach the required strength and their degradation
products can be acidic and/or provoke an inflammatory response,
both adversely affecting the healing process [9].

Since no single-phase material seems to fulfill all requirements
imposed by a load-bearing, resorbable bone graft substitute, the
focus of researchers has shifted towards composite materials,
which combine properties of materials of different nature. Rein-
forcement of degradable polymers by ceramic particles has already
been extensively investigated [10e15]. However, in all of these
studies, the organic fraction remained large which might cause the
above-mentioned biological complications [9]. In addition, me-
chanical properties of such artificial composites are by far inferior
to comparable natural materials [16], which is mainly attributed to
a poor adhesion between organic and inorganic phases [17] and a
lack of controlled architecture of the reinforcing particles within
the matrix. To achieve the ideal mechanical and biological prop-
erties for a load-bearing, resorbable bone graft substitute, the
materials should mainly consist of ceramic, should be toughened
with only minor amounts of a ductile polymer and the ceramic-
polymer adhesion should be good. To approach this ideal material
incorporating only thin interlayers of a tough secondary phase [18],
bio-inspired structures featuring a highly organized architecture of
the ceramic particles are necessary. A low polymer content and a
large contact area between polymer and ceramic particles can only
be obtained with a very well organized architecture. In fact, me-
chanical properties approaching those of natural composites like
bone or nacre have been achieved with very well-controlled
alignment of ceramic particles [4,19,20]. However, despite the
highly ordered particle shape and arrangement, the polymer frac-
tion was still much higher than the content found in nacre or even
bone, and the ceramic particles were not degradable.

Toughening ceramic based materials by incorporating low
fraction of polymer phases (“intrinsic toughening” [18,21]) remains
a very challenging approach with current engineeringmethods and
the reported improvements are limited. Considering the difficulty
to achieve intrinsic toughening where a ceramic is arranged in a
verywell orderedmanner and glued together by the polymer, a first
approach might be to try to produce highly ordered polymer-free
architectures, where the toughness is mainly improved due to
structural changes (defined as “extrinsic toughening” mechanisms
in Refs. [21,18]).

Indeed, strength and toughness of structural ceramics are usu-
ally improved by microstructural developments like (a) grain size
refinement [22] e which already proved being efficient in bio-
ceramics, in particular in HA [23], (b) transformation-toughening
[24e27], (c) incorporation of second phase particles [28,29] or (d)
creation of tortuous structures [18,30]. Tortuous structures are
constituted of anisotropic particles, assembled in a staggered
fashion to promote crack deflection. Its good potential was
demonstrated by the recently obtained “Nacre-like Alumina” [30].
However, to the best of our knowledge, this has not been investi-
gated yet with bioceramics. A combination of grain size refinement
and design of tortuous microstructures is a promising strategy to
increase the work-of-fracture (WOF) of resorbable CaP ceramics by
simultaneously decreasing the size of critical defects and inducing
crack deflection.

CaP ceramic scaffolds are commonly shaped by pressing of a dry
powder or drying/setting of a slurry, followed by a heat treatment
(sintering) to consolidate the structure. With such methods, the
final grain size strongly depends on the particle size of the initial
powder, hence requiring nano-powders followed by quick sintering
or two-step sintering processes in order to obtain a small final grain
size [31]. Hydrothermal synthesis has already shown the potential
of forming fine CaP (particularly HA) particles [32e34]. However,
assembly and consolidation of these particles to form fine struc-
tured blocks, either by cement reaction or sintering, leads to grain
growth and finally poor improvements of mechanical properties
compared to larger microstructures [23,35,36]. Another approach,
explored in particular by Ioku's group, consist in first compacting
an a-TCP powder, with or without other additives, followed by
submitting the pressed forms to hydrothermal treatment [37,38].
The obtained CDHA blocks were made of entangled rod-shape
particles and were even more biodegradable and induced more
bone formation than stoichiometric HA samples obtained by con-
ventional sintering process [39]. However, the rod-shape crystal
assembly was quite loose and disordered.

To densify and align the structures obtained in previous hy-
drothermal studies, our approach in this work was to first solidify
and densify CaP blocks by sintering, and then globally refine the
microstructure of these monoliths by in situ recrystallization under
hydrothermal conditions. By obtaining a dense assembly of sub-
micrometric elongated particles in complex architectures, we
aimed at improving the strength and toughness of CaP scaffolds
using a straightforward processing route.

