
Ceramics International 49 (2023) 19569–19577

Available online 11 March 2023
0272-8842/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Review article 

Synthesis and properties of Zn and Zn–Mg-doped tricalcium phosphates 
obtained by Spark Plasma Sintering 

Maria Antonia Sainz *, Sara Serena, Angel Caballero 
Institute of Ceramics and Glass (ICV-CSIC), Madrid, Spain   

A R T I C L E  I N F O   

Handling Editor: Dr P. Vincenzini  

Keywords: 
TCP 
Zn-TCP 
Zn–Mg-TCP 
Spark plasma sintering 
Mechanical characterization 
Biological behavior 

A B S T R A C T   

β-tricalcium phosphate (Ca3(PO4)2 or TCP) are essential biomaterials because of the chemical composition, high 
biocompatibility and osseointegration. However, their limited mechanical properties restrict their use to areas 
where high mechanical performances are not required. Spark Plasma Sintering (SPS) was selected out of the 
unconventional sintering methods in order to obtain high-density doped-TCP bioceramic materials. The main 
advantages of SPS are a high heating rate, low sintering temperatures and short residence times, producing 
bioceramics with full density and fine-grain microstructure. The main purpose was to design, obtain by SPS and 
characterize undoped β-TCP, 1ZnO-doped β-TCP and 1ZnO-1MgO codoped β-TCP (wt. %) bioceramics. All the 
obtained samples were visually semitransparent and mainly β-TCP was detected by X-ray analysis. Densification 
behavior was determined by Archimedes’ method and microstructural features of the sintered specimens were 
analyzed by Field Emission Scanning Electron Microscopy (FE-SEM-EDX). The undoped and doped β-TCP bio-
ceramics were mechanically characterized, specifically the modulus of elasticity and Vickers microhardness. The 
results are compared with equivalent samples obtained by conventional solid-state sintering (CS) reaction. A first 
study of biological behavior was carried out, specifically direct cell adhesion of MG-63 human osteoblast-like 
cells on the polished surfaces of β-TCP, 1ZnO-β-TCP and 1ZnO–1MgO-β-TCP dense samples were determined. 
The present study concludes that the SPS process together with the doping effect enhanced sinterability, me-
chanical and biological properties of Zn-TCP and Zn–Mg-TCP based materials.   

1. Introduction 

Calcium phosphate biomaterials have been developed as a synthetic 
alternative for the bone fixation and replacement of damaged or lost 
bones caused by tumor resection, traumas or malformations. The main 
objective is to design a material capable of supporting the initial loads, 
transferring them progressively to the new bone during its degradation. 
Calcium phosphate ceramics although could be considered the “ideal” 
biomaterials, due to their chemical composition, high biocompatibility 
and osseointegration [1], present the inconvenience of their limited 
mechanical properties [2,3]. Its mechanical strength is severely affected 
by the difficulty to sinter highly dense β-TCP polymorph materials due to 
the low temperature β→α-TCP phase transition (1125 ◦C [4,5]) which 
involves a large expansion (7%) causing microcracks and its high 
dissolution in the human biological environment, compared to new bone 
development during the progressive degradation of old bone [6,7]. 
These facts restrict their use to areas where high mechanical perfor-
mances are not required, such as coatings on metal prostheses, 

composite materials and calcium phosphate cements. In order to 
improve the materials sinterability, few authors report on electrical 
assisted sintering methods to obtain dense TCP at lower temperatures. 
Frasnelli et al. [8] obtained TCP with high density by flash sintering, an 
electrical field assisted consolidation, and Zhang et al. [9] and Kawagoe 
et al. [10] who prepared dense β-TCP ceramics by Spark Plasma Sin-
tering (SPS), a pressure-assisted pulsed-current process in which the 
powder samples are sintered under a uniaxial pressure. Recently, other 
authors report the sintering of ceramics at low temperature by cold 
sintering process [11], obtaining samples for calcium phosphate mate-
rials between 75 and 85% of theoretical density [12]. 

The interest in Zn2+ and Mg2+ as TCP dopants is that they signifi-
cantly increase the range of thermal β→α-TCP phase transition, 
improving the stability of the β-TCP phase [13–15] and also the bone 
metabolism. This point is of particular interest because both polymorphs 
of TCP are biodegradable and release Zn, Mg, Ca and P to the human 
biological environment. Zinc is a very important trace element in the 
human body that is useful to promote biological functions [16–18]. 
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Thus, due to its excellent osteogenic properties zinc helps in bone for-
mation and calcification and DNA formation [19]. Recently, the anti-
bacterial properties of Zn have also been put in evidence, which opens 
up a new scope of fabricating implants containing zinc with improved 
antibacterial properties [19–21]. Moreover, magnesium plays an 
important role in bone remodeling, proliferation and stimulation of 
osteoblastic cell growth and DNA stabilization [22–25]. 

