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bstract

ricalcium phosphate (TCP) based biomaterials are excellent candidates in hard tissue engineering due to their similarity to the natural bone
omposition and outstanding properties. The presence of additives such as (Mg2+, Zn 2+, F−, CO3

2− and/or SiO4
−) in solid solution in the structure

f TCP, affects the stability of its different polymorphs and therefore the properties of TCP based biomaterials. It is known that the incorporation of
inc in TCP in the non-toxic level stimulates bone growth and its mineralization, hence its interest. Nevertheless its effect on phase assemblage and
icrostructure evolution has not been clearly established. The main purpose of this study was to synthesize TCP and zinc doped monophasic/biphasic

/�-TCP dense biomaterials, by solid-state sintering process, with different ZnO contents and controlled phase proportions and microstructure on

he final material. The effect of ZnO content and sintering temperature on phase assemblage, densification and microstructural evolution has been
nvestigated.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

The development of complete analog human bone tissue
aterials able to replace the mineral component is one of our
ajor challenges nowadays. As the inorganic part of the bone

s composed principally of Ca and P, there is an extensive use
f calcium–phosphate-based biomaterials1–4 in medical appli-
ations, for hard tissue replacement such as bone and tooth
mplants. The most widely used calcium phosphate based bio-
eramics are hydroxyapatite (Ca10(PO4)6(OH)2 – HAp) and
ricalcium phosphate (Ca3(PO4)2 – TCP). In the case of TCP its
xtensive use is related to its excellent biocompatibility, biore-
orbability and osteoconductivity.

TCP has three polymorphs �, � and �′ in order of increasing
emperature being only � and � the stable/metastable phases
t room temperature. One of the main drawbacks within the
se of TCP based biomaterials is related to the high dis-

olution rate and degradation of �-TCP (Ksp = 10−25.5) and
-TCP (Ksp = 10−29.5) when compared to HAp (Ksp = 10−58.6)
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t 37 ◦C.5 TCP based bioceramics4,6 are expected to degrade
n the host and be gradually replaced by the regenerating
one, meanwhile they act as a seed for the new bone and a
upplier of Ca2+ and PO4

3− ions. At early time, the degra-
ation of �-TCP based materials is mild and stimulates bone
ormation, whereas at longer time its rapid dissolution may
isturb the activity of host cells and generate adverse effects
n bone tissues.7,8 This high solubility of �-TCP decreases
he bone implant strength and therefore the “in vivo” exper-
ments are extremely dependent on the rate of dissolution
nd how it can be chemically modified. On the other hand,
Ap based materials are stable in the body fluid and the dis-

olution of well crystallized HAp in the human body after
mplantation is too low to achieve optimum results in biore-
orbility.

As the resorbability of a biomaterial depends principally on
ts dissolution rate,9,10 which depends on microstructure (phase
ssemblage, porosity, surface roughness, etc.) conditioning the
echanical performance of implanted materials in the body,
he understanding and the control of these parameters must be
aken into serious account. Therefore, due to the complexity
f calcium phosphate based biomaterials, further optimization
f these materials is still required nowadays. For this reason,

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.09.025
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Table 1
Main characteristics of the reagents used for the synthesis of pure and Zn tricalcium phosphate based materials.

Raw materials Purity (%) ρ25 ◦C (g/cm3) d50 (�m) as received d50 (�m) optimized Se (m2/g)

NH4H2PO4 Fluka ≥99.0 1.80 427.5 28.4 0.02
CaCO3 Panreac 99.0 2.61 16.7 16.7 0.11
ZnO Oxizinc-Agalsa 99.9 5.49 1.0 1.0 6.50
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Monosorb Quanta Chrome, respectively.

The Fourier transform infrared spectrum (FT-IR) was
recorded for all stoichiometric calcined powders in a

Table 2
Chemical composition of the different samples prepared.