2. Materials and methods

2.1. Sample preparation

CaP blocks were prepared in a process of 5 steps:

(i) Powder synthesis: a-TCP powder was prepared in-house by
ball-milling for 6 h at 60 rpm a sintered (4 h at 1350 �C,
followed by air quenching) mixture of calcium carbonate
(CaCO3, art. no 102066, Merck, Darmstadt, Germany) and
calcium hydrogen phosphate (CaHPO4, 99.95%, art. no 1548,
GFS Chemicals, Columbus OH, USA) such as to obtain an
initial calcium to phosphate molar ratio of 1.47.

(ii) Cement paste preparation: The liquid phasewas a 0.1M citric
acid solution (C6H8O7$H2O, art. no 100243, Merck, Darm-
stadt, Germany). The powder was added to the liquid in a
0.6:1 liquid: powder weight ratio and immediately mixed
(stirrer VOS 14, art. no. 441-0026P, VWR, Dublin, Ireland) at
2000 RPM for 20 s and then poured into cylindrical Teflon
molds (8 mm diameter, 8 mm height).

(iii) Setting: Setting took place in 100% RH at 60 �C for 72 h.
(iv) Sintering: After unmolding, the samples were sintered at

1500 �C for 8 h with a heating rate of 5 �C/min and cooling
at �10 �C/min in a muffle furnace (LHT 02/16, Nabertherm,
Germany).

(v) Hydrothermal incubation: Hydrothermal incubation was
conducted in steel autoclaves (Acid Digestion Vessel, model
4744, Parr Instruments, Moline IL, USA) with homemade
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inner Teflon capsules (inner volume of 45 ml), placed for
2e72 h at 125/150/175/200 �C. The samples were placed
above the water level (7 ml) on perforated Teflon plates
(Supplementary data, Figure S1). At the end of the incubation
time, the autoclaves were cooled down for a few minutes in
air, then in a water bath. The samples were finally dried for
24 h at 60 �C.

During the hydrothermal treatments, the water evaporation
created a pressure increase equal to the saturated vapor pressure P.
This increase is almost exponential with the temperature T:

log10ðPÞ ¼ A� B
Cþ T

(1)

with A ¼ 8.14019, B ¼ 1810.94 and C ¼ 244.485 for
99 �C < T < 374 �C [40]. Hence, the pressure was 231, 473, 887 and
1552 kPa at 125, 150, 175 and 200 �C, respectively.
2.2. Sample characterization

After sintering and hydrothermal incubation, all samples were
weighed and their external dimensions were measured with a
caliper. Porosity was calculated taking into account the theoretical
density of the phase composition obtained from the XRD analysis.

From each batch, at least one samplewas ground and used for X-
ray diffraction (XRD) analysis. Powder datasets were collected on a
PANalytical CubiX diffractometer (PANalytical, Almelo, The
Netherlands) using graphite-monochromated CuKa radiation. A
range from 4 to 60� 2qwas scanned with a step size of 0.02� 2q and
a counting time of 1 s per step. The divergence slit was used in
automatic mode set to an irradiated length of 10 mm. The datasets
were analyzed by Rietveld refinement using the software BGMN
version 4.2.22 [41] and structure templates from Schroeder et al.
[42] for b-TCP, Mathew et al. [43] for a-TCP, Sudarsanan [44] for HA
(or CDHA) and Dickens et al. [45] for DCP. The following parameters
were refined: scale factor, unit cell parameters, anisotropic peak
broadening, isotropic micro-strain, and preferred orientation.

The microstructure of the samples was investigated by Scanning
Electron Microscope (SEM) (LEO 1530, Carl-Zeiss SMT AG, Ober-
kochen, Germany). All samples except polished ones for back-
scattered electron (BSE) analysis were sputtered with platinum for
60 s at 40 mA and 5$10�7 mbar in a sputter coater (BAL-TEC, SCD
050) before investigation. Samples for BSE analysis were coated
with 2 carbon layers using the same device.