In the present work, we used the unconventional sintering method 
Spark Plasma Sintering (SPS). This method consist in applying a pulsed 
electric current and a uniaxial mechanical pressure during the thermal 
cycle for obtaining high-density ceramic materials. The main advantages 
of the SPS compared to the conventional sintering methods used so far, 
are a faster heating rate and lower-temperature sintering which allows 
controlling the microstructural development, limiting the crystalline 
size and driving to high-density materials with better mechanical 
properties. In this way, Zhang et al. [9] and Kawagoe et al. [10] pre-
pared macroporous calcium phosphate scaffolds from nanocrystalline 
powders and transparent β-TCP ceramics by SPS respectively with the 
aim of optimizing microstructure to improve TCP mechanical proper-
ties. However, the effect of SPS on the properties (and specifically me-
chanical properties) of Zn-doped TCP and Zn, Mg codoped-TCP have not 
been reported. The aim of this research is to discuss their properties and 
improve the scope of the biomedical application of doped TCP 
biomaterials. 

For this purpose, SPS sintering tests were carried out on doped (1.0 
ZnO wt. % and 1.0 ZnO-1.0 MgO wt. %), and undoped samples of TCP. 
These compositions were chosen taking into account previous results, in 
which the solid solution extension region of Zn2+ in the TCP structure 
system was delimitated [26]. A sintering temperature of 1100 ◦C/5min 
was selected and 50 MPa of load was applied automatically during the 
process; all the tests were carried out in a vacuum atmosphere of 4 MPa. 
A complete physical, chemical, microstructural and mechanical char-
acterization of SPS biomaterials obtained was carried out. The results 
were compared with materials obtained by conventional pressureless 
solid-state sintering in air at 1100 ◦C for 12 h, at a heating/cooling rate 
3 ◦C/min. Finally, the direct interaction of undoped β-TCP, 1ZnO-TCP 
and 1ZnO–1MgO-TCP dense biomaterials with MG-63 osteoblasts cells 
was analyzed. 

2. Material and methods 

2.1. Materials 

The commercial raw materials used in this study were ammonium 
dihydrogen phosphate (NH4H2PO4, purity ≥99.0%, Fluka, with a spe-
cific surface = 0.1 m2/g and d50 = 427.5 μm), calcium carbonate 
(CaCO3, purity ≥99.0%, Panreac, with a specific surface of 1.1 m2/g and 
d50 = 16.7 μm), zinc oxide (ZnO, purity ≥99.9%, Agalsa, with a specific 
surface of 6.5 m2/g and d50 = 1.0 μm) and magnesium oxide (MgO, 
purity ≥97.0%, Merck, with a specific surface of 26.0 m2/g and d50 =

13.0 μm). As the powder precursors presented a wide dispersion of 
particle sizes specially NH4H2PO4, this compound was previously milled 
in an attrition-mill in isopropyl media using zirconia balls for 4 h. The 
average particle size obtained was d50 = 28.4 μm, closer to the other 
reagents used. 

The selected compositions were undoped β-TCP (named TCP), zinc 
oxide doped-TCP (named 1Z-TCP) and zinc oxide-magnesium oxide 

codoped TCP (named 1Z-1M-TCP). The compositions selected in oxides 
are shown in Table 1. 

The compositions studied were prepared by mixing starting powders 
in an attrition-mill using Y-ZrO2 balls in isopropyl media for 4 h. After 
the milling step, the powders were oven dried at 60 ◦C for 24 h, crushed 
and sieved through a 63 μm mesh. Subsequently, the compositions were 
synthesized by conventional solid-state sintering at 900 ◦C for 4 h ac-
cording to Carbajal et al. [13]. 

The synthesis of undoped, doped and codoped compositions for 
obtaining β-TCP materials was completed according to the following 
reactions.  