Compositions wt% Ca/P ratio

ZnO CaO P2O5

TCP – 54.235 45.765 1.50 ± 0.01
0.125 Z 0.125 54.128 45.747 1.50 ± 0.01
n the last decades, a new approach has been considered in
rder to optimize synthesis, phase compatibility, microstruc-
ure, dissolution rate, mechanical resistance and osteogenesis
f tricalcium phosphate based biomaterials enhancing not only
one formation but also tissue regeneration. It consists in doping
CP with trace elements which do not break biocompatibil-

ty. Some of the chemical components which can be used as
dditives: CO3

2−, SiO4
2−, Mg2+, Zn2+, F−, Cl−, Na+ and K+,

re restricted to elements contained in natural bone.11,12 As the
inc content observed in human bone ranges from 0.0126 to
.0217 wt%, zinc is suggested in several studies13–16 and is
f particular interest because it is an essential trace element
hat stimulates bone growth and their mineralization.17 �-TCP
low temperature polymorph) is a potential zinc carrier18–20 that
an incorporate divalent cations with an ionic radius ranging
rom 0.060 to 0.080 nm, which is the case of Zn2+ (0.075 nm)
ecreasing its solubility “in vitro”.21 Zinc has been demon-
trated to have a variety of roles in the mammalian system
eing essential for growth in human and many animals, asso-
iating a zinc deficiency with bone growth retardation.22,23 Zn
eficiency has been associated not only with skeletal growth
etardation but also with premenopausal bone mass and post-
enopausal osteoporosis.24,25 Clinical trials have also shown

hat Zn supplementation inhibits postmenopausal bone loss26

nd osteoclastic bone resorption in vitro.27 However, zinc must
e released slowly from the implant because at an elevated level
t can induce adverse reactions.14

In this context, the control of �/�-TCP phase ratio and assem-
lage, chemically modified with ZnO on the final implant will
e interesting, allowing the development of biphasic Zn-TCP
ased materials with an enhanced combination of “in vivo”
tructural, mechanical and dissolution performances of both
hases. For this reason, the main purpose of this study was to
evelop zinc doped monophasic and biphasic �/�-TCP biomate-
ials with different ZnO contents and different phase proportions
f �/� polymorphs. The choice of the different Zn doped TCP
toichiometry compositions presented in this study was per-
ormed taking into account a previous research,28 in which
he isothermal section of ZnO–CaO–P2O5 ternary system at
00 ◦C was investigated. In particular the obtained data con-
erned to the phase compatibility regions and the solid solution
xtension region of Zn2+ in TCP in the rich tricalcium phos-
hate region of the system. This information was fundamental
n order to design the zinc doped tricalcium phosphate based
aterials with tailored composition and microstructure consid-
red in this research. The effect of ZnO content and sintering
emperature on phase assemblage and microstructure has been
nvestigated.

0
0
1

. Experimental

Different TCP and zinc doped TCP ceramics were syn-
hesized by conventional solid-state sintering process with a
revious calcination step of the homogenized powders. The raw
aterials used in this study were ultra pure NH4H2PO4 (≥99.0%
Fluka), CaCO3 (99.0% – Panreac) and ZnO (99.9% – Oxizinc-
galsa). Table 1 shows the main characteristics, average particle

izes, d50, and specific surfaces of the raw materials selected in
his research. As the as received precursors presented a wide
ispersion of particle sizes, first of all NH4H2PO4 was milled
ndividually in an attrition-mill in isopropyl media using zirco-
ia balls for 4 h in order to obtain an appropriate particle size
istribution to optimize further synthesis. The average particle
ize, d50, obtained after the milling step for NH4H2PO4 was
8.4 �m, closer to the other reagents used.

Compositions, summarized in Table 2, with 0, 0.125, 0.250,
.500 and 1.000 wt% ZnO doped TCP were prepared by mixing
he proper amounts of the previously milled reagent powders
n an attrition-mill using ZrO2 balls in isopropyl media for 2 h.
fter the milling step, the powders were oven dried at 60 ◦C

or 24 h, crushed and passed through a 63 �m sieve and cal-
ined at 900 ◦C for 2 h. Subsequently the calcined stoichiometric
owders were attrition milled again and sieved.