To determine the grain size after sintering, the samples were
polished using 1000 then 2400 and finally P4000 grit Silicon Car-
bide abrasive paper (Reflex concept, Presi, Le Locle, Switzerland) on
a polishing machine (Knuth-Rotor 2, Struers) using isopropanol as
lubricant. The samples were then rinsed and thermally etched at
1300 �C for 20 min. The grain size was then measured on SEM
images. Hydrothermally treated samples could not be thermally
etched. Those samples were embedded, polished and chemically
etched with 0.1 M HCl for 10 s at room temperature.

Crystal texturing (smaller crystals, oriented crystal domains) is
known to positively affect the mechanical properties of ceramics.
To get a preliminary assessment of the change of mechanical
properties, small cylinders were submitted to diametral tensile
strength measurements [46]. The transverse pressure load was
applied with a Zwick (zwicki-Line Z5.0, Zwick, Kennesaw, GA, USA)
at a constant displacement speed of 10 mm/min. The toughness
could be estimated semi-quantitatively from the work of fracture,
which was sufficient to track relative differences among the sam-
ples. The results were compared by ANOVAwith a significance limit
set at p < 0.01.
3. Results

3.1. Macroscopic observations and measurements

After the hydrothermal treatments and subsequent drying, the
blocks could be manipulated without losing their integrity. Their
weight and size were measured to verify their macroscopic shape
and dimensions. No significant differences of diameter and height
occurred during incubation, independently of the incubation con-
ditions (time and temperature), but the porosity slightly but
significantly increased from 31 ± 2% after sintering to 35 ± 3% after
hydrothermal treatment (Supplementary data, Figure S2).

3.2. Microstructural changes (SEM)

One sample per composition/condition was broken by bending
and the rupture surfaces were prepared for observation by SEM.
Morphology changes were observed at the microscale. Recrystal-
lization from the smooth sintered porous a-TCP structure (Fig. 1a)
into fine elongated facetted structures occurred first around cracks
and pores (Fig. 1b, enlarged in Fig. 1e). The conversion into facetted
structures then progressed into the bulk of the a-TCP initial scaffold
(Fig. 1c) with a rate strongly dependent on the temperature. At the
end of the reaction, the whole sample was filled with needle-like
crystals (Fig. 1d). The first crystals around cracks seemed rather
disoriented (Fig. 1e), but large zones (from a few to hundreds of
micrometers) with aligned crystals were later observed (Fig. 1d and
f). Semi-quantitatively, conversion of about 0.5 mm from a surface
(pore or crack) was measured after 2 h incubation at 125 �C and
progressed up to about 3 mm after 8 h. At 150 �C, the converted
thickness was similar at 2 h (z0.5 mm), but progressed already to
about 5 mm after 4 h. At 175 �C, the converted thickness could only
be measured after 2 h (about 5 mm) but not at later time points
because it became too thick for SEM observation. At longer incu-
bation times, the phase conversion appeared to be complete. Large
crystals were also observed at the end of the reactions, especially at
the highest temperatures and on the pore surfaces (Fig. 1f).

Differences in the location of needles were observed as a func-
tion of incubation temperature. At 125 �C, the needles completely
invaded the microporosity (Fig. 2a; here, a micropore is considered
to have a size in the range of 100 nm to 100 mm, but they protruded
less into the initial porosity with increasing temperature (Fig. 2b).
As a consequence, at low temperature the previously dense solid
parts appeared more porous and also made of entangled needles
(Fig. 2c). With increasing temperature, the needles were increas-
ingly confined to the initial solid location, leading to much
compacter structures and better alignment (Fig. 2cef).

At low temperature, needles that grew into pores were longer
and thicker than those growing in the solid phase and the opposite
was observed at the highest temperature (Fig. 3). In the pores, the
average diameter of the needles was not influenced by temperature
(Fig. 3a), but their length was: the crystals were 10 times longer at
125 �C than at 200 �C (ANOVA: p < 0.01) (Fig. 3c). In the solid phase,
both length (Fig. 3b) and diameter (Fig. 3d) of the needles increased
with increasing incubation temperature (p < 0.01).

Determining quantitatively the size of the oriented domains
proved to be very difficult. By etching polymer-impregnated and
polished surfaces, it was possible to see that domains extending
over hundreds of micrometers were also surrounded by some
smaller ones (Fig. 4). For comparison, after sintering for 8 h at
1500 �C, the average grain size was about 30e100 mm.

