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Low temperature consolidation of hydroxyapatite-
reduced graphene oxide nano-structured powders

Hassan Nosrati, a Rasoul Sarraf-Mamoory, *a Reza Zolfaghari Emameh,b

Dang Quang Svend Le,c Maria Canillas Perez d and Cody Eric Büngerc

In this study, hydroxyapatite-reduced graphene oxide (HA-rGO) powders were first synthesized in situ

using a hydrothermal method. These powders were then consolidated using a cold sintering method. The

solvent used in this method was water + dimethylformamide + brushite which was added to the powders

at different ratios. The sintered samples were then evaluated using X-ray diffraction, Fourier transform

infrared spectroscopy, Raman spectroscopy, high-resolution transmission electron microscopy, and

Vickers microindentation. The results of this study showed that the best conditions for the sintering of

rGO-HA nanopowders were a temperature of 200 1C, a holding time of 430 min, and a pressure of

500 MPa. The best mechanical properties were achieved when the solvent content was considered to be

20 wt%. Crack deflection and graphene bridging were among the mechanisms that increased the fracture

toughness of these nanocomposites. By adding 1.5% rGO, the fracture toughness of this nanocomposite

(using the cold sintering method) was approximately equivalent to that of spark plasma sintered HA.

1 Introduction

Graphene-HA nanocomposites have received much attention in
recent years. These types of nanocomposites have many uses as
biomaterials, either as coatings on other materials or as bulk
samples. Results from previous studies have shown that these
two phases have strengthened each other’s properties well.1–4

In graphene-HA nanocomposites, HA is the matrix phase. HA as
a member of the calcium phosphate family has a hexagonal
structure with a calcium-to-phosphate ratio of 1.67 and has a
very similar chemical composition to bone. The biomaterial
properties of HA, such as high compatibility with living
bone tissues, scaffolding properties, biocompatibility, osteo-
conductivity, and bioactivity, have resulted in its wide use in
biomedical fields.5–10 Therefore, various methods have been
used to synthesize this material such as the combustion
method,11 synthesis via solid-state reactions,12 electrochemical
deposition,13 a sol–gel process,14,15 a hydrolysis method,16 a
precipitation technique,17,18 synthesis via sputtering,19 multi-
ple emulsion systems,20 biomimetic deposition of HA on GO,21

solvothermal, and hydrothermal processes.22,23 These methods
have led to the synthesis of HA with different morphologies.24–29

But, despite all these properties, HA exhibits poor mechanical
properties, including low fracture toughness, poor tensile
strength, and weak wear resistance, leading to restrictions on
the use of HA as a bone replacement implant.30–33

It is necessary to improve the mechanical properties of HA
with a reinforcing material. Among various materials used for
this purpose, graphene has high potential due to its good
reinforcing properties. Graphene sheets with a carbon atom
thickness, a honeycomb structure, a high specific surface
area (2630 m2 g�1), and unique mechanical properties play a
reinforcing role in these nanocomposites.34–39 Apart from the
excellent mechanical properties of graphene such as an elastic
modulus of 1 TPa and a high fracture strength of 130 GPa, the
good biocompatibility of this material has led to their consid-
eration in biomedical applications such as drug delivery,
orthopedics, and bioimaging.40–43 Published reports show that
the addition of graphene and its derivatives (reduced graphene
oxide and graphene nanoribbons) to HA, which is performed
using various methods such as the hydrothermal process, has
always improved the mechanical properties of HA.44–46

In some applications, such as implants, synthesized powders
need to be made into a bulk shape. Different methods such as
hot pressing and spark plasma sintering have been used to
consolidate these types of powders.47,48 But, in most techniques,
it is used at high temperatures. That high temperature also
increases the cost of production, as well as the risk of material
destruction. Recently, consolidation techniques at low tempera-
tures have been greatly considered. This method, which is called
cold sintering, is used at temperatures below 300 1C, with a
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pressure of 100 to 500 MPa. In the first instance, a liquid phase
as a solvent in a very small amount is added to the interface
between particles.49–51 A portion of the particle surface is
dissolved in the liquid phase. The powders are then compressed
under external pressure and the compression is facilitated by the
presence of a liquid phase as a lubricant. Dissolution occurs in
the interface between particles and the sharp edges of particles.
It precipitates between particles and hollows. Finally, after
applying the heat and pressure and removing the liquid phase,
the particles are connected to each other. The important factors
of the cold sintering process are powder materials, solvents, and
physical parameters, but the solvent selection is more important.
In some cases, additional heat treatment for annealing is
used.52–58 So far, very few reports have been published on the
cold sintering of hydroxyapatite containing powders.59–61

