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ABSTRACT
Improving the damage tolerance and reliability of ceramic artificial bone materials, such 
as sintered bodies of hydroxyapatite (HAp), that remain in vivo for long periods of time 
is of utmost importance. However, the intrinsic brittleness and low damage tolerance of 
ceramics make this challenging. This paper reports the synthesis of highly damage 
tolerant calcium phosphate-based materials with a bioinspired design for novel artificial 
bones. The heat treatment of isophthalate ion-containing octacalcium phosphate com-
pacts in a nitrogen atmosphere at 1000°C for 24 h produced an HAp/β-tricalcium 
phosphate/pyrolytic carbon composite with a brick-and-mortar structure (similar to 
that of the nacreous layer). This composite exhibited excellent damage tolerance, with 
no brittle fracture upon nailing, likely attributable to the specific mechanical properties 
derived from its unique microstructure. Its maximum bending stress, maximum bending 
strain, Young’s modulus, and Vickers hardness were 11.7 MPa, 2.8 × 10‒2, 5.3 GPa, and 
11.7 kgf/mm2, respectively. The material exhibited a lower Young’s modulus and higher 
fracture strain than that of HAp-sintered bodies and sintered-body samples prepared 
from pure octacalcium phosphate compacts. Additionally, the apatite-forming ability of 
the obtained material was confirmed in vitro, using a simulated body fluid. The pro-
posed bioinspired material design could enable the fabrication of highly damage toler-
ant artificial bones that remain in vivo for long durations of time.

ARTICLE HISTORY 
Received 27 June 2023  
Revised 8 September 2023  
Accepted 18 September 2023 

KEYWORDS 
Octacalcium phosphate; 
hydroxyapatite; β-tricalcium 
phosphate; damage 
tolerance; bioinspired 
material design; nacreous 
layer

CONTACT Taishi Yokoi yokoi.taishi.bcr@tmd.ac.jp Institute of Biomaterials and Bioengineering, Tokyo Medical and Dental University (TMDU), 
2-3-10 Kanda-Surugadai, Chiyoda-ku, Tokyo 101–0062, Japan

SCIENCE AND TECHNOLOGY OF ADVANCED MATERIALS 
2023, VOL. 24, NO. 1, 2261836 
https://doi.org/10.1080/14686996.2023.2261836

© 2023 The Author(s). Published by National Institute for Materials Science in partnership with Taylor & Francis Group.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0002-6605-9166
http://orcid.org/0000-0002-4335-9027
http://orcid.org/0000-0001-7939-0256
http://orcid.org/0000-0002-4329-9001
http://orcid.org/0000-0002-8519-8153
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/14686996.2023.2261836&domain=pdf&date_stamp=2023-10-11


IMPACT STATEMENT
Synthesis of hydroxyapatite/β-tricalcium phosphate/pyrolytic carbon composites with excel-
lent damage tolerance as promising new artificial-bone materials.

1. Introduction

Improving the damage-tolerance properties and relia-
bility of ceramic structural materials is of significant 
importance [1,2]. Therefore, several studies have 
attempted to improve the properties of such materials 
[3–7], including ceramic biomaterials [8,9], which can 
be regarded as structural materials. In the early stages 
of artificial bone development, glass (with a specific 
composition that bonds directly to bone) was used as 
artificial bone [10]. Subsequently, glass-ceramic mate-
rials (which bond with bones) were proposed to over-
come the low strength and toughness of glass [11]. 
Glass-ceramics containing mica were developed to 
improve brittleness and enable the formation of 
machinable artificial bones [12]. The history of artifi-
cial-bone development is similar to that of ceramic 
structural materials, with the additional consideration 
of biocompatibility. Research on glass-based artificial 
bones is ongoing, with particular emphasis on indu-
cing biological properties through trace elements lea-
ched from such materials [13–15]. Calcium 
phosphate-based materials are the main artificial- 
bone materials used in clinical applications [16–19]. 
Notably, damage tolerance is an important property of 
calcium phosphate-based artificial bones, such as sin-
tered bodies of hydroxyapatite (HAp, Ca10(PO4)6 

(OH)2), that remain in vivo for long durations of time.
Nacre, a biomineral composed of aragonite (a poly-

type of calcium carbonate) and small amounts of 
a biopolymer, exhibits a brick-and-mortar microstruc-
ture that enables strengthening and toughening [20–22]. 

Nacreous layer-inspired biomimetic materials exhibit 
damage-tolerant properties [23–27]. Therefore, adapting 
this biomimetic-material design to calcium phosphate- 
based materials is expected to yield artificial bones with 
excellent damage tolerance. In practice, however, it is 
difficult to develop materials with high damage toler-
ance (based on toughening mechanisms of the nacreous 
layer) using only calcium phosphate components.