3.3. Crystalline phase conversion (XRD)

The crystalline phase conversion was characterized by Rietveld



Fig. 1. Effect of incubation time on the microstructure as observed by SEM of broken surfaces. a) sintered a-TCP; b) incubation for 2 h at 175 �C: recrystallization into elongated
hydroxyapatite crystals starts around cracks (arrow) and pores; c) incubation for 4 h at 175 �C: further growth of the needle-like structure into the bulk in one direction (arrow); d)
incubation for 8 h at 175 �C: complete recrystallization; e) enlargement of b) on the newly formed crystals around a crack; f) large crystals (arrow) observed particularly in pores at
the end of the reactions, especially a high temperature (here after 72 h of incubation at 200 �C). Scale bars are 10 mm in a to d and 2 mm in e and f.
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refinement of XRD data. Various phases were detected during the
hydrothermal incubation even though the initial 100% a-TCP blocks
mainly converted into calcium deficient hydroxyapatite (CDHA)
(Fig. 5a and b). b-TCP and monetite (DCP) phases were formed in
amounts depending on the incubation temperature (Fig. 5c and d).

The conversion rate from a-TCP to CDHA and DCP increased
with the incubation temperature (Fig. 5a and b). Increasing the
temperature also accelerated and increased the formation of b-TCP
(Fig. 5c), but b-TCP disappeared over time apparently in favor of
CDHA and DCP. a-TCP almost completely disappeared but the
contents of CDHA and DCP continuously increased until they
reached a plateau. Hence, up to 10 wt-% of DCPwere detected at the
end of the reactions. The global Ca/P molar ratio of the samples was
checked by XRD analysis after calcination at 900 �C for 24 h [47].
The resulting composition was a mixture of b-TCP (Ca/P ¼ 1.5), b-
CPP (Ca/P ¼ 1.0) and HA (Ca/P ¼ 1.667), corresponding to a global
Ca/P molar ratio in the samples of 1.50.

Comparing XRD results and SEM observations, the needle-like
crystals were identified as hydroxyapatite and the large prismatic
ones (Fig. 1f) were attributed to the DCP phase. No structural fea-
tures could be identified as b-TCP.

Evolution with time of all phase contents, Yi(t), were fitted with
the Avrami equation [48]:

YiðtÞ ¼ 1� expð � Ki$t
niÞ; (2)

where Ki is a constant related to the formation of phase i at a
given temperature and ni is an integer. In a first step, both K and
n were fitted. In a second step, only K was optimized with n set
to the closest integer value found previously. All phase evolu-
tions, except DCP, were best fitted with n ¼ 1. DCP was best
fitted with n ¼ 3.

The consumption and formation of all crystalline phases were
fitted, and their respective regression coefficients (R2) calculated
(Table 1). Whereas most of the fits were acceptable (R2 > 0.80),
somewere quite poor, in particular for the consumption of b-TCP at
high temperatures (R2 < 0.65). However, fitting the sum of a-TCP
and b-TCP fractions and the sum of DCP and HA fractions led to
excellent fits with regression coefficients mainly larger than 0.90
(Table 1 and Fig. 5e).

The activation energy of each phase conversion was retrieved
from a plot of Ki as a function of 1/T using Arrhenius equation
(Table 1). The values were close to 25 kJ/mol for a-TCP consumption
and HA formation, and were higher for b-TCP consumption
(40 ± 6 kJ/mol) and DCP formation (119 ± 37 kJ/mol). In conse-
quence, the activation energy for the combined CDHA and DCP
formation or the combined a-TCP and b-TCP consumption was
30 ± 5 kJ/mol.

3.4. Mechanical properties

The fracture energy was calculated as the integral of the force-
displacement curves until sample failure occurred (maximum
force).