3 CaCO3 + 2 NH4H2PO4 →Ca3(PO4)2 + ↑3H2O + ↑2 NH3 
+↑3CO2                                                                           (equation 1)  

X ZnO + (3-X) CaCO3 + 2 NH4H2PO4 →[ZnXCa(3-X)](PO4)2 + ↑3H2O + ↑2 
NH3 +↑(3-X) CO2                                                             (equation 2)  

X ZnO + Y MgO + (3-X-Y) CaCO3 + 2 NH4H2PO4 →[ZnXMgYCa(3-X-Y)] 
(PO4)2 + ↑3H2O + ↑2 NH3 +↑(3-X-Y) CO2                         (equation 3) 

After synthesis, compositions were milled in an attrition-mill using 
Y–ZrO2 balls in isopropyl media for 2 h. After the milling step, the 
powders were oven dried at 60 ◦C for 24 h, crushed and sieved through a 
63 μm mesh. The specific surface and average grain size were 7.0 m2/g 
and d50 = 1.07 μm respectively. 

2.2. Thermal treatment 

The SPS sintering tests of β-TCP powders previously obtained were 
performed in the SPS furnace (SPS-510CE, SPS Syntex Inc, Japan). Cy-
lindrical pellets with a diameter of 20 mm and 4 mm thickness were 
obtained by uniaxial pressing of synthesized powders (4 g.) at 2 MPa. 
Before SPS treatment, samples were fully covered with a Pt jacket in 
order to avoid carbon contamination from the graphite furnace and were 
placed in a graphite crucible and sintered by pulse-current pressure 
firing. A sintering temperature of 1100 ◦C for 5 min was selected 
(temperature lower than that of β→α-TCP total transformation) at a 
heating rate of 50 ◦C/min between 50 and 800 ◦C and 25 ◦C/min be-
tween 800 and 1100 ◦C in order not to exceed said temperature during 
test. Temperature was controlled with a pyrometer focalized in a hole 
drilled on the surface of the graphite die. A uniaxial load of 50 MPa was 
applied during the heating holding cycle and subsequently was reduced 
to 20 MPa on cooling. All tests were carried out in a vacuum atmosphere 
of 4 MPa. At least 4 runs were performed for each composition. 

Sintering parameters, voltage, current intensity, temperature, vac-
uum pressure, uniaxial pressure and displacement with respect to the Z- 
axis (dz) were recorded continuously during tests. 

For comparative purposes, conventional sintering CS tests were 
performed in samples with a diameter of 10 mm and 4 mm thickness 
prepared from cylindrical pellets obtained by isostatic pressing at 200 
MPa of synthesized powders. Samples were placed in a Pt crucible to 
avoid contamination and were pressureless sintering in air at 1100 ◦C for 
12 h, at a heating/cooling rate of 3 ◦C/min. 

2.3. Characterization of powders and samples 

High temperature dilatometry was performed in a differential 

Table 1 
Compositions selected.  

Named compositions % Weight % Mol 

ZnO CaO P2O5 MgO ZnO CaO P2O5 MgO 

TCP – 54.235 45.765 – – 75.00 25.00 – 
1Z-TCP 1.000 53.377 45.623 – 0.956 74.044 25.000 – 
1Z-1M-TCP 1.000 52.200 45.800 1.000 0.952 72.125 25.000 1.923  
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dilatometer Netzsch 407/E, from plane-parallel cylinders of 10 mm 
diameter and 8 mm high obtained from isostatic pressing at 200 MPa of 
synthetized initial powders. Cylinders were treated at a heating rate of 
3 ◦C/min up to 1400 ◦C. During data treatment, the expansion/ 
contraction of the support, determined in a previous calibration process, 
was subtracted. 

TCP, 1Z-TCP and 1Z-1M-TCP SPS-materials were characterized in 
terms of compositional, structural, mechanical and biological proper-
ties. Linear shrinkage (dz) curves versus temperature from SPS process 
were analyzed. Densities of the sintered samples were determined using 
the Archimedes method in water and 3.08 g/cm3 was the density value 
taken as reference to undoped β-TCP. Identification of crystalline phases 
was performed from by X-ray diffraction (XRD) measurements in Bragg- 
Brentano geometry using a Bruker D8 Advance diffractometer (Bruker, 
Germany) with lynx eye and monochromatic Cu Kα1 (λ = 1.5406 Å) 
radiation. Phase identification was done using PDF-2 release 2000 
crystallographic database using ICDD’s integrated data. The Ca/P, Ca +
Zn/P and Ca + Zn + Mg/P molar ratio was determined by inductively 
coupled plasma-optical emission spectroscopy (ICP-OES IRIS ADVAN-
TAGE (Thermo Jarrel Ash, USA)) for all thermal treated compositions 
studied. The surface rough of the sintered polished disks was determined 
using a PerthometerM1 (Mahr GMbH, Germany). The obtained rough-
ness parameters were Ra = average roughness and Rz = mean roughness 
depth (ISO 4287). 