Plate-like calcium phosphate crystals are required 
to construct the nacreous brick-and-mortar structure. 
Carboxylate-ion-incorporated octacalcium phosphate 
(OCP; Ca8(HPO4)2(PO4)4‧5 H2O), composed of apa-
titic and hydrated layers, is a promising starting mate-
rial for this structure [28–30]. The hydrogen 
phosphate (HPO4

2−) ions in the hydrated layer of 
this structure can be substituted by various types of 
carboxylate ions (mostly dicarboxylate ions) to form 
inorganic – organic nanohybrids [31–36]. The general 
chemical formula of carboxylate ion-incorporated 
OCP is Ca8(HPO4)2-z(DCI)z(PO4)4‧mH2O (DCI: 
dicarboxylate ions, 0 ≤ Z ≤ 1); its suitability as 
a starting material for the nacreous brick-and-mortar 
structure can be attributed to three major factors. 
First, it exhibits a plate-like shape [37–39]. Second, 
the Ca/P molar ratio of this material is approximately 
1.6 (for Z = 1), and it forms hydroxyapatite upon heat 
treatment (specifically, by thermal decomposition). 
Third, the incorporated carboxylate ions are expected 
to be ejected from the crystals to form a pyrolytic 
carbon layer, which acts as mortar (in the nacreous 
layer) upon heat treatment in an inert atmosphere.
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Various types of aliphatic and aromatic carboxy-
late ions can be incorporated into OCP [40–44]. 
When carboxylic acids are incorporated into OCP, 
its hydrogen phosphate ions are replaced by carbox-
ylate ions. As mentioned in the preceding para-
graph, there is an upper limit to the amount of 
carboxylic acid that can be incorporated into OCP 
(maximum Z value = 1). Note that the amount men-
tioned is in moles (not weight). Considering the 
nacreous-layer mortar to be formed by the carbox-
ylate ions incorporated into OCP, molecules with 
a high carbon content should be favourable for 
mortar formation. Moreover, the phase purity and 
reproducibility of the synthesis of carboxylate ion- 
incorporated OCP must be sufficiently high. Suberic 
acid (HOOC(CH2)6COOH) and isophthalic acid 
(HOOC(C6H4)COOH) meet the aforementioned 
criteria. Because the samples used in this study 
were prepared via sintering in an inert atmosphere, 
it was hypothesised that stronger carbon – carbon 
bonds in the carboxylic acid would suppress their 
decomposition and subsequent evaporation on 
exposure to a high-temperature heat treatment, 
thereby increasing the amount of carbon in the 
final product. Therefore, isophthalic acid was 
selected for experimentation.

This paper reports the fabrication of isophthalate 
ion-incorporated OCP and sintered bodies using the 
OCP and an investigation of their microstructures and 
mechanical properties. Additionally, the apatite- 
forming ability of the prepared material is investigated 
to estimate its bone-bonding properties. The sintered 
bodies exhibited a specific structure similar to that of 
the nacreous layer and excellent damage tolerance. In 
vitro experiments using a type of simulated body fluid 
suggested that they have in vivo bone-bonding 
properties.

2. Experimental section

2.1. Sample preparation

2.1.1. Synthesis of powder samples
To synthesise Pure-OCP (i.e. OCP that does not con-
tain dicarboxylate ions), 6.0 mmol of phosphoric acid 
(H3PO4, 85% solution, Wako Pure Chemical 
Industries Ltd. Osaka, Japan) and 8.0 mmol of calcium 
carbonate (calcite, CaCO3, Nacalai Tesque Inc. Kyoto, 
Japan) were added to 100 mL of ultrapure water and 
stirred at 60°C for 3 h at 500 rpm using a magnetic 
stirrer. Subsequently, the pH of the slurry was adjusted 
to 5.0 with hydrochloric acid (HCl, 1 mol/L solution, 
Wako Pure Chemical Industries Ltd.) and stirred for 
30 min. Finally, the powder in the slurry was collected 
by suction filtration using filter paper, rinsed with 
ultrapure water and ethanol, and dried at 40°C for at 
least 12 h.

To synthesise isophthalate ion-incorporated OCP 
(Iso-OCP), 25 mmol of isophthalic acid (HOO(C6H4) 
COOH, Tokyo Chemical Industry Co. Ltd. Tokyo, 
Japan) was dissolved in 100 mL of ultrapure water, 
and the pH of the solution was adjusted to 5.5 with 
ammonia water (NH3, 28% solution, Wako Pure 
Chemical Industries Ltd.), followed by the addition 
of 5.0 mmol of phosphoric acid and 8.0 mmol of cal-
cium carbonate. After stirring at 60°C for 3 h at 
500 rpm, the pH of the slurry was reduced to 5.0 
with hydrochloric acid. The slurry was stirred for an 
additional 30 min. Finally, the powder in the slurry 
was collected by suction filtration, rinsed, and dried at 
40°C for at least 12 h.

2.1.2. Preparation of sintered-body samples
Compact samples (compacts) were prepared by uni-
axial pressing of Pure-OCP, Iso-OCP, and commer-
cially available hydroxyapatite (HAP-100, Taihei 
Chemical Industrial Co. Ltd. Osaka, Japan) powders 
at 100 MPa. The HAP-100 was kindly provided by 
Taihei Chemical Co., Ltd. The compacts were heat 
treated in a nitrogen atmosphere (flow rate: 15 mL/ 
min) using a tube electric furnace (TMF-300N, AZ 
ONE Corp. Osaka, Japan) at a heating rate of 5°C/ 
min. After heat treatment at a specific temperature 
and for a fixed time, the samples were cooled to 
room temperature via furnace cooling.

