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Abstract
The compositional similarity of calcium phosphates such as β-TCP and HAp to the inorganic components of human 
bones makes them excellent candidates for bone substitutes. Regardless of presenting excellent biocompatibility, calcium 
phosphates present low mechanical strength, which is a major drawback for load-bearing applications. In this sense, 
achieving Hap or β-TCP with increased density is crucial to enhance their mechanical properties. In the present study, 
β-TCP and HAp were processed from commercially available powders in order to obtain highly dense specimens aim-
ing to elevate these mechanical properties of calcium phosphates. For this purpose, two sintering strategies were used: 
in the first, using a single holding time, whereas in the second, two holding times. The obtained phases, their potential 
degradation, microstructure, porosity, and mechanical strength were investigated. Results revealed that the use of two 
holding times improved densification, leading to flexural strength improvement, on both materials, but especially on 
HAp, where a 122% increase was verified.
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1  Introduction

The increasing aging of the population and the rising num-
bers related to bone diseases, trauma, or fractures due to 
excessive mechanical loading and fatigue from repeated 
loading are pushing the need for long-lasting solutions for 
the orthopedic and dental fields [1, 2]. Although bone has 
an amazing capability to self-heal, when a defect exceeds 
the bone’s capacity of self-regeneration, a graft is needed. 
Autografts are considered the optimal solution and are being 
used for several years; however, due to being an invasive 

and painful process, there is a growing interest in reducing 
their use [3, 4].

Since calcium phosphate–based bone substitutes have a 
chemical composition analogous to that of human bone and 
tooth enamel, they have been receiving research attention, 
additionally, besides being relatively easy to manufacture 
[5]. Even in the market, there is a diversity of calcium phos-
phate–based products available such as Graftys HBS [6] 
which is a mixture of α-tricalcium phosphate and dicalcium 
phosphate dehydrate, to mention a few, and Graftys Quickset 
which is made of calcium-deficient hydroxyapatite. Never-
theless, this products present low mechanical properties; 
for instance, Graftys Quickset has a compressive strength 
of 19.0 ± 2.5 MPa [7]. Hydroxyapatite (Ca10(PO4)6(OH)2; 
HAp) and beta-tricalcium phosphate (Ca3(PO4)2; β-TCP) 
are the more studied calcium phosphate especially HAp 
which is analogous to the inorganic components of human 
bones, and therefore, it possesses properties that support 
osteoblast adhesion and proliferation, and new bone for-
mation [8]. On the other hand, β-TCP is a brittle material 
which presents thermal stability range and, in addition to 
being osteoconductive and osteoinductive, it presents a cell-
mediated resorption which makes it an interesting candidate 
for implants [9].
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While calcium phosphates have excellent biocompat-
ibility, their low mechanical strength is still a major draw-
back for load-bearing applications. Therefore, achieving 
full dense structures of HAp or β-TCP is crucial to enhance 
their mechanical properties and using pressure-assisted tech-
niques such as hot pressing (HP) or hot isostatic pressing 
(HIP) makes it possible as it leads to fine microstructures, 
higher density, and increased mechanical properties [10, 11]. 
These techniques apply simultaneous heat and pressure, yet 
in HIP process instead of uniaxial, the pressure is applied 
in three dimensions to the material [11, 12]. Furthermore, 
spark plasma sintering (SPS) technique is used as an alterna-
tive processing route once it reaches high levels of density 
nearly 99.6% for HAp specimens as reported in literature 
[13, 14].

The aim of this study is to fabricate highly dense 
HAp and β-TCP with improved mechanical properties by 
means of HP. For this purpose, two strategies were tested: 
the first was using a single holding time, but as the speci-
mens, especially the HAp specimens, fracture frequently, 
another strategy was considered, which was based on two 
holding time in order to release any residual stresses. Sur-
face characterization, as well as mechanical evaluation, 
was performed, and it was observed that the second led to 
an improvement on the mechanical properties, especially 
the flexural strength.