Microstructure, porosity and grain size of the crystalline phases 
present were evaluated on polished and chemically etched with acetic 
acid (10%) samples using a Field Emission Scanning Electron Micro-
scopy FE-SEM (Hitachi S-4700, Tokio, Japan), equipped with Energy 
Dispersive Spectroscopy (EDS). Mechanical properties were character-
ized on polished samples by Vickers microhardness using a Zwick/Roell, 
Zhu 2.5 equipment (Zwick GmbH & Co. KG, Germany). A load of 98 N 
for 15s was applied. A total of 15 indents per samples were measured. 

The evaluation of “in vitro” direct cell-surface material adhesion, 
distribution and morphology was evaluated using a confocal laser- 
scanning microscope (CLSM, TCS SP2; Leica Microsystems, Germany). 
The images obtained were acquired and processed using the Leica 
confocal software (version 2.0). MG-63 human osteoblasts-like cells 
were cultured in flasks containing 12 ml of culture medium with 1% of 
penicillin + glutamine. Cells were maintained at 37 ◦C in a humidified 
atmosphere of 5% CO2 in air, the medium was changed every 2–3 days 
until confluence following the procedure described by Carbajal et al. 
[14]. After 48 h, the samples were evaluated for cell adhesion, distri-
bution and morphology using a confocal laser scanning microscope 
(CLSM Leica). For this reason, the samples were removed from the well 
plates, covered with PBS and stored in the dark. CLSM images were 
acquired and processed using Leica Software. Each experiment was 
repeated with five samples. 

3. Results and discussion 

3.1. Sintering process 

Advanced (SPS) sintering process was monitored by registering the 
displacement with respect to the Z-axis in the contraction curve for SPS 
samples, with a heating rate of 50 ◦C/min between 50 and 800 ◦C and 
25 ◦C/min between 800 and 1100 ◦C. For conventional sintering (CS) 
samples were monitored by high temperature dilatometry (HTDIL) 
curves, recorded at a heating rate of 3 ◦C/min. The contraction data, 
recorded in the SPS curves, were corrected to subtract the signal due to 
graphite, which was obtained in a previous calibration process in the 
same conditions. In the case of HTDIL, expansion of the support and the 
probe determined in a previous calibration process, were also 
subtracted. 

From Fig. 1 different points should be considered. First, shrinkage 

Fig. 1. Linear shrinkage and lineal shrinkage rate (dz/dT) curves as a function of temperature of undoped and doped TCP samples are shown. a and c) CS samples up 
to 1400 ◦C, with a heating rate of 3 ◦C/min; b and d) SPS tests up to 1100 ◦C, with a heating rate of 50 ◦C/min between 50 and 800 ◦C and 25 ◦C/min between 800 
and 1100 ◦C. 
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starts at 850 ◦C and 950 ◦C in the case of SPS and CS samples respec-
tively and the slopes of the curves in SPS tests (Fig. 1b) fall faster than 
the equivalent curves obtained in CS tests (Fig. 1a). All the shrinkage 
curves have two steps, shrinkage due to particle rearrangement and 
densification and further sintering. A slight expansion effect was 
observed in undoped TCP and 1Z-TCP CS samples. 

Second, it is noteworthy that the behavior of undoped-TCP and 1Z- 
TCP was very similar in terms of shrinkage and showing only a slight 
temperature increase in the end of shrinkage. It is also relevant that 1Z- 
1M-TCP sample shows in both tests a significantly higher shrinkage and, 
especially in CS tests, the highest temperature, 1300 ◦C, at which 
shrinkage ends. In SPS tests, shrinkage ended between 1000 and 
1025 ◦C, in all samples. Moreover, the temperatures of maximum 
shrinkage in CS test were 1182 ◦C, 1250◦ and 1300 ◦C for undoped-TCP, 
1Z-TCP and 1Z-1M-TCP respectively (Fig. 1a), and between 1000 and 
1025 ◦C, for all samples in the case of SPS test (Fig. 1b). As a conse-
quence, SPS treatment always leads to maximum shrinkage at temper-
atures 150-300 ◦C lower than CS. 

At working temperature in both CS and SPS test, permanent liquid 
phase is not a stable phase according to the information supplied by 
Ca3(PO4)2–Zn3(PO4)2, Ca3(PO4)2–Mg3(PO4)2 and Ca3(PO4)2–Zn3 
(PO4)2–Mg3(PO4)2 phase equilibrium diagrams [26–28]. Therefore, it 
can be suggested that both sintering processes took place in solid state. 
Nevertheless, SPS process occurs through complex mechanisms 
involving evaporation from particle surface, formation of a plasma or a 
hot polarized gas, surface and volume diffusion and condensation in the 
gap left between particles [29]. These mechanisms should be the cause 
of the differences found during sintering between both thermal 
treatments. 