Fig. 2. Effect of incubation temperature on the microstructure, especially on the location of crystal growth: a) 125 �C overview, b) 200 �C overview, c)125 �C, d) 150 �C, e) 175 �C, f)
200 �C. Scale bars are 10 mm long in a) and b) and 2 mm long in c) to f).
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The incubation time significantly influenced the mechanical
properties of the ceramic blocks (ANOVA: p < 0.0001). Upon hy-
drothermal incubation at 200 �C, the diametral strength and the
fracture energy (WOF) increased with increasing incubation time
Fig. 3. a) and b) Diameter and c) and d) length of needle-like crystals in function of temperat
range (gray bar) covers the smallest to the largest measured values; the average value is re
(Fig. 6a), up to about 3.5 and 5 times the initial value, respectively.
The strength and fracture energy reached the same values once
complete phase conversion was achieved, whatever the incubation
temperature was (from 125 �C to 200 �C) (Fig. 6b).
ure and location: a) and c) in the initial porosity; b) and d) in the initial solid phase. The
presented by a black square.



Fig. 4. a) The oriented domains were difficult to observe on broken or polished samples with SE because the magnification necessary to distinguish the crystals and their
orientation was too high to observe the whole oriented areas (scale bar is 10 mm long). b) Embedding, polishing and chemically etching the samples better highlighted the needle
crystals and their orientation, c) which was then better distinguished with BSE, d) and the extension of the oriented domains (red limits) was distinguishable at lower magnification.
It was thus observed that oriented domains extending over hundreds of micrometers were also surrounded by smaller ones (scale bar is 100 mm long). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. Fractured surfaces

The fractured surfaces after Brazilian tests were observed by
SEM. The crack paths after sintering were flat and smooth
throughout the samples. After hydrothermal treatment, the cracks
in the dense solid parts were tortuous, as particularly observed
with high incubation temperatures (Fig. 7). Indeed, crack deflection
around needles and bundles of needles was well visible at 175 �C
and at 200 �C, when the crystal size increased.
4. Discussion

The aim of this study was to refine and create textured micro-
structures of CaP monoliths and obtain tortuous crack paths to
increase their work of fracture, i.e. their toughness. Recrystalliza-
tion in hydrothermal conditions was an effective way to texture the
solid at the microscale without affecting macroscopic features like
macroporosity (here, macropores are considered to have a size
larger than 100 mm) and sample shape (Supplementary data,
Figure S2 and Figure S3). Indeed, limiting direct contact with
liquid water avoids extensive dissolution and reprecipitationwhich
might provoke morphology changes at larger scale. Only with in-
cubation at temperature lower than 150 �C, crystals invaded the
microporosity (Fig. 2a). At higher temperatures the microporosity
was preserved (Fig. 2b). However, chemical and sub-micro struc-
tural changes occurred in all samples. Interestingly, when the
structure was not densified by sintering prior to hydrothermal in-
cubation, the newly formed needle-like CDHA crystals did not align
[49,50] as confirmed by our own results of incubation of a-TCP
powder-pressed samples (Supplementary data, Figure S4).

The strength improvement observed during the hydrothermal
conversion of a-TCP into CDHA could be due to the higher intrinsic
strength of HA compared to a-TCP (þ120%) [51]. However, the
maximum mechanical improvements measured in this study were
higher (þ250%), implying that another mechanism is at play, for
example better crystal entanglement or reduction of cracks. Beside
an improvement of the tensile properties (Fig. 6), the recrystalli-
zation provoked by the hydrothermal treatment increased the
work-of-fracture 5-fold. This might principally be due to the in-
crease of strength without increase of stiffness, but a remarkable
change of failure mode was also observed. Indeed, cracks propa-
gated quite linearly through the smooth sintered structures, while
the textured samples showed obvious crack deflection around
densely packed and aligned crystals, but also around and through
bundles of crystals (Fig. 7, Supplementary data Figure S5). In other
words, the reduced grain or crystal size promoted a transition from
a transgranular to an intergranular cracking mode [23] and the
anisotropic crystal shape, combined with changing and random
orientation of bundles further enhanced crack deflection.

The failure mode observed here is very similar to the “extrinsic
toughening” mechanism [18] observed in natural ceramic-based
composites. Indeed, the material itself is not toughened at the
atomic or molecular scale, like an annealed metal, but the texture
and hierarchical structure of the construct increases fracture
resistance by obstructing crack propagation. Micro cracking, crack
bridging and crack deflection are typical extrinsic toughening
mechanisms occurring in densely packed crystalline phases [18]
and can explain for instance the high fracture toughness
observed in bone or nacre [52]. To obtain these effects in synthetic
materials, a good control of microstructure is necessary. In glass
ceramics, toughness values up to 2.7 MPa$m1/2 have been obtained
[53,54], which is still in the lower range of cortical bone values
(2e20 MPa$m1/2) [4,18,55,56], but higher than bioactive ceramics
(0.5 MPa$m1/2).