The stoichiometric powders before and after the calcined step
ere all thermal characterized by means of differential thermal

nd thermo-gravimetric analyses (DTA–TG) using a NETZSCH
TA 409 analyzer in order to study the kinetics of phase trans-
ormation processes and chemical reaction mechanisms up to
500 ◦C, with at a heating rate of 3 ◦C/min in a flowing air
tmosphere. Particle size distribution and specific surface area
f all the raw precursors and stoichiometric powders before and
fter the calcined step were evaluated by laser particle size ana-
yzer Mastersizer Malvern Instruments in ethanol media and
.25 Z 0.250 54.021 45.729 1.50 ± 0.01

.5 Z 0.500 53.806 45.694 1.50 ± 0.01

.0 Z 1.000 53.378 45.622 1.50 ± 0.01
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Fig. 1. (a) DTA and (b) TG curves obtained for stoichiometric

erkin-Elmer FTIR 1720X spectrometer using the KBr pellet
echnique. Briefly, a few milligrams of each sample were mixed
ith KBr in an agate mortar, pressed into disks, obtaining the
ifferent spectrum in the range of 4000–400 cm−1. In order to
dentify the crystalline phases present in all the calcined pow-
ers, XRD patterns were performed (angular range: 2θ = 10–70,
tep scan = 0.0335) using a Vantec D8 Advance (Bruker).

Subsequently, calcined powders were isostatically pressed at
00 MPa into cylinders of 10 mm in diameter and 4 cm long
nd then cut into 10 mm diameter 2 mm thick disks. The pellets
ere sintered at a heating rate of 3 ◦C/min up to 1000, 1100

nd 1250 ◦C in the case of pure TCP powders and 1150, 1200,
nd 1250 ◦C in the case of Zn-TCP powders for 12 h. Finally,
he samples were cooled to 1000 ◦C at a rate of 50 ◦C/min and
ubsequently at a rate of 10 ◦C/min up to room temperature. The
CP and Zn doped TCP materials obtained were characterized

n terms of compositional, structural and microstructural proper-
ies. Bulk density of the sintered samples was measured in water
sing the Archimedes method. Theoretical density was taken to
e 3.07 g/cm3 for �-TCP and 2.86 g/cm3 for �-TCP. The X-ray
iffraction patterns used to identify and quantify the crystalline
hases present in all the sintered powdered samples were per-
ormed using an angular range: 2θ = 10–90, step scan = 0.0197.
n order to quantify the different mineralogical phases present in
he XRD patterns a “modified” internal pattern method29 based
n the one proposed by Klug and Alexander, and Chung30–32

as carried out. This method was applied since it eliminates,
hrough a rigorous mathematical artifice, the effect of the mass
bsorption coefficients performing a calibration curve. Compo-
itions with 100�, 75�/25�, 50�/50�, 25�/75� and 100� (wt%)
ere obtained and used to establish the calibration curve. This
ethod is a simple and high accuracy method of quantification

etween phases with similar mass absorption coefficients.
Additionally, for all thermal treated compositions higher than

00 ◦C, the Ca/P molar ratio was determined by inductively
oupled plasma-optical emission spectroscopy (ICP-OES).

Microstructure was evaluated on polished and chemically
tched with acetic acid samples using a Field Emission Scanning
lectron Microscope, FE-SEM (Hitachi S-4700, Tokio, Japan),

quipped with Energy Dispersive Spectroscopy (EDS). Poros-
ty, grain size and phase proportion of the crystalline phases
resent was evaluated on polished and etched surfaces by using

C
Z
e
i

ures of pure TCP, 0.125 Z and 1.0 Z before the calcined step.

mage processing and analysis program (Leica Qwin Pro, Leica
icrosystems Imaging Solutions Ltd., Cambridge).