2 � Materials and methods

2.1 � HAp and β‑TCP sintering

HAp with an average particle size of 2.5 μm (Fluidi-
nova S.A., Portugal) and β-TCP with a particle size of 
2.26 μm (Trans-Tech, USA), having a size distribution of 
d10 0.69 μm, d50 2.26 μm, and d90 4.41 μm, were used to 
process cylindrical disc (10 mm in diameter and 2.4 mm 
in thickness). For the processing, a cylindrical graphite 
die (diameter 10 mm) coated by a thin film of boron 
nitride to prevent the diffusion between the die and the 
material was used.

Two different strategies were used in order to obtain full 
dense specimens with mechanical resistance. On the one 
hand, the powders were hot pressed for 30 min at 1100 °C 
in vacuum under a pressure of 40 MPa. The pressure was 
applied at 900 °C and kept constant until the holding tem-
perature was reached; after the holding time, depressure 
was released due to the shrinkage avoiding the specimen 
breakage. Also, to prevent cracks in the processed discs, 
both heating rate and cooling rate were controlled. The heat-
ing rate was constant at 1.5 °C/s until 1100 °C. On the other 
hand, the cooling rate had two stages: a first stage until 300 
°C was reached, having a cooling rate of 1.5 °C/s, and then 

the die was left to cool down naturally. This group will be 
named from now on as S1. In the second strategy, similar to 
the first strategy, the powders were hot pressed for 30 min 
at 1100 °C in vacuum under a pressure of 40 MPa; after 
the holding time, the pressure was released and the cooling 
rate was of 1.5 °C/s until 600 °C was reached and a second 
holding time of 30 min was performed. Finally, the die was 
cooled down at a rate of 1.5 °C/s until 300 °C was reached 
and then it was left to cool down naturally. After polishing, 
the second group of specimens underwent a thermal cycle 
of 700 °C during 2 h to release residual stress. This group 
will be named as S2 (Fig. 1).

2.2 � Porosity measurements

Three specimens for each condition of the HAp and β-TCP 
discs were used for assessing the porosity. The apparent 
density was obtained by mass per unit volume of the sin-
tered disc g/cm3 [15]. The relative values were calculated, 
assuming, as a reference, 3.15 g/cm3 for HAp and 3.07 g/
cm3 for β-TCP [15, 16]. The porosity of the sintered discs 
was determined using Eq. (1):

Also, Archimedes method was used to determine the 
bulk density of specimens by using deionized water as liq-
uid medium.

2.3 � Surface morphology

The S1 and S2 surface morphology was analyzed by scan-
ning electron microscopy (SEM) to assess the presence 
of pores. Also, the grain size of the different groups was 
revealed on a mirror-polished surface followed by an acid 
etching (0.2 M citric acid) and the grain size was measured 
using the image software ImageJ. The sintered discs as well 
as the HAp and β-TCP powders were subjected to X-ray dif-
fraction (XRD) phase analysis with 2θ range between 10 and 
80° to assess the phase stability. For that purpose, a Bruker 
AXS D8 Discover (USA) was used and the obtained pat-
terns were then compared to the JCPDS (Joint Committee on 
Powder Diffraction Standards) card using X’Pert HighScore 
Plus software for phase identification.

2.4 � Evaluation of mechanical properties

2.4.1 � Hardness test

In order to assess the mechanical properties of the calcium 
phosphate bulk discs produced in this study, experimental tests 
were performed. Microindentation tests were performed using 

(1)

Porosity (%) = 1 −
Weigth of sample

Volume of sample × Density of material
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three samples of each condition to calculate Vickers hardness 
(HV) of the sintered HAp and β-TCP discs, of both S1 and S2 
groups. For this, DuraScan (EMCO-TEST) with a diamond 
indenter was used, and the hardness was calculated using Eq. 
(2) [17]:

where L (kgf) is the applied load and d (mm) is the average 
diagonal length of the indentation. By multiplying the hard-
ness values obtained from Eq. (2) by the factor 0.009807, the 
values are converted to GPa. The indentation hardness (HIT) 
and modulus (EIT) were both obtained by nanoindentation 
using an instrumented indentation (TTX-NHT, CSM Instru-
ments) using the Oliver–Pharr method [18]. This method 
allows to obtain more precise information about the material 
due to load and reload curves at different locations of the 
same sample [19]. The typical nanoindentation test consists 
in applying a force using loads ranging from 4 to 150 mN at 
a loading/unloading rate of 2 mN/min with a pause of 2 s at 
maximum force. The indenter used was a sharp Berkovich 
tip with a nominal edge radius of ~ 20 nm. The HIT value 
was obtained using Eq. (3), and using Eq. (4), the EIT was 
calculated.