In this study, hybrid nanostructured powders were synthe-
sized using a high-pressure hydrothermal method utilizing
hydrogen gas injection to increase the reduction rate of GO.
To investigate the final composite properties, a cold sintering
method has been used. The sintered samples were subjected
to a Vickers indentation technique for mechanical evaluation,
X-ray diffraction (XRD), Raman spectroscopy, field emission
scanning electron microscopy (FESEM), Fourier transform
infrared spectroscopy (FTIR), and high-resolution transmission
electron microscopy (HRTEM).

2 Experimental

The primary chemicals used in this study, along with their
specifications, are listed in Table 1. The initial solution (S1) was
first prepared (DMF + DI water with a volume ratio of 20 : 80).
DMF was considered for a better dispersion of GO in the
solvent.35,45

2.1 Synthesis of powders

Scheme 1 shows the synthesis process of the rGO-HA powders.
The amount of rGO used in this study is 1.5% by weight
because, according to previous studies,4 this amount has
had the greatest effect on increasing the fracture toughness
of rGO-HA nanocomposites (the approximate amount of rGO
was estimated by trial and error). Given Scheme 1, the following
steps were performed in order:

i. The solution containing Ca2+ (4.7 grams of calcium
nitrate tetrahydrate in 120 mL of S1) was added dropwise to a
20 mL stirred suspension of GO (HA/1.5% rGO) with stirring
continued for 1 h (Scheme 1a and b).

ii. The solution containing phosphate ions (1.56 g of
diammonium hydrogen phosphate in 80 mL of S1) was added
dropwise to the solution (Scheme 1c).

iii. The pH of the solution was adjusted to 410 with
ammonium solution.

iv. The resulting solution was poured into a Teflon (PTFE)
vessel and transferred to an autoclave. The hydrothermal process
was carried out for 5 h at 180 1C via the injection of hydrogen gas
at 10 bar (the volume of the PTFE container was 340 mL).

v. The powders were dried in an oven for 12 h at 60 1C.
vi. The resulting powders were consolidated after drying and

ball milling (250 rpm, 12 h).

2.2 Consolidation of powders

Chart 1 shows the steps of consolidation. Fig. 1 shows the
system used for the sintering and Vickers indentation evalua-
tion of the samples. At the cold sintering stage, the mixture
(M1) used consists of GO, brushite, and DMF. The mixture of
brushite and GO was prepared similar to the powder synthesis
step (Scheme 1c; at this stage of powder synthesis, a mixture of
brushite and GO was synthesized). The use of brushite was due
to the fact that this calcium phosphate is converted to HA under
high pressure and temperature conditions.23 The amounts of
GO-brushite powders were 5% by weight (DMF). The ratio of
calcium to phosphate in this mixture was considered to be 1.67.
A cold sintering method was chosen for sintering these powders
(Chart 1). To form the ceramic pellets, 10 (I), 15 (II), and 20 (III)
wt% of M1 were, respectively, mixed with 3 g of the rGO-HA
powders using a pestle and mortar. The mixture was then placed

Table 1 Primary chemicals used in the powder synthesis phase

Chemical Company, purity

Graphene oxide (GO) (COxHy) Abalonyx, 25 g L�1 DMF
Calcium nitrate tetrahydrate (Ca(NO3)2�4H2O) Merck, 499%
Diammonium hydrogen phosphate ((NH4)2HPO4) Merck, 499%
Ammonium solution (NH4OH) Merck, 25%
Dimethyl formamide (DMF) ((CH3)2NC(O)H) Sigma-Aldrich, 499.8%

Scheme 1 Synthesis process of rGO-HA powders.
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in a die (30 mm in diameter) and subject to a uniaxial pressure
of 500 MPa (Fig. 1a). The die was held at room temperature
(approximately 25 1C) for 10 min and then heated to 200 1C at a
rate of 5 1C min�1. The holding time of the samples at 200 1C
was 60 min. The as-prepared ceramic samples (approximately
30 mm in diameter and B2 mm in thickness) were dried at
200 1C overnight to remove the possible residual solvent in an
argon atmosphere. For comparison, a sample of pure HA (0% of
rGO) was prepared under similar conditions with 20% of M1.

