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ABSTRACT

Purpose: A novel technique of very low-temperature sintering named the cold sintering 
process is used to produce Highly dense hydroxyapatite-polyetheretherketone (HA-PEEK) 
nanocomposites. The polymers and ceramics are sintered at different temperatures; therefore, 
it is difficult to create ceramic matrix composites using traditional methods because the high 
temperatures might damage the polymers. It is hard to concurrently treat polymeric materials at 
high temperatures because HA often sinters at temperatures exceeding 1000°C. So, the study 
aimed to use a novel low-temperature sintering named Cold Sintering Process (CSP) with a Ts/
Tm ratio greater than 0.2 to alleviate this issue. This method could offer a production path with 
quick densification and less energy costs to increase throughput.
Design/methodology/approach: In the current work, two different routes are used: The 
direct mixing and dissolution methods were used for powder preparation to fabricate a unique 
ceramic matrix composite. The study aimed to determine whether the preparation method could 
produce two continuous phases for better densification. The sintering temperature, pressure, 
holding time, and PEEK content were selected as the production parameters. The samples 
are characterised using a scanning electron microscope (SEM), X-ray energy dispersive 
spectrometry (EDS), an X-ray diffractogram (XRD), and a transition electron microscope (TEM). 
Also, physical and mechanical property measurements were detected, including density, water 
contact angle, hardness, and diametral tensile strength (DTS).
Findings: It can be observed that a high densification compact (relative density 99.3%) can 
be observed by using the dissolution method HA-PEEK composites, which can be produced 
via the cold sintering process. The dissolution method can produce two continuous phases 
compared with the direct mixing method. All samples exhibit excellent hydrophilicity, which 
makes them good candidates for biomedical applications.
Research limitations/implications: The biggest implication of the cold sintering method is 
the difficulty of making large-sized and complex-shaped samples.
Practical implications: The dissolution method can produce two continuous phases 
compared with the direct mixing method. All samples exhibit excellent hydrophilicity, which 
makes them good candidates for biomedical applications.
Originality/value: A novel technique was used for the first time to solve the problem of 
producing ceramic matrix composites with polymer as the dispersion phase.
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1. Introduction 
 

The most popular high-temperature thermoplastic 
polymer utilised in the biomedical industry, particularly for 
an interbody fusion cage, is polyetheretherketone (PEEK) 
[1]. PEEK has good stability in the sterilising process, 
chemical resistance, and high-temperature resistance 
because to the aromatic backbone molecular chains that 
make up its chemical structure. PEEK is furthermore 
radiolucent, wear-resistant, and biocompatible [2]. PEEK 
reduces the normal stress-shielding effect that metal 
implants cause because of its elastic modulus, which is like 
human cortical bone. Because PEEK is physiologically inert 
and hinders complete integration with the neighbouring 
bone, so; it does not immediately connect to the bone after 
implantation [3]. Synthetic hydroxyapatite (HA), which has 
the molecular formula Ca10(PO4)6(OH)2, is the pure 
synthetic alternative for human bone mineral [4,5]. HA is a 
great option for biomedical applications as a bone substitute 
because of its osteoconductive properties and osteointegration 
[6-8]. Developing polymeric composites for a load-bearing 
application (hard tissue) has recently attracted much 
scientific interest [1]. HA-PEEK is one of the best options 
for them due to the combination of high mechanical 
properties for PEEK and strong bioactivity for hydroxyapatite 
[9]. To produce HA-PEEK composites containing ceramic 
materials distributed in the polymeric matrix, many 
traditional methods have been employed, including 
compounding and injection moulding [10-13], compression 
moulding [14,15], pressureless sintering [16-18], and 
selective laser sintering (SLS) [19-22]. Because polymers 
and ceramics are sintered at different temperatures, creating 
ceramic matrix composites using any of the methods 
outlined is difficult because the high temperatures might 
damage the polymers. It is hard to concurrently treat 
polymeric materials at temperatures because HA often 
sinters at temperatures exceeding 1000°C. A novel low-
temperature (~300°C) sintering method named Cold 
Sintering Process (CSP) with a Ts/Tm ratio greater than  
0.2 can solve this problem. Such a method could offer 
a production path with quick densification and less energy 
costs to increase throughput [23-25].  