(2)HV =
1.8544L

d2

(3)HIT =
Fmax

Ap

in Pascal

where Fmax is the maximum force (mN), Ei is the elastic 
modulus of the indenter, Ap is the projected contact area 
(mm2), Er is the reduced modulus of the indentation contact, 
Vi is Poisson’s ratio of the indenter, and Vs is Poisson’s ratio 
of the sample.

Prior to these tests, polishing was performed using 
MECAPOL P251 equipment using different types of sand-
papers with different meshes, starting with P800 to P4000 
grit size. Further polish was completed using a diamond 
suspension with a particle size of 3 μm (DiaPro Dur) fol-
lowed by diamond suspension with a particle size of 1 μm.

2.4.2 � Flexural strength test

The flexural strength of the HAp and β-TCP bulk discs was 
measured using the ball-on-three-balls test, and a custom-
made stainless steel apparatus (Fig. 2) was made for this 
purpose in accordance with ASTM C1161. A servohydraulic 
machine (Instron 8874, MA, USA) equipped with a 25 kN 
load cell was used to perform the tests. Five samples of each 
material were tested at room temperature with a loading rate 
of 0.05 mm/s. During the test, the sample is in the holder 
where there are three steel balls placed evenly spaced from 
the center.

(4)EIT =
1 − v

2
s

1

Er

−
1−v2

s

Ei

Fig. 1   Schematic representation of the fabrication strategies for the produced calcium phosphate specimens. a Strategy 1 (S1) group. b Strategy 
2 (S2) group



5622	 The International Journal of Advanced Manufacturing Technology (2024) 130:5619–5626

The fracture load was recorded, and the maximum tensile 
stress was calculated according to Eq. (5) [20, 21]:

where F is the maximum force at fracture (N), t is the sample 
thickness (mm), R is the sample radius (mm), Ra is the sup-
port radius (4 mm), and the parameters c0 to c6 are depend-
ent of Poisson’s ratio of the different tested materials refer-
ring to fitting factors for the geometrical correction term, 

(5)

�max =
F

t2

⎡
⎢⎢⎢⎣
c0 +

c1 + c2

�
t

R

�
+ c3

�
t

R

�2

+ c4

�
t

R

�3

1 + c5(t∕R)

�
1 + c6

R

Ra
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being c0 = − 17,346, c1 = 20,774, c2 = 622.62, c3 = 76.879, 
c4 = 50.383, c5 = 33.736, and c6 = 0.0613 the parameters used 
for HAp samples and c0 = − 12.354, c1 = 15.549, c2 = 489.2, 
c3 = − 78.707, c4 = 52.216, c5 = 36.554, and c6 = 0.082 for 
β-TCP samples [21, 22].

3 � Results and discussion

3.1 � XRD analysis

A key aspect when processing bioactive ceramics like β-TCP 
and HAp at high temperatures is its crystalline structure 
after sintering, once it has been reported in literature that 
phase degradation can occur when high temperatures are 
used, especially above 1200 °C [23, 24]. In this sense, to 
determine the existing phases in the hot-pressed specimens 
of S1 and S2 groups, XRD analyses were performed and 
the resulting diffractograms are shown in Fig. 3. The XRD 
patterns of the as-received β-TCP and HAp powders are also 
present in Fig. 3. Main peaks of both β-TCP and HAp dif-
fractograms match those determined for the base powder, 
revealing no phase transformation during the process. These 
results support that at a temperature of 1100 °C, no phase 
transformation occurs in β-TCP and HAp, on both S1 and S2 
groups. Additionally, the peaks are in accordance with refer-
ence pattern numbers 003-0713 and 009-0432 for β-TCP and 
HAp, respectively. After the process, β-TCP and HAp phases 

Fig. 2   Custom-made apparatus for the flexural strength tests

Fig. 3   X-ray diffraction patterns 
of calcium phosphate. a HAp of 
group S2. b β-TCP of group S2. 
c HAp of group S1. d β-TCP of 
group S1. e As received HAp 
powder. f As received β-TCP 
powder
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in the samples are evident as it can be noticed by the increas-
ing sharp reflections signaling the effect of crystal growth.