Before performing the above steps, considering the study sources,
the temperature, time and pressure applied were first evaluated and
the best conditions were considered for cold sintering with respect to
the relative density obtained for each sample (described later).

The Archimedes method was used to calculate the relative
density of the sintered samples (ASTM C373-88).47 A Micro-
metrics AutoPore III 9410 porosimeter (mercury porosimetry
recorded in the 5 � 10�3 to 3 � 102 mm range) was used to
evaluate the distribution of porosity.

2.3 Vickers indentation

Instrumented microindentation experiments were conducted
on the polished surfaces of samples using a GrindoSonic tester

with a Vickers tip at a maximum load of 1 N (a ramp dwell time
of 10 s). Nine tests (Fig. 1b) were performed at different
locations of each sample. Elastic modulus and hardness were
calculated from the load–displacement curves (Fig. 1c) using
the Oliver–Pharr method.62 The modified Antis method was
used to evaluate the fracture toughness (K1C) of the samples
(eqn (1)):63

K1C ¼ l � Wt

We

� �
0:5 � P

C1:5

� �
(1)

where Wt is the area below the load–displacement curve and We

is the area below the unloading curve which corresponds to the
elastic deformation; the energy Wt is the total of elastic and
plastic deformation (We and Wp, respectively); l is a dimension-
less constant, which is close to 0.0498 for the Vickers tip; C is
the average crack length and P is the applied force. The use of
experimental parameters is the major advantage of this method,
which can be easily calculated when using instrumented
indentation.

2.4 Characterization techniques

XRD (X’Pert Pro, PANalytical Co.) was used to determine the
phase constituents of the samples, containing a detector with
Cu Ka radiation (l = 1.5406 Å, 40 kV, 40 mA) and a 2theta
scanning range from 101 up to 801 in steps of 0.021.

FESEM (Hitachi S4700 equipped with energy dispersive
X-ray spectroscopy) and a portable scanning electron micro-
scope (SEM, TM-1000) were used to observe the morphology of
the samples (mounted in an adhesive carbon film and Au
coated by sputtering for its observation).

FTIR (VERTEX 70, Bruker Corp.) was used to identify the
functional groups of the samples (a resolution of 4 cm�1, a scan
number of 8, a spectral region from 400 to 4000 cm�1 using
2 cm�1 steps). The samples were prepared and mixed with
potassium bromide (KBr) in a concentration of 1 mg powdered
samples and 300 mg KBr. The mixture was pressed into discs
with a thickness of 1 mm by applying a pressure of 200 MPa.
The spectra were collected at room temperature (25 1C) and
60% relative humidity.

Chart 1 Consolidation steps.

Fig. 1 (a) Schematic image of the cold sintering system and (b) Vickers indentation evaluation of the cold sintered samples.
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Raman spectroscopy (Renishaw inVia spectrometer) was
used in the range of 300–3500 cm�1, recording 5 times for
10 seconds of each accumulation, with a green laser line at a
wavelength of 532 nm in a backscattering configuration using a
microscope with a 100� objective, a 100% power, and an
acquisition time of 10 s, which had been excited from an argon
ion laser.

HRTEM (TALOS F200A with a twin lens system, an X-FEG
electron source, a Ceta 16M camera and a super-X EDS detector)
was used to observe the atomic structure of the samples and for
spatially resolved elemental analysis, with a spatial resolution
higher than 2 nm. To study the atomic structure, fast Fourier
transform (FFT) and inverse fast Fourier transform (IFFT)
analyses were used. The ImageJ 1.52d and Diamond 3.2 software
were used in this study.

3 Results and discussion

Fig. 2 shows the FESEM image of the rGO-HA nanopowders and
the TEM images of the rGO-HA nanopowders and HA nanorods
synthesized via the hydrothermal method. As shown in the
FESEM image (Fig. 2a), the HA particles are attached to the rGO
surfaces, edges and between the graphene sheets while the rGO
sheets are folded and wrinkled. In some areas, HA particles
have been agglomerated. The TEM image (Fig. 2b) also shows
the presence of rGO and HA. It is clear that the morphology of
the HA particles is nanorod shaped (Fig. 2c). These nanorods
are less than 50 nanometers in diameter while showing long-
itudinal variations. The growth direction of the nanorods is in
the C-axis.64–66

Fig. 3 shows the EDS analysis of rGO-HA nanopowders (1.5%
rGO) synthesized by the hydrothermal method, the high-angle
annular dark-field (HAADF) image of rGO-HA nanopowders,
and the elemental analysis of rGO-HA nanopowders. These
findings showed that trace elements are present in the final
synthesized powder and are distributed homogeneously.