. Results and discussion

.1. Homogenized powder characterization

.1.1. DTA–TG analyses
Fig. 1 shows the DTA–TG curves obtained for stoichiomet-

ic homogenized powders only in the case of pure TCP, 0.125
and 1.0 Z, recorded from room temperature up to 1500 ◦C at
heating rate of 3 ◦C/min, before the calcined step. DTA–TG

urves were also recorded for the intermediate dopant con-
ent compositions; however as these results exhibit the same
eature as the ones presented in Fig. 1, they were not shown
n order to clarify the figure. According to the DTA curves
ecorded (Fig. 1a), three endothermic peaks were resolved up
o 1500 ◦C in all the compositions. The first thermal event,
ssociated with an endothermic peak at T ∼ 200 ◦C and exper-
mental weight loss of ∼13.5 wt%, according to the TG curves
Fig. 1b), can be attributed to the melting and partial decomposi-
ion of NH4H2PO4 (NH4H2PO4 ↔ NH3(g) + H3PO4(l)), since
RD patterns performed at 250 ◦C show peaks attributed only

o CaCO3. The second thermal event was associated with a
road endothermic peak in the range T ∼ 715–860 ◦C and exper-
mental weight loss of ∼14.8 wt% (Fig. 1b). The XRD patterns
erformed at 700 ◦C and 860 ◦C (not shown), allowed the identi-
cation of the thermal processes taking place in this temperature
ange. At 700 ◦C peaks associated to CaCO3 with decreased
ntensity compared to those obtained at 250 ◦C, peaks associated
o �-Ca(PO3)2 and small peaks attributed to HAp were observed
n the XRD patterns, which evidenced the partial decomposition
f CaCO3. In addition the XRD patterns performed at 860 ◦C
onfirmed the crystallization of �-TCP and the presence of a
mall amount of HAp and �-Ca2P2O7. No evidence of peaks
ssociated to CaCO3 was observed at this temperature, this result
as coincident with the total decomposition of the remaining

aCO3 left. Only in the case of composition 1.0 Z (1.000 wt%
nO) the crystallization of �-TCP can be associated with a small
xothermic peak at 836 ◦C which suggested that the ZnO content
n the compositions tends to activate the �-TCP crystallization.
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incorporation of Zn2+ into �-TCP structure, studied in more
detail in a previous research.19,28
ig. 2. FT-IR spectrum obtained for pure TCP, 0.125 Z and 1.0 Z calcined at
00 ◦C for 2 h.

Finally the third endothermic peak observed between
∼ 1440 and 1467 ◦C, depending on the composition, was

ttributed to the TCP polymorphic � → �′ transformation.
The samples exhibited a total experimental weight loss

etween 41.70% and 41.30% upon heating to 900 ◦C (Fig. 1b)
hich corresponded with TCP up to 1.0 Z composition. This

esult evidenced how the experimental mass loss decreased
lightly with the increasing ZnO content in the composition. The
heoretical values due to the evolution of the gaseous species
H2O, NH3 and CO2) were calculated for each composition:
CP, 0.125 Z and 1.0 Z to be 41.50%, 41.48% and 41.25%,

espectively. The total experimental mass losses obtained in the
G curves fitted with the theoretical values predicted.

It is possible to make a distinction between five different
hermal events associated with five weight losses up to 1500 ◦C
n all the compositions which were in accordance with a pre-
ious research.33 However, only two were associated in DTA
urves with the two endothermic peaks previously commented.
his puts into evidence that the different processes, during the

eaction path to �-TCP, take place sequentially. This is the case
f CaCO3 decomposition (250–860 ◦C) and the formation of
-Ca(PO3)2, HAp, �-Ca2P2O7 intermediate compounds.

Finally, from all this information what could be gathered from
he DTA–TG analyses was that at temperatures above 900 ◦C,
he elimination of H2O, NH3 and CO2 was completed in all the
omogenized powder samples.