The study of the shrinkage rate curves give us some insights to un-
derstand the differences in the behavior of the samples during heating. 
Fig. 1 shows the lineal shrinkage rate of CS (Fig. 1c) and SPS (Fig. 1d) 
samples versus temperature. The shrinkage rate curves of CS samples 
show specific points, which put in evidence the different and sequential 
processes that occur during densification step. On the contrary, in SPS 
tests, only one point of maximum shrinkage rate was observed in all 
samples, indicating that densification takes place in a single step. 

Focusing on the case of CS samples (Fig. 1c), the maximum of 
shrinkage rate of undoped TCP sample occurs in the range of 1075◦C- 
1170◦. At higher temperature a sudden decrease in the shrinkage rate is 
detected and finally a weak peak is observed at 1195 ◦C which can be 
related to the slight expansion effect detected in the shrinkage curve of 
TCP (Fig. 1a) previous to the end of densification. In the sample 1Z-TCP 
a continuous increase of shrinkage rates up to 1075 ◦C is observed and 
from this temperature a progressive decrease of shrinkage rate is 
detected up to 1270 ◦C when a sharp peak is observed in good agreement 
with the expansion effect detected in Fig. 1a. Sample 1Z-1M-TCP shows 
a first step of maximum shrinkage rate between 1140◦ to 1240 ◦C, fol-
lowed of a sharp increase of shrinkage rate up to 1270 ◦C from which a 
sudden decreases of shrinkage rate takes place again associated to the 
end of densification. 

In the case of SPS treatment (Fig. 1d), the shrinkage rate of all 
samples was greater than CS tests and the maximum shrinkage rate took 
place at the same temperature (900 ◦C), which is clearly lower to that of 
the β to α-TCP transformation and as a consequence no expansion effect 
was detected in these samples. In this SPS treatment, it can be concluded 
that densification process took place in one-step, being remarkable that 
the temperature of beginning and end of the densification process were 
similar in all studied samples. 

The behavior observed in CS samples can be explained in terms of the 
β to α-TCP transformation on heating. The maximum shrinkage rate, in 
all samples, takes place during densification process at temperatures 
lower than β→ α-TCP transformation [4,5] and the expansion effect 
observed in undoped TCP and 1Z-TCP sample at higher temperature was 
the consequence of the volume increased produced by β to α-TCP 
transformation. On the other hand, no expansion effect at high 

temperature was observed in 1Z-1M-TCP composition indicating that 
β→ α-TCP transformation did not occur in this sample in the range of 
temperature studied. The behavior of codoped sample is justified by the 
strong stabilizing effect of Mg2+ + Zn2+ ions on β-TCP phase, which 
delays the start of the β to α polymorphic transformation of TCP, in good 
agreement with the information supplied by the corresponding phase 
equilibria diagrams [26–28]. The stabilizing effect of both cations is 
associated to the substitution of Ca2+ in the structure of β-TCP, in Ca(5) 
position [30,31]. Furthermore, these diagrams also show that Mg2+

compared to Zn2+ stabilizes β-TCP in a greater range of temperatures 
and compositions. Therefore, the presence of Zn2+, in sample 1Z-TCP, 
delays the end of densification and the beginning of the β→α trans-
formation by approximately 75 ◦C compared to undoped TCP sample. 
On the other hand, the end of densification is delayed more than 150 ◦C 
in the case of 1Z-1M-TCP composition. 

These results revealed the differential effect produced by the solid 
solution of 1% ZnO +1% MgO respect to solid solution of 1% of ZnO 
which is attributed not only to a higher dopant content (2% vs 1%) but 
also to the greater stabilizing effect of magnesium compared to zinc as 
was previously mentioned. 

3.2. Characterization of SPS samples 

The XRD qualitative Rietveld analysis of the crystalline phases pre-
sent in sintered SPS samples, allowed us to identify the characteristics 
diffractions of β-TCP (ICDD No. 70–2065) in all samples and a small 
amount of Hydroxyapatite (HAP) (ICDD No 86–0740) in undoped and 
1Z-TCP samples (Fig. 2). Codoped sample consisted of β-TCP while 
undoped TCP and 1Z-TCP samples consisted of β-TCP and around 5% 
and <2% of HAP respectively. Likewise, the absence of diffractions 
associated with ZnO or MgO presence together with the slight 
displacement observed in the main diffraction of β-TCP, higher in the 
case of codoped samples, enlargement Fig. 2, confirmed the incorpora-
tion of Zn2+ and Mg2+ in solid solution, substituting to Ca2+ into the TCP 
crystal structure. 