Previous studies have included complementary analyses that
confirm the calcium to phosphate ratio of 1.67.64–66

Fig. 4 shows the results of the designed experiments to find
the best cold sintering conditions. As can be seen from the
graphs, the best temperature was 200 1C (Fig. 4c), the best
holding time was 30 minutes (Fig. 4b), and the best applied
pressure was 500 MPa (Fig. 4a) to achieve the highest relative
density. It should be noted that the solvent content in these
samples was considered to be 20% by weight.

Fig. 5 shows the XRD patterns of the consolidated HA and
rGO-HA nanocomposites for 10 (I), 15 (II), and 20 (III) wt%
solvent along with the crystal structure of HA. According to the
XRD pattern of the samples (Fig. 5a), full conformity is achieved

Fig. 2 (a) FESEM image of rGO-HA nanopowders (1.5% rGO) synthesized
by the hydrothermal method and (b and c) TEM images of rGO-HA
nanopowders (1.5% rGO) and HA nanorods.

Fig. 3 (a) EDS analysis of rGO-HA nanopowders (1.5% rGO) synthesized
by the hydrothermal method, (b) HAADF image of rGO-HA nanopowders,
and (c–f) elemental analysis of rGO-HA nanopowders.

Fig. 4 Results of the designed experiments to find the best (a) uniaxial
pressure, (b) holding time, and (c) cold sintering temperature.
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between the obtained peaks and the reference standard of pure
HA (JCPDS 09-0432). Accordingly, the XRD pattern of the rGO-
HA nanocomposites is quite similar to that of pure HA with
high purity and a hexagonal structure. According to studies, the
famous GO peak is located at 2theta E 10. After the reduction
of GO to rGO, this peak disappears and a new one appears at
2theta E 26. Because of the amorphous structure of rGO, this
peak is much weaker and wider than the HA (002) peak.
Therefore, the rGO peak is covered by the HA (002) peak which
is highly intensified due to its high crystallinity. Table 2 shows
the specification of the main HA scatter planes obtained.
According to the XRD pattern the (002), (211), and (300) planes
are the main growth planes in HA crystals where the (002) and
(300) planes are perpendicular (Fig. 5b). Increasing the amount
of the solvent has increased the intensity of the peaks in some
directions and decreased it in some directions. In the direction
of the (002) plane, increasing the amount of the solvent has
reduced the peak intensity, but in the case of the (211) and
(300) planes the peak intensity has increased. Also, the peaks
have shifted slightly to the left, which is probably due to the
increased pressure from the solvent steam. Comparing the
obtained peaks, it is clear that the presence of rGO did not
have much effect on the peak shift.45,47,65,66

Fig. 6 shows the Raman spectra and the FTIR analysis
results for consolidated samples. Raman spectroscopy has been
performed to confirm the presence of rGO (Fig. 6a). The peaks
obtained for nanocomposite samples are almost identical and
confirm the presence of graphene sheets. In all spectra, the
peaks located at 962 cm�1 are related to the P–O symmetric
stretching (v1 PO4

3�) in HA. The peaks located at 1350, 1600,

and 2700 cm�1 are related to the D bond (symmetric oscilla-
tions of the A1g of carbon atoms with the sp3 hybrid), G bond
(shaking of the E2g of the carbon atom phonon with the sp2