.2. Calcined powder characterization

Taking into account the DTA–TG results obtained in Section
.1.1, the appropriate calcination treatment selected previous to
he future synthesis of the biomaterials in this study, was 900 ◦C
eld for 2 h. As in Section 3.1, all the calcined compositions were
tudied however only the data concerned to pure TCP, 0.125 Z
nd 1.0 Z were shown in Figs. 2–4.

.2.1. FT-IR analyses

In order to ensure the accuracy of the calcined treatment

arried out, FT-IR spectrum in the absorbance configuration in
he case of pure TCP, 0.125 Z and 1.0 Z calcined at 900 ◦C

F
p

ig. 3. XRD patterns obtained for pure TCP, 0.125 Z and 1.0 Z calcined at
00 ◦C for 2 h.

or 2 h were shown in Fig. 2. From the obtained results it can
e gathered that the main normal vibration modes observed
n all the compositions were associated to the PO4

3− ion.34,35

he peak observed around 940 cm−1 corresponds to the non-
egenerate P–O symmetric stretching mode ν1. The bands at 553
nd 605 cm−1 were attributed to the triply degenerate bending
ode ν4 and the band at ∼420 cm−1 to the double degenerate

ending mode ν2 which correspond to the bending vibrations
f the O–P–O bond. Besides, the band associated to the triply
egenerate asymmetric P–O stretching mode ν3 was observed
n the range 962–1062 cm−1. The absence of peaks associated
o vibration modes linked to NH4

+ and CO3
2− ions enhances

he effectiveness of the calcined treatment chosen in this study.

.2.2. XRD analyses
The XRD patterns recorded in the case of calcined pure TCP,

.125 Z and 1.0 Z compositions were displayed in Fig. 3. Well
rystallized peaks associated to �-TCP were observed in all
he compositions. The absence of diffraction peaks associated
o ZnO and the small displacement observed in �-TCP main
iffraction peak represented in the inset of Fig. 3 confirmed the
ig. 4. Particle size distribution obtained for pure TCP, 0.125 Z and 1.0 Z
owders calcined at 900 ◦C for 2 h.
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ig. 5. DTA curves (between 900 and 1450 ◦C) of TCP and Zn-TCP composi-
ions calcined at 900 ◦C for 12 h.

.2.3. Chemical analyses
The Ca/P molar ratio of all thermal treated composi-

ions higher than 900 ◦C was determined by ICP-OES to be
.50 ± 0.01.

.2.4. Particle size distribution and specific surface area
The particle size distribution was measured and represented,

ig. 4, in the case of pure TCP, 0.125 Z and 1.0 Z calcined
owders. A very narrow particle size distribution, reducing in
ne order of magnitude the d50 of the calcined powders when
ompared to the optimized ones (Table 1), was obtained in
ll powders previous to the sintering step. Close values of the
pecific surface area of 7.0 m2/g, 7.5 m2/g and 6.4 m2/g were
btained for calcined pure TCP, 0.125 Z and 1.0 Z powders,
espectively. These results were considered valuable for good
interability.

.2.5. DTA–TG analyses
To analyze the kinetics of phase transformation processes of

/�-TCP polymorphs as a function of the ZnO content, a differ-
nt calcination treatment was carried out in all the stoichiometric
omogenized compositions (Table 2). In this case the tempera-
ure was kept to be 900 ◦C, but it was held up to 12 h in order to
nsure well crystallized �-TCP phase in all the primary calcined
owders.
Fig. 5 shows the DTA curves of pure TCP and all Zn-
CP powders calcined at 900 ◦C for 12 h, recorded from room

emperature up to 1450 ◦C at a heating rate of 3 ◦C/min.

3

t

Fig. 7. Compared XRD patterns obtained for the different Zn-TCP composit
ig. 6. XRD patterns obtained for pure TCP up to 1000, 1100 and 1250 ◦C for
2 h.

ne endothermic peak was observed in all DTA curves. This
ndothermic peak was attributed to the � → � transformation.