The hydrothermal process led to two structural changes that
may explain an increase of mechanical properties: a decrease of



Fig. 5. Phase transformation (Rietveld refinement of XRD results) over incubation time at A125 �C, -150 �C, :175 �C, and x200 �C. a) consumption of initial a-TCP phase; b)
formation of hydroxyapatite (HA); c) intermediate formation and consumption of b-TCP; d) formation of monetite (DCP); e) Avrami plot of the global phase transformation, with
Yi(t) ¼ combined consumption of a-TCP and b-TCP or combined formation of HA and DCP (with the slope n ¼ 1).

Table 1
Parameters n and K for the Avrami fits of the phase conversions at different temperatures with the according correlation coefficients, R2. The activation energy Ea for each
phase can then be obtained with the Arrhenius equation. The minus signs indicate disappearance of phases, whereas plus signs indicate formation. Color code:

.
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grain/crystal size and an increase in the number of hierarchical
structures (Figs. 1, 2 and 4). The diametral tensile strength and the
work of fracture were increased 4e5fold (Fig. 6a, c). However, since
both parameters changed simultaneously, it is difficult to extract
the single effect of the two factors. The fiber diameter and length
increased 2e3fold when the incubation temperature was increased
from 125 �C to 200 �C (Fig. 3b,d). As the mechanical properties and
the failure mode were not affected by this change (Fig. 6b,d), this
may suggest that the crystals were already small enough to change
the mechanism of rupture from a transgranular to an intergranular
failure mode. To get more insight into the effect of architecture, the
size and orientation of the oriented domains should be controlled.
This is the topic of our current efforts.

The architecture of the present structures resembles those of
natural composites like shells or teeth (Fig. 8). Even if the crystal
phases and chemistry are different, elongated primary crystals are
densely packed and aligned within domains in those three mate-
rials. Like in enamel of shark teeth [57], the obtained structures
exhibit 5 levels of hierarchy: (i) hydroxyapatite crystalline struc-
ture, (ii) in the form of needle-like crystals, (iii) aligned in bundles,



Fig. 6. a) and b) Diametrical strength measured by Brazilian tests and c) and d) work-of-fracture calculated as the area under the stressestrain curve of the Brazilian tests. a) and c)
As a function of the hydrothermal incubation time at 200 �C; b) and d) as a function of the hydrothermal incubation temperature for maximum conversion.

Fig. 7. Examples of fracture surfaces after Brazilian testing. With increasing temperature, the tortuosity (non-linearity) of the crack paths became increasingly visible as the crystal
size increased: a) incubation at 125 �C; b) incubation at 200 �C.
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(iv) which are stacked with random orientation to form (v) a
macroscopic sample (Fig. 9). It has to be noticed that the crystals
observed by Enax et al. [57] in enamel of shark teeth were about 5
times thinner (Fig. 8d and e) than the crystals observed in the
present study (Fig. 8a), but crystals and domains sizes of shells were
similar to those of the present samples (Fig. 8b and c). However,
natural materials present large crystalline domains whose orien-
tation is predefined and controlled, contrarily to the present ma-
terials where the domain orientation is uncontrolled. Also organic
layers are intercalated between the crystalline domains in natural
composites and bring some additional toughness (defined as
“intrinsic toughening” in Refs. [18,21]). This might be introduced by
impregnating the present porous and structured bioceramics with
a tough polymer. Indeed, substantial improvements have been re-
ported in the literature [58e61], for example a 7- to 13-fold in-
crease of BCP toughness with PCL [62].

In the present study, it has been established that crystal
texturing obtained by the conversion of a-TCP into CDHA leads to
extrinsic toughening: the degree of alignment and the size of do-
mains of coherent crystal orientation obtained by hydrothermal
conversion resulted in a substantial improvement of mechanical
properties, which was, however, still far too limited to provide
materials with load-bearing properties. On the other hand, the limit
of orientation and coherent domain size was not reached. Larger
mechanical improvements could thus most probably be obtained
by further controlling the size and the orientation of the aligned
domains. To reach this long-term goal, it appears important to
understand how a-TCP converts to CDHA crystals and what pa-
rameters affect this conversion. The phase transformation of a-TCP
to CDHA is therefore discussed thoroughly in the following
sections.