2.2. Characterisation

2.2.1. Morphology, crystalline phase, density, 
composition, and chemical structure
Scanning electron microscopy (SEM, VE-8800, 
Keyence Corp., Osaka, Japan, or JSM-7900F, JEOL 
Ltd. Tokyo, Japan) was used to investigate the sample 
morphology. The sample composition was evaluated 
using energy-dispersive X-ray spectroscopy (EDS); the 
EDS instrument was attached to a JSM-7900F 
instrument.

An X-ray diffractometer (XRD, MiniFlex600, 
Rigaku Corp. Ltd. Tokyo, Japan) with Cu-Kα radiation 
as the X-ray source was used to characterise the crys-
talline phase. XRD patterns were recorded at 
a scanning speed of 2 °/min with a sampling angle of 
0.02 °/min.

The true density of representative powder sam-
ples was measured using a helium pycnometer 
(AccPyc 1330, Shimadzu Corp. Ltd. Kyoto, 
Japan) and the bulk density of representative sin-
tered-body samples was measured by dividing the 
sample volume by sample weight. In addition, the 
porosity of representative sintered-body samples 
was calculated using their true and bulk density 
values. The Ca/P molar ratio of a representative 
sample was determined using the inductively 
coupled plasma atomic emission spectroscopy 
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(ICP-AES; ICPS-7000 ver. 2, Shimadzu Corp. Ltd.) 
after dissolving the sample in diluted nitric acid. 
Carbon, hydrogen, and nitrogen (CHN) analysis 
(LECO CHN628, LECO Japan Corp. Tokyo, 
Japan) was used to evaluate the carbon content 
of a representative sample, whereas the chemical 
structure of carbon was investigated by Raman 
spectroscopy (inVia Raman Spectrometer, 
Renishaw Plc., Wotton-under-Edge, UK) with 
a 785 nm laser.

2.2.2. Evaluation of thermal decomposition 
behaviour
Pure- and Iso-OCP powders (250 mg each) were 
placed in an alumina boat and heat treated at various 
temperatures (250–1100°C) under a nitrogen atmo-
sphere (flow rate: 15 mL/min) in a tube electric fur-
nace. A heating rate of 5°C/min was used, with 
a holding time of 1 h at various temperatures. 
Subsequently, the samples were cooled to room tem-
perature via furnace cooling.

2.2.3. Evaluation of mechanical properties
The Vickers hardness values of the sintered-body 
samples were measured using a micro-Vickers 
hardness tester (HMV-G20; Shimadzu Corp. Ltd.). 
A square pyramid diamond indenter (with facing 
angle a of 136°) was pushed into the sample surface 
with test force F, and the surface area of the inden-
tation mark, S, was calculated. The average diago-
nal length, d, was used to calculate S (Equation 
(1)). The Vickers hardness (HV), calculated using 
Equation (2), was evaluated at 10 points and 
averaged: 

S¼d2= 2sin a=2ð Þf g¼d2= 2sin 136=2ð Þf g¼ 0:5393d2

(1) 

HV ¼ F=S (2) 

The maximum bending stress and strain of the 
sintered-body samples were evaluated from stress – 
strain curves constructed using three-point bending 
test data recorded by an INSTRON5585 instrument 
(Instron, MA, U.S.A.). Specimens with dimensions of 
15 mm × 4 mm × 1.2 mm were used. The distance 
between the fulcrum points during the bending test 
was 10 mm. Stress, σ, and strain, ε, were calculated 
from the load – displacement curves using Equations 
(3) and (4), and the maximum bending stress and 
strain were obtained from fracture point data. 
Young’s modulus was calculated by linearly approx-
imating the range of the stress – strain curves with 
favourable linearity. The maximum bending stress, 
bending strain, and Young’s modulus values of five 
samples were measured, and the average values were 
calculated. 

σ ¼ M=Z ¼ 3PL= 2bh2� �
(3) 

ε ¼ 6hw=L2 (4) 

where the moment is represented by M (= PL/4), cross- 
sectional modulus is represented by Z ( = 2I/h), 
and second moment of area is represented by 
I (= bh3/12). Additionally, P indicates the bending 
load; L indicates the distance between fulcrums; and 
the test piece width, thickness, and bending displace-
ment are represented by b, h, and w, respectively.

The damage-tolerance properties of sintered-body 
samples (approximate sample size: 20 mm diameter 
and 2 mm thickness) were qualitatively evaluated by 
driving a nail (1.25 mm in diameter) into the sintered 
bodies, according to a previous study [45]. In this test, 
a ‘passed’ case indicates the penetration of a nail into 
the sintered body with no brittle fracture, whereas 
a ‘failed’ case indicates breakage of the sintered body 
into several pieces.