hybrid), and 2D peak (related to the number of layers of the
graphene sheets) in rGO. The rGO-related Raman signals in
these spectra are much clearer than the HA signals, although its
weight percent in the powders is much lower. The D and G
peaks in the rGO have not had any displacement in the Raman
spectra, indicating that the rGO-HA nanocomposites have been
successfully synthesized.65,66 The FTIR analysis results reveal
that the nanocomposites contain rGO and HA (Fig. 6b). The
peaks located at 565 cm�1 (P–O bending) and 925, 1035, and
1095 cm�1 (P–O(H) stretching vibration) are related to HA.
The peaks located at 1055 cm�1 (C–O stretching vibration),
1230 cm�1 (C–OH stretching vibration), 1395 cm�1 (C–O–H
deformation vibration), 1620 cm�1 (CQC stretching vibration),
and 1730 cm�1 (CQO stretching vibration) are related to GO.
The peaks located at 3400–3500 cm�1 (O–H stretching vibra-
tion) are related to GO and HA. By comparing the FTIR
patterns, it can be seen that the peaks obtained for the
nanocomposites correspond to the pure HA peaks. These
findings suggest that GO peaks have shifted upwards. The most
significantly changed peaks are the oxygen-containing func-
tional groups on the GO surface (C–O, C–O–H, CQO) that have
shifted upwards due to the reduction of GO. However, there
may still be oxide groups whose peaks are covered with the HA
peaks.44,45 By juxtaposing the findings of Raman spectroscopy
and FTIR analyses, it is clear that graphene sheets (in the form
of rGO) are present in all nanocomposites.

Fig. 7 shows the FESEM images of the fracture surfaces
of samples after cold sintering and the mechanism of cold
sintering and post-drying based on the experimental results.
FESEM images show the presence of graphene in three dimen-
sions. The graphene layers are assembled together (Fig. 7a) so
that the HA particles are placed between them (Fig. 7b and c).
As it is known, the presence of this three-dimensional structure
causes incomplete compression during sintering and, in any
case, increases porosity and it is expected that by increasing the
amount of rGO the porosity will increase equally as previously
this issue was characterized by relative density. The presence of

Fig. 5 (a) XRD patterns of consolidated rGO-HA nanocomposites for
10 (I), 15 (II), and 20 (III) wt% solvent and pure HA; (b) crystal structure of HA.

Table 2 Specification of the main HA scatter planes in the rGO-HA
nanocomposites

(hkl) (002) (211) (300)
d-Spacing (nm) 0.343 0.281 0.271
2theta (deg) 26 32 33

Fig. 6 (a) Raman spectroscopy and (b) FTIR analysis for consolidated
samples for 10 (I), 15 (II), and 20 (III) wt% solvent and pure HA.
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these porosities may in part deteriorate the mechanical proper-
ties because they are localized to crack nucleation and to focus
stresses, but according to previous studies the presence of these
porosities can increase the osteoconductivity of these materials.
According to Fig. 7(d–f), the powders were first uniformly
wetted using the solvent and mixed with brushite and GO
(Fig. 7d). Under uniaxial pressure, during the hydrothermal
reaction brushite and GO were redistributed and filled into the
interspaces between the rGO-HA particles, thereby aiding the
rearrangement of the particles. When the temperature was
increased up to 200 1C (Fig. 7e), brushite dissolved in water
and DMF to form amorphous complexes. Because the tempera-
ture is higher than the boiling point of the solvent, the water and
DMF in the samples continuously evaporated until they were
exhausted. The amorphous phase was filled into the interspaces
between the particles, and dense crystal/amorphous ceramics
were obtained. The amorphous phase transformed into the
crystalline phase during the annealing process (Fig. 7f). The
grains grew gradually, and the interspaces were filled further.

Fig. 8 shows the FESEM images of the pores in the HA and
rGO-HA samples (20% solvent), the pore size distribution, and
the relative density of the samples. The FESEM images show
that the presence of rGO has caused larger pores (Fig. 8a and b).
The pore size distribution diagram obtained using the
Washburn equation67 (Fig. 8c) shows that the size of the porosity
in the rGO-HA sample has increased. The total porosities were
3.5% for HA and 5% for the rGO-HA nanocomposite. Also,
densitometry results (Fig. 8d) showed that the highest relative
density was related to sample (III) with a 20% solution.

Fig. 9 shows the force–displacement diagrams of the sintered
samples. To compare the effect of the solvent percentage during
the cold sintering process on the final properties of the nano-
composites, all samples were subjected to a Vickers test. As the
curves show (Fig. 9a) the contact depth for sample (I) is greater
than those for samples (II) and (III). In other words, more force
is needed to achieve a constant contact depth in (II) and (III).