An inductively coupled plasma-optical emission spectroscopy (ICP- 
OES) analysis showed that (Mg + Zn + Ca)/P molar ratio of sintering 
samples was 1.52 ± 0.02 indicating that samples were slightly enriched 
in calcium oxide, which justifies the presence of the small amount of 
hydroxyapatite observed in XRD of undoped and 1Z-TCP SPS samples. 

The evolution of lattice parameters of β-TCP phase of SPS samples 
was also established (Table 2). A decrease in lattice parameters with the 
increase in dopant content was observed. 

This fact is a consequence of the lower ionic radius, for six 

Fig. 2. XRD diffractions pattern of undoped and doped TCP SPS samples. 
(↓Hydroxyapatite). 
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coordination, of Zn2+ (0.73 Å) and Mg2+ (0.72 Å), with respect to Ca2+

(1.00 Å) [32]. Either of these two metals with smaller ionic radius can 
easily be incorporated in Ca(5) position of the β-TCP structure as it was 
commented earlier. This tactical substitution of Ca2+ by Zn2+ and Mg2+

produces a decrease in lattice TCP parameters enhancing densification 
and sintering processes and as a consequence it is expected an 
improvement of thermal stability and properties of samples, specially 
the mechanical properties of SPS samples due to high densities and very 
limited grain growth generally obtained in SPS treatments. 

Moreover, from the biological point of view, once the biomaterial is 
implanted, the controlled release of Zn2+ and Mg2+ will supply the 
physiological environment locally, combining the benefits of both 
dopants with desirable biological properties such as, stimulation of bone 
growth and its mineralization, osteogenic differentiation, bactericidal 
effect and improved the proliferation of osteoblasts [21–25,33,34]. 

Fig. 3 shows optical micrographs of samples obtained by SPS 
(1100 ◦C/5min). The samples have a white-translucent appearance, 
which makes it clear that there is no graphite contamination from SPS 
graphite furnace in them. Also, neither bending and nor cracking were 
observed. The apparent densities of samples varied between 3.035 and 
3.075 g/cm3 very close to the theoretical density (3.08 g/cm3) and 
therefore extremely low porosity values less than 2% were obtained, as 
it is expected in SPS treatments. In contrast, maximum density values 
obtained in CS samples, between 88 and 95% of the theoretical density 
(Fig. 4) were significantly lower than that obtained in SPS samples 
(98–100% of theoretical density). 

The microstructure of SPS polished samples is shown in Fig. 5, 
without and with chemical etch (acetic acid 10% vol). No porosity was 
observed in not etched samples (Fig. 5a, c and e) according with the high 
values of densities obtained in SPS treatment. In etched samples (Fig. 5b, 
d and f), a very limited crystalline growth was observed. Grain size 
ranging from 1 to 2 μm in undoped TCP sample to 0.5 μm in 1Z-1M-TCP 
and small amount of porosity (≤3%), mainly in grain boundary, was 
detected in undoped TCP (Fig. 5b) while almost null porosity (≤1%), 
was observed in 1Z-TCP and 1Z-1M-TCP compositions (Fig. 5d and f). 
Likewise, a very small amount of dispersed white crystals lodged in the 
β-TCP matrix and doped 1Z-TCP (Fig. 5b and d) was detected in all 
samples. The presence of this phase, identified by XRD as hydroxyapa-
tite (HAP), was a consequence of a slight excess of Ca/P ratio in all 
synthesized starting powders. 

For comparative purposes, CS chemically etched (acetic acid 10% 
vol.), polished samples (Fig. 6) were analyzed. As can be seen, both 
intergranular porosity and crystal size showed higher values. In the case 
of undoped TCP sample grain size and porosity values were 3–4 μm and 
≈10% respectively. In the sample 1Z-TCP, grain size increased strongly 
up to 7–10 μm while porosity decreased slightly until ≈7%. Finally, 

sample 1Z-1M-TCP shows the same trend, more grain growth (10–20 
μm) together with a lower porosity (≈5%). 

Finally, note that SPS translucent samples showed an average grain 
size between 0.5 and 1.5 μm, being relevant that sample 1Z-1M-TCP 
showed smaller grain size than 1Z-TCP sample. Conventional sintering 
samples showed a grain size of almost an order of magnitude higher than 
those observed in SPS samples while porosity was always higher except 
for 1Z-1M-TCP sample. Both effects are a clear consequence of the 
different sintering methods used. 