2.2.4. Evaluation of apatite-forming ability using 
simulated body fluid
To estimate the bone-bonding properties of the sam-
ple, the apatite-forming ability of samples was evalu-
ated in vitro using a simulated body fluid (SBF). To 
prepare the SBF, 700 mL of ultrapure water was 
poured into a glass beaker (1 L) and stirred with 
a magnetic stirrer, followed by the sequential addition 
of the reagents (Nos. 1–9) listed in Table 1. Each 
reagent was completely dissolved before the next 
reagent was added. The solution was maintained at 
36.5°C, and its pH was adjusted to 7.4 by adding an 
appropriate amount of hydrochloric acid (1.0 mol/L). 
Subsequently, the solution was transferred to 
a volumetric flask, and ultrapure water was added to 
adjust the total volume of the solution to 1 L. The 
reagents listed in Table 1 were purchased from 
Nacalai Tesque, Inc. A polystyrene container was filled 
with 30 cm3 of SBF, and the prepared sintered-body 
samples (approximate sample size: 10 mm diameter 
and 1.5 mm thickness) were soaked in this solution 
at 36.5°C for 1, 3, and 7 d. The soaked samples were 
washed with ultrapure water, dried at room tempera-
ture, and analysed using SEM and EDS.

Table 1. Reagents used to prepare 1 L of SBF.
Order Reagent Amount

1 NaCl 8.035 g
2 NaHCO3 0.355 g
3 KCl 0.225 g
4 K2HPO4·3H2O 0.231 g
5 MgCl2·6H2O 0.311 g
6 1.0 mol/L HCl 39 cm3

7 CaCl2 0.292 g
8 Na2SO4 0.072 g
9 (CH2OH)3CNH2 6.118 g
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3. Results and discussion

3.1. Thermal decomposition behaviour of 
pure-OCP and Iso-OCP powders

3.1.1. Crystalline phases
The XRD patterns of the as-prepared sample powders 
(Pure- and Iso-OCP) and the samples after heat treat-
ment at temperatures ranging from 250 to 1100°C are 
shown in Figure 1(a,b). Figure 1(a) indicates the for-
mation of Pure-OCP without any impurity phase. The 
characteristic sharp 100 reflection peak derived from 
OCP was detected at 4.7° in the XRD pattern of the as- 
prepared Pure-OCP, which decomposed on heat treat-
ment, with a change in its crystalline phases. The 
reflection peaks derived from OCP were detected in 
samples heat treated up to 400°C. The reflection peaks 
derived from HAp were detected in samples heat 
treated at 250, 300, 400, and 600°C. The reflection 
peaks derived from β-tricalcium phosphate (TCP, 
Ca3(PO4)2) were detected in samples heat treated at 
above 900°C. Moreover, reflection peaks derived from 
β-calcium pyrophosphate (CPP, Ca2(P2O7)) were 
detected in the XRD patterns of the samples heat 
treated at 900 and 1000°C. As shown in Figure 1(b), 
a sharp 100 reflection peak was detected at approxi-
mately 3.8° in the XRD pattern of Iso-OCP. The 100 
reflection peak appeared at a lower position in the 
XRD pattern of Iso-OCP than that of Pure-OCP, indi-
cating an increase in the (100) interplanar spacing on 

incorporating isophthalate ions between the OCP 
layers. The Ca/P molar ratio evaluated using ICP- 
AES of Iso-OCP was 1.58, which was higher than 
that of plain OCP (Ca/P molar ratio = 1.33). This 
compositional analysis result also indicates the incor-
poration of isophthalate ions by the substitution of 
HPO4

2−. The characteristic 100 reflection peak of 
OCP was detected in Iso-OCP samples heated up to 
700°C. Moreover, reflection peaks derived from HAp 
and β-TCP were observed in the XRD patterns of Iso- 
OCP samples heat treated at above 700 and 900°C, 
respectively. HAp and β-TCP are reasonable decom-
position products of Iso-OCP, because the Ca/P ratio 
of Iso-OCP was 1.58, and the Ca/P molar ratios of 
HAp and β-TCP were 1.67 and 1.50, respectively.

Notably, in the XRD patterns of both Pure-OCP 
and Iso-OCP, the characteristic 100 reflection peak 
shifted to a higher angle when the temperature of 
heat treatment increased owing to a reduction in the 
(100) interplanar spacing because of a loss of crystal-
line water. The 100 reflection peak of the OCP phase 
was observed in the XRD patterns of Pure-OCP sam-
ples heated up to 400°C and Iso-OCP samples heated 
up to 700°C. This result indicates that the thermal 
stability of the layered structure of Iso-OCP is higher 
than that of Pure-OCP. Moreover, the decomposition 
behaviour of Iso-OCP is similar to that of succinate 
ion-incorporated OCP [46] (a representative carbox-
ylate ion-incorporated OCP). However, the thermal 

Figure 1. XRD patterns of (a) Pure-OCP and (b) Iso-OCP, before and after heat treatment under nitrogen atmosphere.
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stability of the layered structure of Iso-OCP is higher 
than that of succinate ion-incorporated OCP; the two 
remain stable on heat treatment up to 700 and 600°C 
[46], respectively.