Hydration in water vapor converted a-TCP mainly into CDHA
(Fig. 5a and b), but two additional crystalline phases were also
detected by XRD: b-TCP (Fig. 5c) as an intermediate phase and DCP
(Fig. 5d). The presence of CDHA was expected because it is the
normal end-product of the hydration reaction of a-TCP. Contrarily,



Fig. 8. Various SEM pictures to highlight the similarity of the microstructures obtained in the present study with natural materials. a) and d) Synthetic hydroxyapatite obtained by
hydrothermal incubation for 24 h at 200 �C; b) Acanthocardia aculeate, Mediterranean shell; c) Aporrhais pespelecani, Mediterranean shell; e) Enamel of shark teeth [71]. Scale bars
are 1 mm in a) to d), but 200 nm in e).

Fig. 9. Hierarchical structure: 1. CDHA crystalline structure 2. in the form of needles, 3. assembled in bundles, 4. stacked with random orientation, 5. to obtain a macroscopic
ceramic block.
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the formation of b-TCP was more surprising because b-TCP is
generally obtained by solid state reaction above 700e800 �C [63].
However, a few recent studies have reported its precipitation in
non-aqueous systems [64e66] and in hydrothermal conditions
[67]. The second additional phase, namely DCP, appeared at the end
of the reaction, after CDHA formation (Fig. 5b, d). This explains why
the large prismatic crystals which have the typical morphology of
DCP crystals [68] were seen at the solid surface (Fig.1f). Since DCP is
only more stable than CDHA at low pH [69], its appearance suggests
an acidification of the reaction milieu over time, which was
confirmed by pH-papermeasurements indicating a value of about 4
in the solution. Chemically, acidification would occur if hydroxy-
apatite with a Ca/P molar ratio higher than 1.5 (x < 1) would form:

ð10� xÞ$Ca3ðPO4Þ2
þ 3$ð2� xÞ$H2O /3$Ca10�xðHPO4ÞxðPO4Þ6�xðOHÞ2�x

þ 2$ð1� xÞ$H3PO4 (3)

According to XRD data of calcined samples the overall Ca/P ratio
of the samples did not differ from 1.5 over time. The formation of
DCP, which has a molar Ca/P ratio of 1.0, must thus be compensated
by the formation of (CD)HA with a Ca/P ratio greater than 1.5
(x < 1). It is unclear whether the CDHA was depleted of its phos-
phate ions over time or whether a newly formed phase only con-
sisting of HA with a Ca/P ratio greater than 1.5 was formed beside
an initial CDHA with Ca/P ¼ 1.5.

The XRD results may suggest that a-TCP first converted to b-TCP,
which itself converted to CDHA and DCP. This phase stability order
(a-TCP < b-TCP < CDHA, DCP) is the same as the one observed in
slightly acidic conditions at room temperature [70,71]. Neverthe-
less, the formation of b-TCP as intermediate phase is intriguing.
Indeed, it is known that the precipitation of hydrated phases such
as brushite (dicalcium phosphate dihydrate, DCPD, CaHPO4$2H2O)
or octacalcium phosphate (OCP, Ca8H2(PO4)6$5H2O) are kinetically
favored in aqueous conditions, and as a result precipitate before the
most stable phases (DCP, HA) appear. Here, this scheme cannot be
used because the most stable phase (CDHA) is also the hydrated
phase. One alternative explanation could be that the pressure
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applied on the system is able to drastically lower the equilibrium
temperature between b-TCP and a-TCP, which is close to 1120 �C,
and thus favor the allotropic transformation of a-TCP into b-TCP, b-
TCP being 10% denser than a-TCP. The fact that b-TCP crystals could
not be identified on the SEM images support the allotropic trans-
formation mechanism. Despite the fact that it is assumed that a-
TCP was first converted to b-TCP and then CDHA or DCP, it is also
possible that part of the a-TCP was directly converted to CDHA or
DCP.