This conclusion is also valid for (III) compared to (II). Con-
sidering the same conditions for the preparation of samples,
it is likely that another mechanism including a higher
degree of GO reduction or higher crystallinity, and more
accurate stoichiometry of HA is most likely responsible for this
phenomenon. Also, according to these diagrams, the elastic
work in (I) is greater than that in the other samples. Also, the
plastic work is slightly higher in (I), but with a smaller ratio,
which is obtained from the surface below the curves. In these
diagrams, the transition to the left means the improvement of
the mechanical properties. In Fig. 9b, the force–displacement
curve shows that the Vickers indenter has hit a hole in its path.
The part shown with the arrow shows the contact depth where
the cavity is located. These changes are more evident in
samples with high porosity. In some curves, these changes
appear several times. These cases involve some errors in the
calculations. The indentation analysis results (Table 3) show

Fig. 7 (a–c) FESEM images of the fracture surfaces of samples after cold
sintering for sample (III) and (d–f) the mechanism of cold sintering and
post-drying based on the experimental results.

Fig. 8 (a) FESEM images of the pores in the HA sample (20% solvent), (b)
FESEM images of the pores in the rGO-HA sample (20% solvent), (c) pore
size distribution, and (d) the relative density of the samples.

Fig. 9 (a) Force–displacement diagrams of the sintered samples and (b)
indentation affected zone.
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that the hardness and Young’s modulus values of samples (II)
and (III) are higher than those of (I). Also, (III) showed better
mechanical properties compared with (II). The reason for this
improvement in the mechanical properties should be examined
from two perspectives. First, increasing the hydrothermal
pressure increases the crystallinity of the primary powder and
improves the properties of HA, and second the presence
of more hydrogen gas increases the reduction degree of GO
and improves the mechanical properties of the graphene
sheets.45,47 The fracture toughness of this nanocomposite
(III, by the cold sintering method) was approximately equiva-
lent to that of spark plasma sintered HA.68

Fig. 10 shows the FESEM images of the cracks formed
during the mechanical analysis on the sintered samples. In
these images, crack bridging and crack deflection are shown.
Graphene sheets have increased the fracture toughness of the
samples via these mechanisms. The pull out energy of gra-
phene is much higher than the energy needed to pull out HA
from each other because graphene sheets have a higher specific
surface.45

Fig. 11 shows the interface analysis between the two phases
after consolidation. In this figure, HA, graphene sheets, and three
areas identified for the analysis are shown. Fig. 11a shows the HA
and rGO phases together. From Fig. 11b, the d-spacing of graphene
sheets is 0.34 nm, which shows that GO is well reduced. In
Fig. 11c, the d-spacing confirms the growth of the (211) plane in
HA. Fig. 11d shows that the two phases are well connected.
Previous studies have confirmed that there is a coherent interface
between the two phases of HA and rGO.4,69,70

4 Conclusions

The results of this study showed that the best conditions for
the sintering of rGO-HA nanopowders were a temperature of
200 1C, a holding time of 430 min, and a pressure of 500 MPa.
The best mechanical properties were achieved when the solvent
content was considered to be 20 wt%. By increasing the amount
of the solvent up to 20 wt%, the hardness, elastic modulus and
fracture toughness of rGO-HA nanocomposites reached values
of 4.3 � 0.3 GPa, 95.7 � 5.2 GPa, and 1.12 � 0.03 MPa m0.5,
respectively. By adding 1.5% rGO, the fracture toughness of this
nanocomposite (by the cold sintering method) was approxi-
mately equivalent to that of spark plasma sintered HA. The
interface between the two phases in this nanocomposite was
coherent. Crack deflection and graphene bridging were among
the mechanisms that increased the fracture toughness of these
nanocomposites.
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Cerámica y Vidrio, 56(5) (2017) 237-242, 10.1016/
j.bsecv.2017.05.002.

12 X. Guo, H. Yan, S. Zhao, L. Zhang, Y. Li and X. Liang, Effect
of calcining temperature on particle size of hydroxyapatite
synthesized by solid-state reaction at room temperature,
Adv. Powder Technol., 2013, 4(6), 1034–1038, DOI: 10.1016/
j.apt.2013.03.002.

13 M. Shikhanzadeh, Direct formation of nanophase hydro-
xyapatite on cathodically polarized electrodes, J. Mater. Sci.:
Mater. Med., 1998, 9, 67–72, DOI: 10.1023/A:1008838813120.