According to the literature36,37 the � → � transformation
akes place in the temperature range which goes from 1125
o 1200 ◦C. In our case for pure TCP the rapid and reversible
ndothermic transformation � → � takes place at 1167 ◦C. For
he rest of the compositions we can see how this transforma-
ion shifts to higher temperatures, from 1192 ◦C up to 1278 ◦C,
ith the increasing ZnO content. Additionally, it is also evident

hat this endothermic event was progressively inhibited when
he ZnO content increases in the compositions, in particular in
he case of 1.0 Z, obtaining a smoother DTA curve leading to an
mportant inhibition of the transformation. This shift observed
n the polymorph transformation up to higher temperatures puts
nto evidence the stabilizing effect of zinc on the �-TCP phase
tructure.38

.3. Material characterization

Pure TCP and Zn-TCP materials were sintered by solid state
intering reaction from the previously calcined stiochiometric
owders. Samples were sintered at 1000, 1100 and 1250 ◦C in
he case of pure TCP and at 1150, 1200 and 1250 ◦C in the case
f Zn-TCP compositions. Subsequently they were characterized
n terms of structural and microstructural evolution.
.3.1. XRD analyses
Fig. 6 shows the XRD patterns recorded for pure TCP sin-

ered at three different temperatures for 12 h. At 1000 ◦C only

ions sintered up to: (a) 1150 ◦C, (b) 1200 ◦C and (c) 1250 ◦C for 12 h.
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Fig. 8. Quantification of (a) � and (b) �-TCP polymorphs in each sinte

iffraction peaks attributed to �-TCP were observed. When
he sintering temperature increased up to 1100 ◦C, we clearly
bserved that �-TCP phase had already begun to transform into
-TCP obtaining diffraction peaks attributed to both phases.
his transformation was fully completed when the sintering tem-
erature of 1250 ◦C was reached, obtaining peaks exclusively
ssociated to �-TCP polymorph.

The collection of the XRD patterns obtained for all the Zn-
CP compositions sintered at 1150, 1200 and 1250 ◦C for 12 h
as illustrated in Fig. 7. A comparative XRD study within

he different zinc content in each composition versus the sin-
ering temperature is displayed in Fig. 7(a)–(c). As a whole,
hese results give a very illustrative and complete mapping of
ll the different possible microstructure material configurations
Zn doped �-TCP, Zn doped �-TCP or Zn doped biphasic �/�-
CP) attending to phase assemblage, zinc content and sintering

emperature when designing Zn-TCP based biomaterials in the
uture. In addition the phase proportions of both polymorphs as
unction of ZnO content for each sintering temperature has been
uantified from the XRD patterns previously obtained using a
modified” internal pattern method.29

Fig. 8 shows the wt% �-TCP and wt% �-TCP phases as func-
ion of the wt% ZnO content in each composition and for each

emperature. In Fig. 8a, we can clearly observe how the �-TCP
hase proportion is increasing with the increase ZnO content in
he composition when we keep constant the sintering tempera-
ure and decreases with the increase of the sintering temperature

t
t
t
t

Fig. 9. Densification of (a) pure TCP and (b) Zn-TCP
n-TCP material as function of ZnO content and sintering temperature.

or constant ZnO content. The opposite behavior is observed for
-TCP (Fig. 8b).

From these results the main conclusion we can extract was
hat the incorporation of zinc in TCP structure is stabilizing �-
CP phase up to higher temperatures. Consequently we are able

o obtain zinc doped �-TCP based materials nearly up to 1200 ◦C
hen we incorporate 1 wt% ZnO. This result is in accordance
ith the previous reported data obtained in the DTA analyses.