3.3. Mechanical characterization 

The ceramic biomaterials obtained by both sintering methods were 
mechanically characterized, determining their modulus of elasticity (E) 
and their Vickers microhardness (Hv). 

The elastic modulus and Vickers microhardness were determined 
according to the Oliver and Pharr method of 1992 [35], implemented in 
the micro-indentation equipment used. 

The Vickers hardness value (Hv) in Pa was obtained from the 
indentation trace using the following equation [36]: 

Hv= 0.47
P
r2 (equation 4)  

Where P is the applied load in N and r is the radius of indentation print in 
mm. 

The modulus of elasticity (E) was calculated by the equipment soft-
ware from the load-penetration curves, considering the linear area of the 
discharge curve and its slope in the interval 60–95% of the discharge. 
The calculation of E was carried out using the following expressions 
[37]: 

dP
dH

=
2̅
̅̅
π

√ E∗
̅̅̅
A

√
(equation 5)  

Where P is the applied load, h is the penetration achieved and E* is the 
modulus of elasticity of the material, which is given by: 

1
E∗

=
1 − ν2

s

Es
+

1 − ν2
I

EI
(equation 6)  

Where ν is Poisson’s ratio and the subscripts, S and I correspond to the 
substrate and the diamond indenter, respectively. A value of 0.26 of 
Poisson’s ratio was used for these TCP materials, in agreement with the 
range (0.22–0.3) reported in the literature [38,39]. 

Table 2 
β-TCP lattice parameters of samples obtained by SPS.  

SPS samples a, b (Å) c (Å) Volume 

TCP (1100 ◦C) 10.4333 ± 0.0004 37.406 ± 0.002 3526.2 ± 0.3 
1Z-TCP(1100 ◦C) 10.4225 ± 0.0004 37.388 ± 0.002 3517.3 ± 0.3 
1Z-1M-TCP (1100◦C) 10.4134 ± 0.0003 37.375 ± 0.002 3509.9 ± 0.2  

Fig. 3. Optical micrograph of SPS samples. a) undoped TCP, b) 1Z-TCP and c) 
1Z-1M-TCP. 

Fig. 4. Relative density of undoped and doped TCP samples obtained by SPS 
(◆) and conventional sintering (CS) (■) at 1100 ◦C. 
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Fig. 7 shows the values of E and Hv obtained in the SPS samples. In 
both cases, a slight increase of E and Hv in doped samples with respect to 
undoped sample was observed. E values of doped samples were very 
similar while Hv values show a slight growing when dopant content 
increases. Considering that undoped sample shows very low intergran-
ular porosity with respect to doped samples, the slight variations found 
in the E values can be attributed to this fact. In the case of Hv values, the 
slight increase observed could be caused by the grain size evolution, 
which decreases in the codoped samples. Its high density/low porosity, 
higher shrinkage and chemical bond strength also enhanced the hard-
ness of these samples. 

Fig. 8 shows the evolution of the modulus of elasticity and the 
Vickers microhardness as a function of the sintering temperature for 
samples obtained by SPS and conventional sintering. In this figure, 
values of E and Hv taken from the literature have been included and 
correspond to studies carried out on dense materials and thick films 
based on undoped TCP [14,40,41]. 

The materials obtained by SPS show a very significant increase in the 
values of Hv and E with respect to those obtained through different 
conventional sintering processes from different sources [14,40,41]. The 
improvement observed in both mechanical parameters is directly related 
to the high density and the limited grain growth of the grain size reached 

Fig. 5. FE-SEM micrographs of polished surface of SPS samples (1100 ◦C/5min.) with or without chemical attack: a) and b) correspond to undoped-TCP; c) and d) to 
1Z-TCP; e) and f) to 1Z-1M-TCP. 

Fig. 6. FE-SEM micrographs of polished surface of CS samples after chemical attack: a) TCP, b) 1Z-TCP and c) 1Z-1M-TCP.  

Fig. 7. a) Modulus of elasticity (E) and b) Vickers microhardness (Hv) of SPS samples.  
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in SPS samples. In this sense, it has been observed that the reduction of 
almost an order of magnitude in the average grain size of the samples 
1Z-TCP sintered at 1100 ◦C by SPS (0.5–1.5 μm) with respect to those 
sintered through conventional sintering methods (10–25 μm), produces 
an increase of the order of 40% in the value of modulus of elasticity and 
almost 100% in the Vickers hardness values. These results are obviously 
a consequence of Zn2+ and Zn2+/Mg2+ doping which are able to 
improve the thermal stability of TCP [13,15,28,30,42]. 