14 A. Jillavenkatesa and R. A. Condrate Sr., Sol–gel processing
of hydroxyapatite, J. Mater. Sci., 1998, 33, 4111–4119, DOI:
10.1023/A:1004436732282.

15 T. A. Kuriakosea, S. N. Kalkura, M. Palanichami, D. Arivuoli,
K. Dierks, G. Bocelli and C. Betzel, Synthesis of stoichio-
metric nano crystalline hydroxyapatite by ethanol-based

sol–gel technique at low temperature, J. Cryst. Grow., 2004,
263(1–4), 517–523, DOI: 10.1016/j.jcrysgro.2003.11.057.

16 O. V. Sinitsyna, A. G. Veresov, E. S. Kovaleva, Y. V. Kolen’ko,
V. L. Putlyaev and Y. D. Tretyakov, Synthesis of hydroxy-
apatite by hydrolysis of a-Ca3(PO4)2, Russ. Chem. Bull., 2005,
54(1), 79–86, DOI: 10.1007/s11172-005-0220-9.

17 C. Liu, Y. Huang, W. Shen and J. Cui, Kinetics of hydro-
xyapatite precipitation at pH 10 to 11, Biomaterials, 2000,
22(4), 301–306, DOI: 10.1016/S0142-9612(00)00166-6.

18 A. H. Ahmadi, H. Nosrati and R. Sarraf-Mamoory, Decreas-
ing b-three calcium phosphate particle size using graphite
as nucleation sites and diethylene glycol as a chemical
additive, J. Bioengineering Res., 2019, 1(4), 50–58, DOI:
10.22034/jbr.2019.211371.1016.

19 K. Yamashita, T. Arashi, K. Kitagaki, S. Yamada and T. Umegaki,
Preparation of apatite thin films through rfsputtering from
calcium phosphate glasses, J. Am. Ceram. Soc., 1994, 77(9),
2401–2407, DOI: 10.1111/j.1151-2916.1994.tb04611.x.

20 I. Kimura, Synthesis of hydroxyapatite by interfacial reac-
tion in a multiple emulsion, Res. Lett. Mater. Sci., 2007, 1–4,
DOI: 10.1155/2007/71284.

21 A. C. Tas, Synthesis of biomimetic Ca-hydroxyapatite pow-
ders at 37 degrees C in synthetic body fluids, Biomaterials,
2000, 21, 1429–1438, DOI: 10.1016/S0142-9612(00)00019-3.

22 H. Nosrati, R. Sarraf-Mamoory, D. Q. S. Le, M. C. Perez and
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graphene reinforced hydroxyapatite composites, Ceram. Int.,
2015, 41, 3647–3652, DOI: 10.1016/j.ceramint.2014.11.033.

49 H. Guo, J. Guo, A. Baker and C. A. Randall, Hydrothermal-
Assisted Cold Sintering Process: A New Guidance for Low-
Temperature Ceramic Sintering, ACS Appl. Mater. Interfaces,
2016, 8(32), 20909–20915, DOI: 10.1021/acsami.6b07481.

50 H. Guo, A. Baker, J. Guo and C. A. Randall, Protocol for
Ultralow-Temperature Ceramic Sintering: An Integration of
Nanotechnology and the Cold Sintering Process, ACS Nano,
2016, 10(11), 10606–10614, DOI: 10.1021/acsnano.6b03800.

51 T. Charoonsuk, U. Sukkha, T. Kolodiazhnyi and N. Vittayakorn,
Enhancing the densification of ceria ceramic at low tem-
perature via the cold sintering assisted two-step sintering
process, Ceram. Int., 2018, 44(1), 554–557, DOI: 10.1016/
j.ceramint.2018.08.253.

52 H.-Q. Huang, J. Tang and J. Liu, Preparation of
Na0.5Bi0.5TiO3 ceramics by hydrothermal-assisted cold
sintering, Ceram. Int., 2019, 45, 6753–6758, DOI: 10.1016/
j.ceramint.2018.12.166.

53 S. H. Bang, T. H. De Beauvoir and C. A. Randall, Densifica-
tion of thermodynamically unstable tin monoxide using
cold sintering process, J. Eur. Ceram. Soc., 2019, 39,
1230–1236, DOI: 10.1016/j.jeurceramsoc.2018.11.026.