.3.2. Densification
The effect of the sintering temperature and the ZnO content

n the densification of pure and ZnO doped �/�-TCP based
aterials has also been assessed. Fig. 9 shows the densification

f each sintered composition as a function of temperature. In the
ase of pure TCP (Fig. 9a), the densification increases from 75%
p to 90% in the temperature range of 1000–1100 ◦C and then
ecreases up to 82% at 1250 ◦C. This last remarkable decrease in
he densification was attributed to the complete transformation
f �-TCP into �-TCP polymorph in pure TCP, which is a less
ense phase than �-TCP. The total porosity achieved in pure
CP based materials varied in the range 10–25%.

In the case of the Zn-TCP compositions (Fig. 9b) two effects
ere observed. There was an initial decrease of the densifica-

◦
ion with the sintering temperature up to 1200 C in most of
he samples, due to the increase of the �-TCP proportion in
he compositions. Although �-TCP phase proportion continued
o increase with temperature up to 1250 ◦C, according to the

compositions versus the sintering temperature.
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Fig. 10. FE-SEM images of different Zn-TCP compositions: (a), (c), (e) and (g) sintered at 1150 ◦C and (b), (d), (f) and (h) sintered at 1250 ◦C.
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up to 1250 C the almost horizontal slope observed in the den-
RD patterns previously commented the higher densification
chieved for most compositions may be due to the increase of
he sintering temperature which was the driving force enhanc-
ng sinterability up to 1250 ◦C. In these cases the theoretical
ensity percentage increased around 5–8% in the temperature

ange from 1200 to 1250 ◦C. Only in the case of sample 1.0

we observed some differences, as the densification increases
p to 1200 ◦C and then slightly decreased. This behavior can

s
m
b

e explained taking into account that the small increase of �-
CP phase proportion (∼7%) up to 1200 ◦C, was not sensitive
nough to produce a shift in the densification curve, being the
intering temperature the dominant effect in this case. Contrary,

◦

ification curve evidenced that both effects contributing were
ore or less balanced. The total porosity achieved in Zn-TCP

ased varied in the range 8–17%.
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.3.3. Microstructural evolution
In order to carry out the microstructural assessment of the

intered obtained materials, the samples were previously chem-
cally etched with diluted acetic acid (1:9) for 30 s. Fig. 10
hows the chemically etched FE-SEM images collected of all
inc doped TCP compositions sintered at 1150 ◦C and 1250 ◦C
or 12 h.

In the case of 0.125 Z and 0.25 Z compositions (ZnO content
0.250 wt%) sintered at 1150 ◦C (Fig. 10a and c), the presence

f two different phases in the microstructures can be observed
n the micrographs. The �/� phase proportion quantifications
btained from the XRD patterns, allowed the identification of
hese two phases, which were pointed out in the micrographs
or better clarity. The smother and coarse phase, less suscep-
ible to the chemical attack, was attributed to �-TCP whereas
he much rougher and rounded phase higher susceptible to the
tching process carried out corresponded to �-TCP. In both
ases �-TCP comprises the matrix of the material, whose mor-
hology is composed of quasi-equiaxial grains homogenously
istributed, being smaller (∼5–10 �m) than those of �-TCP
∼10–15 �m). Contrary, the disposition of the �-TCP crystals
ithin the microstructure, constitute some kind of elongated

ggregates. According to 0.5 Z and 1.0 Z compositions (ZnO
ontent ≥0.500 wt%) also sintered at 1150 ◦C (Fig. 10e and g),
onophasic microstructures constituted of a homogenous and

ontinuous matrix of �-TCP crystals (≤10 �m), were observed
n both cases. The crystals and the grain boundaries appear to
e well defined within the etching process carried out. Finally,
slight decrease of the grain size of �-TCP phase as the dopant
ontent increases in the range 0.250–0.500 wt% ZnO at 1150 ◦C,
an be gathered from the image analyses performed on the col-
ection of the micrographs recorded.