3.2 � Porosity

The porosity was calculated by two different methods, by 
using Eq. (1) and by Archimedes methods being both results 
presented in Table 1. It can be concluded that the porosity of 
sintered samples was reduced with the addition of a second 
holding time of 30 min at 600 °C sintering temperature. 
The HAp density was 3.04 ± 0.03 g/cm3 when one holding 
time was used and increased to 3.08 ± 0.06 g/cm3 when 
the second holding time was added, leading to a superior 
densification than previously reported in literature [25, 26]. 
Regarding β-TCP results, a similar trend was observed with 
density increasing from 2.90 ± 0.02 to 2.96 ± 0.11 g/cm3 
when adding a second holding time, in line with previously 
reported by Descamps and colleagues [27].

3.3 � SEM analysis

SEM analysis was used to evaluate β-TCP and HAp sinter-
ability. Figure 4 gathers top views of SEM images for both 
S1 and S2 groups, and no visible porosity is identified, prov-
ing the effectiveness of the sintering at 1100 °C under 40 
MPa. Additionally, the effects of hot pressing temperature 
on the microstructure of the different sintered specimens 
are perceived by analyzing the images in Fig. 4, where grain 
boundaries are visibly identified. Noteworthy in S2 group, 
the grain size increases from 1.93 ± 0.70 to 3.56 ± 1.79 
μm with respect to β-TCP and from 2.24 ± 0.90 to 4.29 ± 
0.95 μm with respect to HAp. It is perceived that by add-
ing a second holding time, grain growth occurs for both 
materials which translate in the increasing of relative densi-
ties (Table 1). The obtained microstructure of the different 
hot-pressed specimens is well correlated with the measured 
density. Moreover, the density increase is an indicator of an 
improvement in mechanical properties.

Table 1   Density results for HAp 
and β-TCP S1 and S2 groups

Group Specimen Theoretical 
density (g/cm3)

Archimedes 
density (g/cm3)

Relative density (%) Porosity

S1 β-TCP 2.90 ± 0.02 2.89 ± 0.100 94.48 ± 0.70 5.27 ± 0.69
HAp 3.04 ± 0.03 2.99 ± 0.050 96.16 ± 0.95 3.84 ± 0.96

S2 β-TCP 2.96 ± 0.11 2.96 ± 0.100 99.1 ± 0.59 1.35 ± 0.32
HAp 3.08 ± 0.06 3.01 ± 0.002 98.3 ± 0.05 2.36 ± 1.82

Fig. 4   HAp and β-TCP-polished 
surface for both S1 and S2 
groups after acid etching
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3.4 � Mechanical characterization

3.4.1 � Microindentation

Figure 5 displays hardness results obtained from microin-
dentation for HAp and β-TCP. Regarding HAp, a correla-
tion between the grain size and the microhardness is per-
ceived, with increasing grain size leading to a microhardness 
decrease, from 8.08 ± 0.092 GPa (S1, one holding time) to 
6.9 ± 0.273 GPa (S2, two holding times). This tendency was 
previously reported for HAp in a study by Veljović et al. [26] 
where nanosized HAp powder was sintered and then hot 
pressed to obtain full dense HAp specimen. They observed 
that with increasing grain size, there was a decrease in 
microhardness. Regarding β-TCP, this tendency was not 
observed, once very similar hardness values were found for 
S1 and S2, which is in agreement with literature. A study 
by Tricoteaux et al. [28] observed that the increase of grain 
size in β-TCP leads to an increase in hardness.