3.1.2. Appearances
Figure 2 depicts the appearances of Pure- and Iso- 
OCP powders before and after the heat treatment. 
Both samples were white before the heat treatment. 
The colour of the Pure-OCP powder did not 
change after heat treatment up to 1100°C in 
a nitrogen atmosphere (Figure 2(a)). In contrast, 
the colour of the Iso-OCP powder changed from 
white to brown and black on heat treatment at 
600°C and above 700°C, respectively, under the 
nitrogen atmosphere (Figure 2(b)). This colour 
change could be attributed to the thermal decom-
position of isophthalic acid in Iso-OCP to form 
char. Notably, the nitrogen atmosphere of the pyr-
olysis experiment prevented the burning of the 
isophthalic acid component of Iso-OCP.

3.2. Characterisation of sintered-body samples 
prepared by heat treatment of Iso-OCP compacts

3.2.1. Vickers hardness and nailing test
Table 2 lists the Vickers hardness values and results of 
the nailing tests of the sintered bodies prepared by the 
heat treatment of Iso-OCP compacts under various 
conditions. At the heat treatment temperature at 
900°C, the Vickers hardness increased from approxi-
mately 5 to approximately 9 kgf/mm2 up to a heat 
treatment holding time of 24 h and remained almost 
constant thereafter. At the heat treatment temperature 
at 1000°C, samples with a heat-treatment holding time 
of 24 h exhibited a large Vickers hardness (11.7 kgf/ 
mm2), whereas the other samples exhibited Vickers 
hardness values of approximately 8–9 kgf/mm2. For 
samples heat treated at 1100°C, the Vickers hardness 
remained almost constant up to 12 h; this value 
increased from approximately 10 to approximately 
12 kgf/mm2 when the heat-treatment holding time 
was increased. Figure 3 depicts the images of repre-
sentative samples that passed and failed the nailing 

Figure 2. Images of (a) Pure-OCP and (b) Iso-OCP before and after heat treatment under nitrogen atmosphere.

Table 2. Summary of the Vickers hardness and nailing test results of sintered-body samples 
prepared from Iso-OCP compacts based on various heat-treatment temperatures and holding 
times.

Holding time (h)

Heat treatment temperature (℃)

900 1000 1100

1 Vickers hardness 
(kgf/mm2)

4.7 9.2 9.6

Nailing test Pass Fail Fail
12 Vickers hardness 

(kgf/mm2)
5.3 8.3 9.4

Nailing test Fail Fail Fail
24 Vickers hardness 

(kgf/mm2)
9.3 11.7 11.7

Nailing test Pass Pass Pass
48 Vickers hardness 

(kgf/mm2)
8.4 9.4 12.3

Nailing test Fail Fail Fail

The Vickers hardness values are averaged over five samples.
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test. As summarised in Table 2, sintered-body samples 
heat treated for 24 h at temperatures of 900–1100°C 
passed the nailing test, as well as with samples pre-
pared by heat treatment at 900°C for 1 h.

The data in Table 2 indicate that no clear correla-
tion exists between the Vickers hardness values and 
nailing test results. The sample with the lowest Vickers 
hardness passed the nailing test (900°C, 1 h), whereas 
the sample with the highest Vickers hardness failed the 
nailing test (1100°C, 48 h). To elucidate this phenom-
enon, relationships between the progress of sample 
sintering, diffusion of carbon components and forma-
tion of mortar layers in samples, and evaporation 
(loss) of char (pyrolysis products of isophthalic acid) 
must be investigated in detail. Because these are key 
factors in the design of damage-tolerant materials, 
their in-depth analyses are necessary.

Because the objective of this study was to develop 
artificial bones with improved damage tolerance, a heat- 
treatment holding time of 24 h was selected for further 
experimentation, as summarised in Table 2. Typically, 
materials with a high Vickers hardness value exhibit 
high strength. This mandates a heat-treatment tempera-
ture of 1000 or 1100°C. However, the carbon content of 
the samples might decrease when the heat-treatment 
temperature is increased. Hence, a heat-treatment con-
dition of 1000°C for 24 h was finally selected and used 
for further experimentation.

3.2.2. Carbon content and chemical structures of 
samples
As depicted in Figure 3(a), sintered-body samples 
prepared from Iso-OCP compacts (heat treatment 
condition: 1000°C for 24 h) were black owing to char 
formation due to the pyrolysis of isophthalic acid. The 
carbon content of these samples was 2.2 mass% based 
on the CHN analysis. The Raman spectra of isophtha-
lic acid and sintered samples are depicted in Figure 4. 
The Raman peaks derived from isophthalic acid are 

sharp (Figure 4(a)); their detailed vibration modes 
have been reported in a previous study [47]. 
Characteristic strong peaks were detected at 761 and 
1002 cm−1, which could be attributed to the carboxy 
groups and aromatic rings in the sample, respectively. 
These strong and sharp peaks were not observed in the 
Raman spectrum of the sintered-body sample pre-
pared from Iso-OCP compacts, which exhibited only 
two peaks derived from the char (Figure 4(b)). The 
first peak at approximately 1300 cm−1 was derived 
from the sp3 bond, whereas the second Raman peak 
at approximately 1590 cm−1 was derived from the sp2 

bond. These Raman peaks are representative of pyr-
olytic carbon [48,49]. Thus, the isophthalate ions 
incorporated into OCP were decomposed by the heat 
treatment (at 1000°C for 24 h under nitrogen atmo-
sphere) into pyrolytic carbon.