In a similar way, in the case of the materials sintered at
250 ◦C for 12 h, compositions 0.125 Z and 0.25 Z (ZnO content
0.250 wt%) exhibit similar textures composed of a majority
-TCP matrix (Fig. 10b and d). Moreover, some scarce and iso-

ated crystal nucleation of �-TCP crystals observed in a higher
roportion in composition 0.25 Z (17%) when compared to
omposition 0.125 Z (5%), embedded in the �-TCP matrix can
e noticed (Fig. 10d). Furthermore, in compositions 0.5 Z and
.0 Z (ZnO contents ≥0.500 wt%) a biphasic configuration is
vident from the microstructures. The �-TCP phase still con-
titutes the continuous matrix in the micrographs. The main
ifference observed when compared to the lower dopant content
icrostructures sintered at 1250 ◦C, is the important increase in

he amount of �-TCP phase and the grain growth of �-TCP
rains with the increasing ZnO content. In the case of 1.0 Z
Fig. 10h), they constituted the same elongated arrangement
bserved at low temperature (0.125 Z and 0.25 Z at 1150 ◦C)
intered materials. The increase in the grain size is more evident
n 1.0 Z composition obtaining a mean grain size of ∼20 �m.

According to the phase assemblage of the biphasic �/�-TCP
icrostructure configurations obtained in the case of the 0.125
and 0.25 Z sintered materials at 1150 ◦C (Fig. 10a and c)
ompared to the ones achieved for compositions 0.5 Z and 1.0
sintered at 1250 ◦C (Fig. 10f and h), it can be gathered that

-TCP phase appears to be considerably more homogenously

R
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istributed at 1250 ◦C than at 1150 ◦C. For almost equal phase
roportions of �/�-TCP polymorphs, obtained in 0.125 Z,
=1150 ◦C (Fig. 10a) and 0.5 Z, T = 1250 ◦C (Fig. 10f), the
-TCP phase distribution in the material is clearly more homoge-
ous in the case of the highest dopant percentage. In addition,
rom the biphasic microstructural material configurations, it can
e extracted that the Zinc may be involved in topotactic transfor-
ation, acting as an inhibitor during the � → � transformation.
his fact could be related to the crystal structure of �-TCP,39,40

hich has a rhombohedral structure (space group R3c), that
an be described by A and B columns running along the c axis.
reviously,18,19 it has been described how this structure can

ncorporate lower sized Zn2+ (0.075 nm) at the higher sized Ca2+

ites, occupying preferentially the Ca(5) sites in �-Ca3(PO4)2
tructure. As the ZnO content increases in the compositions,
ore Ca(5) positions were occupied in the A columns of �-TCP

rystal structure. This will motivate a wider and more homoge-
ous distribution of Zn2+ in �-TCP structure, retaining this phase
n more areas of the microstructure up to higher temperatures,
ntil the total transformation to �-TCP phase takes place.

Consequently, from the results obtained in this section, it
an be gathered that the control of the ZnO dopant content and
he sintering temperature allows the development of different

icrostructural material configurations attending to �/�-TCP
hase assemblage and proportions. This result is very interesting
rom the viewpoint of the development of tailored biomaterials
or future hard tissue replacement demand applications.

. Conclusions

TCP and Zn doped TCP dense based biomaterials were syn-
hesized by two step solid-state sintering process.

The effect of ZnO on the � → � tricalcium phosphate poly-
orphic transformations has been established. The increasing

n the polymorphic transformation temperature � → � TCP is
esult of the stabilizing effect of Zn2+ on the �-TCP structure, in
hich thermal stability of �-TCP phase ranged from 1167 ◦C in

he case of pure TCP up to 1278 ◦C in the case 1.000 wt% ZnO
oped TCP.

The tailoring of the microstructure phase assemblage with
ifferent �/�-TCP polymorphs configurations can be gathered,
ust by modulating the sintering temperature and the ZnO con-
ent in the compositions. This result allowed the design of �-TCP

onophase bioceramics and biphasic �/�-TCP bioceramics at
150 ◦C and 1250 ◦C respectively with improved densification.
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