54 G. Goglio, A. Ndayishimiye, A. Largeteau and C. Elissalde,
View point on hydrothermal sintering: Main features, today’s
recent advances and tomorrow’s promises, Scr. Mater., 2019,
158, 146–152, DOI: 10.1016/j.scriptamat.2018.08.038.

55 V. Medri, F. Servadei, R. Bendoni, A. N. Murri, A. Vaccari
and E. Landi, Nano-to-macroporous TiO2 (anatase) by cold
sintering process, J. Eur. Ceram. Soc., 2019, 39, 2453–2462,
DOI: 10.1016/j.jeurceramsoc.2019.02.047.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 6
:0

7:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00212g


1346 | Mater. Adv., 2020, 1, 1337--1346 This journal is©The Royal Society of Chemistry 2020

56 Y. Zhao, S. S. Berbano, L. Gao, K. Wang, J. Guo, K. Tsuji,
J. Wang and C. A. Randall, Cold-sintered V2O5-PEDOT:PSS
nanocomposites for negative temperature coefficient mate-
rials, J. Eur. Ceram. Soc., 2019, 39, 1257–1262, DOI: 10.1016/
j.jeurceramsoc.2018.10.018.

57 M. Jianzhang, L. Hanying, W. Huajing, L. Cong, W. Xiao,
L. Tengfei, Z. Xinghua and Y. Xing, Composition, microstruc-
ture and electrical properties of K0.5Na0.5NbO3 ceramics fabri-
cated by cold sintering assisted sintering, J. Eur. Ceram. Soc.,
2019, 39, 986–993, DOI: 10.1016/j.jeurceramsoc.2018.11.044.

58 Y. Liu, Q. Sun, D. Wang, K. Adair, J. Liang and X. Sun,
Development of the cold sintering process and its applica-
tion in solid-state lithium batteries, J. Power Sources, 2018,
393, 193–203, DOI: 10.1016/j.jpowsour.2018.05.015.

59 S. Venkatesan, M. ul Hassan and H. J. Ryu, Adsorption and
immobilization of radioactive ionic-corrosion-products using
magnetic hydroxyapatite and cold-sintering for nuclear waste
management applications, J. Nucl. Mater., 2019, 514, 40–49,
DOI: 10.1016/j.jnucmat.2018.11.026.

60 M. ul Hassan and H. J. Ryu, Cold sintering and durability of
iodate-substituted calcium hydroxyapatite (IO-HAp) for the
immobilization of radioiodine, J. Nucl. Mater., 2019, 514,
84–89, DOI: 10.1016/j.jnucmat.2018.11.024.

61 M. ul Hassan, S. Iqbal, J.-I. Yun and H. J. Ryu, Immobiliza-
tion of radioactive corrosion products by cold sintering of
pure hydroxyapatite, J. Hazard. Mater., 2019, 374, 228–237,
DOI: 10.1016/j.jhazmat.2019.04.038.

62 W. Oliver and G. Pharr, An improved technique for deter-
mining hardness and elastic modulus using load and dis-
placement sensing indentation experiments, J. Mater. Res.,
1992, 7, 1564–1583.

63 I. Hervas, A. Montagne, A. Van Gorp, M. Bentoumi,
A. Thuault and A. Iost, Fracture toughness of glasses and
hydroxyapatite: A comparative study of 7 methods by using

Vickers indenter, Ceram. Int., 2016, 42(11), 12740–12750,
DOI: 10.1016/j.ceramint.2016.05.030.

64 H. Nosrati, R. Sarraf-Mamoory, D. Q. S. Le and C. E. Bunger,
Fabrication of gelatin/hydroxyapatite/3D-graphene scaffolds
by a hydrogel 3D-printing method, Mater. Chem. Phys., 2020,
239, 122305, DOI: 10.1016/j.matchemphys.2019.122305.

65 H. Nosrati, R. Sarraf Mamoory, F. Dabir, D. Q. S. Le,
C. E. Bunger, M. C. Perez and M. A. Rodriguez, Effects of
hydrothermal pressure on in situ synthesis of 3D graphene/
hydroxyapatite nano structured powders, Ceram. Int., 2019,
45, 1761–1769, DOI: 10.1016/j.ceramint.2018.10.059.

66 H. Nosrati, R. Sarraf Mamoory, F. Dabir, M. C. Perez,
M. A. Rodriguez, D. Q. S. Le and C. E. Bünger, In situ synthesis
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