Figure 3. Images of sintered-body samples prepared from Iso-OCP compacts after the nailing test. (a) success case (heat treatment 
condition: 1000°C, 24 h) and (b) failure case (heat treatment condition: 1000°C, 48 h).

Figure 4. Raman spectra of (a) isophthalic acid and (b) sin-
tered-body sample prepared from Iso-OCP compacts (heat 
treatment condition: 1000°C, 24 h).
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3.3. Comparison of properties of sintered-body 
samples

3.3.1. Crystalline phases
The XRD patterns of the HAp-sintered body and 
sintered-body samples prepared from Pure- and Iso- 
OCP compacts are depicted in Figure 5. The crystal-
line phase of the HAp-sintered body was confirmed to 
be single-phase HAp, whereas the crystalline phases of 
the sintered-body samples prepared from Pure-OCP 
compacts were β-TCP and β-CPP and those of the 
sintered-body samples prepared from Iso-OCP com-
pacts were HAp and β-TCP. The crystalline phases of 
the sintered-body samples prepared from Pure- and 
Iso-OCP compacts were the same as those of the heat- 
treated Pure- and Iso-OCP powder samples (Figure 1). 
Moreover, the sintered-body samples prepared from 
Iso-OCP compacts contained pyrolytic carbon 
(Figure 4), confirming them to be HAp/β-TCP/pyro-
lytic carbon composites.

3.3.2. Microstructure
The cross-sectional images of the HAp-sintered body 
and sintered-body samples prepared from Pure- and 
Iso-OCP compacts are depicted in Figure 6. Small 
particles (100–200 nm in diameter) were observed in 
the HAp-sintered body (Figure 6(a)); these particles 
were not significantly sintered. Numerous pores 
(approximately 1 μm in size) and agglomerates of par-
ticles (several micrometres in size) (Figure 6(b)) 
existed in the sintered-body samples prepared from 
Pure-OCP compacts. Interestingly, a specific cross- 
sectional structure (a brick-and-mortar-type struc-
ture), with plate-shaped particles oriented and stacked 
in the horizontal direction (perpendicular to the 

pressing direction), was observed for the sintered- 
body samples prepared from Iso-OCP compacts 
(Figure 6(c)). A cross-sectional SEM image of the 
nacreous layer of the abalone is depicted in 
Figure 6(d); the specific structure of the sintered- 
body sample prepared from Iso-OCP compact was 
similar to that of the nacreous layer. Notably, sintering 
did not appear to progress significantly in the sin-
tered-body sample prepared from Iso-OCP compacts, 
as indicated by gaps between the plate-shaped particles 
(observed in the high-magnification SEM image; 
Figure 6(c)). The mortar part of the brick-and- 
mortar-type structure was expected to be formed by 
carbon components ejected from the brick part (which 
were originally Iso-OCP crystals); however, this could 
not be confirmed by SEM. To confirm this phenom-
enon, it is essential to observe the grain boundary area 
under high magnification using a transmission elec-
tron microscope.

Because pores were observed in the sintered-body 
samples (as shown in Figure 6), the porosity of the 
samples was measured. The true densities of heat- 
treated HAp, Pure-OCP, and Iso-OCP powders in 
nitrogen atmosphere at 1000°C for 24 h evaluated 
using a helium pycnometer were 3.19, 3.12, and 
3.08 g/cm3, respectively. The bulk densities of the 
sintered-body samples prepared from HAp, Pure- 
OCP, and Iso-OCP compacts were 2.02, 1.64, and 
1.40 g/cm3, respectively. Hence, the porosities of the 
sintered-body samples prepared from HAp, Pure- 
OCP, and Iso-OCP compacts were 48, 47, and 55%, 
respectively. Therefore, the porosities of these three 
samples can be considered to be of the same level.

3.3.3. Mechanical properties
The representative stress – strain curves obtained from 
the three-point bending test of the HAp-sintered body 
and sintered-body samples prepared from Pure- and 
Iso-OCP compacts are depicted in Figure 7. 
Comparing with these three samples, the sintered- 
body samples prepared from Iso-OCP compacts 
exhibited the lowest bending strength, highest bending 
strain, and lowest Young’s modulus.