3.4. Biological behavior. Direct interaction cell-TCP dense sample 

A comparative study of biological behavior of undoped-TCP, 1Z-TCP 
and 1Z-1M-TCP samples, specifically direct interaction cells-surface of 
biomaterials has been done. Tests were carried out through the im-
mersion polished dense samples in a culture media (DMEM + 10% +
bovine fetal serum + 1% v/v penicillin/glutamine), of MG-63 osteo-
sarcoma human cells (osteoblastic type cells), previously incubated for 
48 h. 

Considering that there are many variables (micro and sub-
microroughness, macro and microporosity) that influence this type of 
test, all samples were previously polished to avoid topographical dif-
ferences such as roughness. The polished samples presented similar 
values of surface roughness, Ra = 0.8 ± 0.1 μm and Rz = 5.0 ± 0.9 μm, 
being Ra the arithmetical average roughness of the surface and Rz the 
difference between the tallest “peak” and the deepest “valley” in the 
surface, the mean roughness depth. Porosity of samples was also very 
similar in the range of 0.5% ± 0.1. A qualitative analysis of cells adhe-
sion, morphology and distribution on the polished surface of samples 
was performed using a Confocal Laser Scanning Microscopy after an 
incubation of 48 h. Fig. 9 shows the results obtained. The green color is 
obtained by staining the cytosol of living cells. 

A high adhesion and cell propagation was achieved on samples 

surfaces. Cells present intimate contact and typical osteoblast 
morphology with an extended polygonal shape. Moreover, cells devel-
oped numerous cytoplasmic extensions that project off the main cell 
body, some of which have been pointed in Fig. 9. These extensions 
connect with the extensions of other neighboring osteocytes developing 
an osteocyte lacunar-canalicular networks and improving/speeding up 
osseointegration of implants [43]. 

The observation of the surface of the samples evidences that in the 
doped samples the cells reach a greater physical contact between them, 
improving adhesion and cellular morphology. It is relevant that zinc 
doped sample, 1Z-TCP, seems to show a slightly better behavior with 
respect to 1Z-1M-TCP since generated a dense and confluent layer that 
covers practically the entire surface of the material. This result allows us 
to deduce that Zn2+ significantly improves the biological interaction 
between cells and surface of biomaterial while the joint incorporation of 
Mg2+ and Zn2+ to TCP does not produce an improvement effect on this 
biological behavior. In fact, it is equal to or very slightly less. 

The described SPS process allows opening a way to obtain implants 
with the desired microstructure, better mechanical-biological properties 
combination for custom orthopedic applications. 

4. Conclusions 

Spark Plasma Sintering (SPS) technique has allowed obtaining 
β-tricalcium phosphate at lower temperatures and much shorter treat-
ment times and for the first time Zn-doped and ZnMg-codoped TCP 
materials with high density, very low porosity and low grain growth. 

The codoped 1Z-1M-TCP materials obtained by CS and SPS processes 
presented a densification-sintering process at higher temperatures and 
greater contraction compared to undoped and zinc doped TCP materials. 

Samples obtained by SPS showed a grain size of an order of magni-
tude smaller with respect to CS sintered samples and as a consequence 

Fig. 8. Evolution of Modulus of elasticity (E) and Vickers microhardness (Hv) as a function of temperature of obtained SPS samples and conventional sintering 
samples taken from literature [14,40,41] and obtained by present authors. 

Fig. 9. Polished surface of dense SPS samples after 48 h of direct interaction with MG-63 cells observed by Confocal Laser Scanning Microscopy. a) undoped-TCP, b) 
1Z-TCP and c) 1Z-1M-TCP. 

M.A. Sainz et al.                                                                                                                                                                                                                                



Ceramics International 49 (2023) 19569–19577

19576

an increase of the around 40% in the elastic modulus and close to 100% 
in Vickers hardness was obtained. 

The incorporation of Zn2+ and Zn2+ plus Mg2+ in β-TCP materials 
produces a greater physical contact between cells and materials, 
improving adhesion and cellular morphology in tests of direct interac-
tion between human cells (MG-63) and samples. Nevertheless, Zn2+ play 
a more relevant role than Mg2+ since incorporation on Mg2+ to Zn- 
doped sample does not produce an improvement effect on its biolog-
ical behavior. 

Finally, SPS process together with the Zn and Mg dopants have a 
synergistic effect that enhanced sinterability and densification of TCP 
and, as a consequence, improved the mechanical and biological prop-
erties of Zn, Zn–Mg TCP based materials. 
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