3.4.2 � Nanoindentation

The hardness and indentation modulus of the hot-pressed 
specimens of S1 and S2 groups were measured as a func-
tion of indentation depth (Fig. 6). Nanoindentation results 
allow evaluating two crucial parameters when developing 
bone substitutes: indentation hardness (HIT) and indenta-
tion modulus (EIT). The hardness of nanoindentation and 
microindentation depends on the grain structure and grain 
boundaries [26]. Samples have low porosity (Table 1), but 
numerous grain boundaries appear in grain structure (Fig. 5). 
Grain boundaries decrease the total hardness of the material 
since it is easier to destroy the grain boundary than the grain 
itself. Microindentation measurements involve more grains 

(and grain boundaries) for hardness analysis than nanoin-
dentation. Thus, difference in absolute values for nanoin-
dentation and microindentation can be explained by more 
local measurements in case of nanoindentation [29]. It can 
be perceived that β-TCP presents very similar nanohardness, 
in both S1 and S2, analogous to what we found for micro-
hardness, whereas the HAp hardness increased from 20 to 
21.4 GPa. Both β-TCP and HAp of group S2 presented lower 
indentation modulus than the corresponding S1 group (149.6 
GPa and 178.5 GPa, respectively).

3.4.3 � Flexural strength

The presence of pores, grain size, and grain boundaries has 
a great influence on the mechanical strength. Thus, a poten-
tial approach to improve the mechanical properties of these 
calcium phosphates is by obtaining high densification and 
fine microstructure. The values found in the literature are 
highly variable since different mechanical properties can be 
assessed and the variety of sample tested makes the com-
parison difficult [30].

Flexural strength is commonly assessed for these materi-
als when thought for bone applications. Nevertheless, litera-
ture presents few flexural strength values for HAp and β-TCP 
and their majority results from HIP or SPS are related to 
composites gathering HAp and β-TCP [31–33].

Descamps et al. [27] reported, using HIP, that the flexural 
strength tends to decrease with the increase of HAp content. 
A similar tendency was observed in the present study for 
S1 group, where the obtained flexural strength was 25.66 ± 
15.95 MPa for HAp (Table 2). Nevertheless, when adding 
the second holding time, the flexural strength improved to 
56.9 ± 15.35 MPa which is directly related to the increase of 
density, from 2.99 ± 0.050 g/cm3 (S1) to 3.01 ± 0.002 g/cm3 
(S2) (Table 2). Regarding β-TCP, the flexural strength differ-
ence between S1 and S2 groups is not considerable (52.25 

Fig. 5   Microindentation results for the different hot-pressed speci-
mens (S1 and S2) and literature values [25]

Fig. 6   Hardness and indentation modulus obtained from nanoindentation 
tests
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± 3.33 MPa (S1) and 53.9 ± 5.24 MPa (S2)), which is in 
accordance with the density results (2.89 ± 0.100 g/cm3 (S1) 
and 2.96 ± 0.100 g/cm3 (S2)). The difference concerning 
the flexural strength values of HAp and β-TCP on S2 group 
may be due to the different grain sizes, as β-TCP presents a 
variety of grain sizes throughout the surface (higher particle 
size distribution), while in the HAp, the grain size is more 
homogeneous. Ceramics with smaller grains are known to 
exhibit greater strength and hardness than those with larger 
grains because they offer more barriers against the progres-
sion of cracks [34].

4 � Conclusions

In this study, dense β-TCP and HAp calcium phosphates 
were produced by hot pressing, leading to compacts with 
fully dense β-TCP and translucent HAp. The average grain 
sizes for S1 groups were 1.93 ± 0.70 μm with respect to 
β-TCP and 2.24 ± 0.90 μm with respect to HAp. For S2 
group, an average grain size of 3.56 ± 1.79 μm and 4.29 
± 0.95 μm was obtained for β-TCP and HAp, respectively. 
The XRD analyses of the hot-pressed specimens proved no 
phase degradation, showing the effectiveness of the process-
ing route.

The mechanical behavior of fully densified β-TCP and 
HAp calcium phosphates was studied. In general, the addi-
tion of a second holding time decreased the porosity and 
improved the flexural strength of both β-TCP and HAp. The 
maximum flexural strength was obtained for HAp fabricated 
using two holding time, being of 56.9 ± 15.35 MPa.
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