Table 3 lists a comparison of the maximum bending 
stress, maximum bending strain, Young’s modulus, and 
Vickers hardness values of the HAp-sintered body and 
sintered-body samples prepared from Pure- and Iso- 
OCP compacts with those of the cortical bone [50,51]. 
The maximum bending stresses of the HAp-sintered 
body and sintered-body samples prepared from Pure- 
and Iso-OCP compacts were 39.1, 18.6, and 11.7 MPa, 
respectively. Their respective maximum bending strains 
were 2.2 × 10‒2, 2.3 × 10‒2, and 2.8 × 10‒2; Young’s 
moduli were 26.0, 12.0, and 5.3 GPa; and Vickers hard-
ness values were 126.6, 28.4, and 11.7 kgf/mm2. The 
flexural strength of the obtained samples was lower 
than that of the cortical bone. Young’s modulus of the 

Figure 5. XRD patterns of (a) HAp-sintered body; sintered- 
body samples prepared from (b) Pure-OCP and (c) Iso-OCP 
compacts. All samples were heat treated at 1000°C for 24 h.
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obtained samples was close to that of the cortical bone. 
The Vickers hardness of the HAp-sintered body was 
higher than that of the cortical bone, whereas the 
Vickers hardness of sintered-body samples prepared 
from Pure- and Iso-OCP compacts was almost the 
same as that of the cortical bone.

The porosity of the sintered body sample pre-
pared from Iso-OCP was slightly higher than that 
of the HAp sintered body and the sintered body 
sample prepared from Pure-OCP. However, the 
porosity of these samples can be considered to be 
of almost the same level. Hence, although the 
bending strength, Young’s modulus, and Vickers 
hardness values of samples decreased in the follow-
ing order: HAp-sintered body > sintered-body 

samples prepared from Pure-OCP compacts > sin-
tered-body samples prepared from Iso-OCP com-
pacts, explaining the cause of this mechanical- 
property change in terms of only the porosity. 
Material factors other than porosity, such as micro-
structure, are likely dominate these mechanical 
properties.

The appearances of the HAp-sintered body and sin-
tered-body samples prepared from Pure- and Iso-OCP 
compacts after the nailing test are depicted in Figure 8. 
After the nailing test, the first two types of samples 
exhibited brittle fractures, whereas the nail-penetrated 
sintered-body samples prepared from Iso-OCP com-
pacts did not show any fracture. Therefore, among the 
three types of samples tested, sintered-body samples 

Figure 6. Cross-sectional SEM images of (a) HAp-sintered body; sintered-body samples prepared from (b) Pure-OCP and (c) Iso- 
OCP compacts; and (d) nacreous layer of natural abalone. Samples (a), (b), and (c) were heat treated at 1000°C for 24 h.
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prepared from Iso-OCP compacts exhibited the highest 
damage tolerance.

As for the relationship between sample porosity and 
damage tolerance, a previous study reported that alu-
mina bulk materials with a high porosity (79.5%) do not 
break during the nailing test [45]. However, the poros-
ity of the sintered-body samples prepared from Iso- 
OCP compacts was significantly lower (55%). 
Although the sintered-body samples prepared from 
Iso-OCP compacts with a porosity of 55% did not 

exhibit brittle fracture during the nailing test, the 
HAp sintered body with a porosity of 48% and the 
sintered-body samples prepared from Pure-OCP com-
pacts with a porosity of 47% exhibited brittle fracture. 
The porosity of these three samples can be regarded as 
almost same level. Therefore, porosity is an important 
factor that affects the damage-tolerance property of 
a material. However, in this study, mechanical proper-
ties and microstructures of materials, rather than their 
porosity, dominated their damage-tolerance properties.

The mechanical-property characterisation results 
indicated that materials with a high maximum strain 
and low Young’s modulus exhibited a high damage 
tolerance, whereas those with high strength and hard-
ness exhibited a low damage tolerance. Therefore, to 
design less-fragile materials, the fundamental guide-
line of material design is to increase material strength, 
resulting in high hardness and density; however, this 
strategy is not always appropriate for brittle materials. 
Materials with high damage tolerance must be 
designed to deform easily and tolerate large deforma-
tions. The high damage tolerance of the HAp/β-TCP 
/pyrolytic carbon composite obtained in this study 
could be attributed to its low Young’s modulus and 
high fracture strain owing to its moderate porosity and 
soft mortar part (which is likely pyrolytic carbon) of its 
brick-and-mortar structure. The development of 
materials inspired by the nacreous layer has been 
described in the introduction section. Damage- 
tolerant calcium phosphate-based materials exhibit 
high potential as biomaterials, especially artificial 
bones. The development of such bioinspired-design 

Figure 7. Representative stress – strain curves of (a) HAp- 
sintered body; sintered-body samples prepared from (b) Pure- 
OCP and (c) Iso-OCP compacts. All samples were heat treated 
at 1000°C for 24 h.

Table 3. Comparison of maximum bending stress, maximum bending strain, Young’s modulus, and Vickers hardness values of 
sintered-body samples prepared from Iso-OCP, Pure-OCP, and HAp compacts with those of cortical bone. All the sintered- 
body samples were heat treated at 1000°C for 24 h.