The reaction of a-TCP blocks with water vapor not only led to
chemical changes, but also to microstructural changes visible by
SEM (Fig. 1). The obtained microstructures were different from
those usually observed after hydration in physiological conditions
(See supplementary data, Figure S4). Whereas the sintered a-TCP
grains were a fewmicrometers large, the CDHA crystals were a few
hundred of nanometers wide and up to a few micrometers long,
aligned sometimes over hundreds of micrometers (Fig. 4). SEM
images suggest that CDHA nucleation occurred on exposed surfaces
(pores and cracks), followed by unidirectional progression into the
solid. These nucleation and growthmechanismswere confirmed by
the outcomes of the kinetic study (Fig. 5e and Table 1). Indeed, good
fits of the experimental curves were obtained with Avrami's
equation using a value of 1 for the n parameter, which indicate
punctual nucleation and linear progression of phase conversion
[72]. Using Avrami's equation, it was possible to calculate the
activation energies for each phase conversion. The values obtained
here for a-TCP and b-TCP conversion into DCP and CDHA (Fig. 5e)
were only slightly larger than 20 kJ/mol, which is a typical value for
reaction controlled reactions in aqueous solutions. From the reac-
tion rate, it is possible to estimate a minimum value for the diffu-
sion rate. The calculated value is close to 10�9 m2/s which is similar
to diffusion of hydrogen in water at room temperature [73] and
much higher than diffusion of atoms in solids. For example, it is
about 104 times faster than hydrogen diffusion in iron (a-Fe) at
25 �C [73] or about 100 times faster than carbon diffusion in g-Fe at
1000 �C [74]. In consequence the results suggest that diffusion
actually occurred in a condensed water layer on the surface of the
ceramic. The newly formed HA phase being denser (3.15 g/cc) than
the initial a-TCP phase (2.87 g/cc), it creates space for further
diffusion into the solid.

At low incubation temperature, CDHA needles grew both in the
initially solid regions (struts), and in the micropores. The needle-
like CDHA crystals were aligned and densely packed at the
former location of the dense struts (Fig. 2). In the initial micropore
regions, CDHA crystals were more loosely packed and less aligned
(Fig. 2a and c). Increasing the incubation temperature affected the
synthesized structures in two ways: first, recrystallization was
more and more confined to the initially dense parts. Second, the
crystal size in the initially dense parts (struts) increased with the
incubation temperature (Fig. 3), which may be attributed to
increased dissolution and diffusion rates.

5. Conclusions

CaP ceramics with highly aligned crystals were obtained by
hydrothermal transformation of sintered a-TCP blocks into CDHA
blocks. Complex architectures, with five hierarchical levels were
reached in pure CaP ceramic scaffolds. This was achieved by
recrystallization of sintered blocks in situ. The resulting crystals
were much thinner than the initial sintered grains and had an
elongated shape. The needles aligned over a distance depending
mainly on incubation temperature, thus forming oriented domains.
The higher the incubation temperature, the denser the crystals and
aligned domains were packed. Also, crystals became longer and
thicker.
One consequence of texturing CaP ceramics by hydrothermal
treatment was a 5-fold increase of work-of-fracture. The results
suggest that this increase was due to the so-called “extrinsic
toughening”mechanism, i.e. mainly crack deflection, as observed in
many natural materials. Interestingly, cracks were deflected at two
levels: around needle-like crystals, but also around aligned do-
mains, or bundles of crystals. Further improvement of mechanical
properties would require a better control over needle size, aligned
domain size and global domain orientation. Differences in vapor
pressure and diffusion rates between solid and pores might explain
packing differences at different temperatures; however the whole
recrystallization process is still unclear. Additives acting as growth
inhibitors or accelerators, like citrates, pyrophosphates or magne-
sium, while incubating at high temperature (200 �C) might lead to
reduced but even more confined growth of CDHA crystals.

The toughness could be even more enhanced by incorporation
of some organic phases by polymer impregnation, for example. In
this case, hydrothermal incubation at low temperatures might be
more adequate to preserve some porosity in between bundles, or
even crystals to allow proper polymer penetration.

Overall, the processing route described in this work provides an
effective pathway for the fabrication of highly textured calcium
phosphate-based ceramics exhibiting unique microstructural fea-
tures at multiple length scales.
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