Properties of sintered-body sample

Starting material used for sintered-body sample

Cortical boneIso-OCP Pure-OCP HAp

Maximum bending stress (MPa) 11.7 18.6 39.1 166 [50]
Maximum bending strain (×10−2) 2.8 2.3 2.2 No data
Young’s modulus (GPa) 5.3 12.0 26.0 10.8 [50]
Vickers hardness (kgf/mm2) 11.7 28.4 126.6 34.1 [51]

The maximum bending stress, maximum bending strain, Young’s modulus, and Vickers hardness values are averaged over five samples.

Figure 8. Post-nailing-test images: (a) HAp-sintered body; sintered-body samples prepared from (b) Pure-OCP and (c) Iso-OCP 
compacts. All samples were heat treated at 1000°C for 24 h.
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materials represents an important achievement in the 
field of ceramic biomaterials.

3.3.4. Apatite-forming abilities
Figure 9(a–c) depict the SEM images of sintered-body 
samples prepared from Iso-OCP compacts before and 
after soaking them in SBF. Before soaking in SBF, the 
sample exhibited a rough surface (Figure 9(a)); after 
soaking in SBF for 1 d, the surface of the sample was 
fully covered by many petal-like precipitates, several 
micrometres in size (Figure 9(b)). The surface mor-
phology of the sample changed completely after soak-
ing in SBF for 3 d (Figure 9(c)). The morphology of the 
precipitate formed (Figure 9(c)) is similar to that of 
the bone-like apatite layer formed on samples soaked 
in SBF [52–54]. Therefore, the layer formed on soak-
ing the sintered-body samples prepared from Iso-OCP 
compacts in SBF likely comprises bone-like apatite.

Figure 9(d) depicts a cross-sectional SEM image of 
a sintered-body sample prepared from Iso-OCP com-
pacts after soaking it in SBF for 3 d. Figure 9(e,f) depict 
the EDS spectra of the precipitate layer (spot (1) in 
Figure 9(d)) and the sintered-body sample (spot (2) in 
Figure 9(d)). The cross-sectional image indicates a dense 

precipitate layer with a thickness of 3 μm and Ca/P 
molar ratio of 1.67 (calculated from the EDS spectrum 
depicted in Figure 9(e)). The sintered-body samples 
prepared from Iso-OCP compacts exhibited a porous 
structure before soaking them in SBF (Figure 6(c)). The 
porous structure was maintained after soaking in SBF 
for 3 d. The Ca/P molar ratio of the sintered-body part 
was 1.40, as indicated by the EDS spectrum (Figure 9(f)). 
Spots (1) and (2) show different Ca/P molar ratios, 
indicating the absence of a dense layer on the sintered- 
body sample before soaking in SBF; therefore, this layer 
is formed during the soaking process. The Ca/P ratio of 
spot (1) is similar to that of apatite (which exhibits 
a stoichiometric Ca/P molar ratio of 1.67), indicating 
that the dense layer likely consists of apatite. The afore-
mentioned morphological and compositional analyses 
suggest that the sintered-body samples prepared from 
Iso-OCP compacts exhibit apatite-forming ability and 
could enable direct bone bonding in vivo.

4. Conclusions

This paper described the fabrication of calcium phos-
phate-based materials for artificial bones based on 

Figure 9. SEM images of sintered-body samples prepared from Iso-OCP compact: (a) before soaking in SBF, (b) after soaking in SBF 
for 1 d, and (c) after soaking in SBF for 3 d. (d) cross-section of the sample soaked in SBF for 3 d. (e) and (f) show EDS spectra of 
spots (1) and (2) shown in SEM image (d), respectively. The sample was heat treated at 1000°C for 24 h.
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a bioinspired material design. Furthermore, it pre-
sented analyses of their crystalline phases, microstruc-
tures, compositions, mechanical properties, and 
apatite-forming abilities. Calcium phosphate-based 
materials were prepared by heat treating Iso-OCP com-
pacts under a nitrogen atmosphere. Isophthalate ions 
incorporated into OCP decomposed at 600°C, whereas 
Iso-OCP decomposed to HAp and β-TCP at higher 
temperatures with sintering. Sintered-body samples 
prepared from Iso-OCP compacts (1000°C, 24 h) were 
HAp/β-TCP/pyrolytic carbon composites with a brick- 
and-mortar-type structure, similar to the nacreous 
layer. The maximum bending stress, maximum bend-
ing strain, Young’s modulus, and Vickers hardness 
values of this material were 11.7 MPa, 2.8 × 10‒2, 5.3 
GPa, and 11.7 kgf/mm2, respectively. The proposed 
material exhibited excellent damage tolerance, suffi-
cient to pass the nailing test, possibly because of its 
low Young’s modulus and high fracture strain (because 
of its unique microstructure). Additionally, the apatite- 
forming ability of the material was confirmed by 
in vitro testing in SBF. In summary, this study proposed 
a bioinspired material design for the fabrication of 
artificial bones with high damage tolerance for their 
prolonged in vivo deployment.
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