In the Cold Sintering Process (CSP), a transient phase, 
frequently liquid or a liquid mixer, aids mass transport. First, 
the powder was mixed with the liquid phase, and the wetted 
powder was put in the die. the powder in the die is subjected 
to uniaxial pressure, which promotes particle rearrangement. 
A dissolution-precipitation process began after the 
temperature was raised to between 100 and 300°C in the 
presence of pressure and a temporary liquid phase. creating 
the possibility for grain growth and densification [26]. Due 
to decreasing ceramic sintering temperatures, polymers, 
nanoparticles, and metals may now be included in ceramic 
matrix composites. The biggest benefit of CSP technique is 
that it makes possible to build innovative composite 
materials with special properties, including ZnO-PTFE [27], 
Na0.5Bi0.5MoO4-Li2MoO4 [28], ZnO-PDMS [29], ZnO-
BaTiO3 [30], Al2O3-NaCl [31], and ZnO-PEEK [23]. 

Different methods are used to prepare HA, including 
chemical precipitation, microemulsion techniques, 
electrodeposition, hydrolysis, chemical vapour deposition, 
hydrothermal-electrochemical, solid-state, molten salt, 
neutralisation, and flame synthesis. In the given work, Ha was 
prepared by chemical precipitation method. HA-PEEK were 
combined to create composite biomaterials by adding PEEK 
to HA using two methods (direct mixing and dissolving 
process). An extensive examination of the relative densities, 
microstructures, mechanical and physical characteristics 
was conducted. The results indicate that excellent 
mechanical and physical properties with the lowest energy 
and cost can be obtained by the cold sintering technique. 

 
 

2. Material and experiments:  
 
2.1 Materials 
 

Calcium nitrate tetrahydrate [Ca(NO3)2ꞏ4H2O, Fluka, 
NLT 99%], diammonium hydrogen phosphate 
[(NH4)2HPO4, Fluka, NLT 99%], ammonium hydroxide 
solution [NH4OH, Fluka, Min. 28%], hydrochloric acid 
[HCl, Fluka, Min. 37%] were used as such without further 
purification. Acetic acid, toluene, and tetrahydrofuran (99%) 
were obtained from Sinopharm Chemical Reagent Co., Ltd. 

1.	��Introduction

2.	�Material and experiments

2.1.	�Materials
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PEEK, with an average particle size of 8 μm (~99%), ethanol 
[C2H6O, Qualigenes, NLT 99.5%] was purchased from Jilin 
Jointure Polymer co., Ltd.  
 
2.2 Synthesis of nano-HA 
 

Nano-HA powders used in the given work were mainly 
synthesised via the chemical precipitation method, as shown 
in Fig. 1. By dissolving the desired amount of diammonium 
hydrogen phosphate (APH, 0.100M) and calcium nitrate 
(CN, 0.167 M) in double distilled water at 25°C using 
magnetically stirring for 45 min. A digital pH meter 
(Systronics 335, India) was used to measure the pH of the 
prepared solutions. Concentrated NH4OH was used to adjust 
the pH of these solutions to 10.5-11 in all experiments. With 
continuous stirring, 100 ml of the CN solution was slowly 
added dropwise to 100 ml of the APH solution. The white 
precipitate was subjected to aqueous washes followed by 
methanol washes after ageing for a specific duration at 25°C. 
The resulting gel was oven-dried in the air at 120°C. 
 
2.3 Synthesis of HA-PEEK powders 
 

In the study, HA and PEEK powders were mixed using 
two methods. The first technique (direct mixing method) for 
preparing HA-PEEK powders is illustrated in Figure 2b. HA 

and PEEK powders were blended uniformly in ethanol by 
magnetic stirring; then, the solution ball was milled Using a 
planetary ball mill with a rotational speed of 450 revs/min. 
The combined solution was then in the oven and dried for 6 
hours at 90°C. Finally, the dried powder was passed by a 
mesh (800) screen. 

The second technique of mixing involved dissolving the 
PEEK powders in the solution before distributing the HA 
powders throughout it. First, 110 mL of toluene and 100 mL 
of tetrahydrofuran (THF) were combined and stirred 
magnetically at 400 revolutions per minute for 40 min. The 
PEEK powders were then added to the mixture at a ratio of 
0.40 g/100 mL and stirred magnetically for one hour at 40°C. 
The temperature was then raised to 71°C, and the stirring 
continued for 3 hours. The HA nanoparticles were added to 
the combined solution and agitated for 1.5 hours at 71°C. 
The combined solution was then mechanically ground using 
a planetary ball mill for 4 hours with a rotating speed of 1000 
rev/min. The mixed solution was then dried at 90°C for 
6 hours. An 800-mesh screen was used for sieving the HA-
PEEK powders. Figure 2a. show the steps in detail. Table 1 
lists the weight percentages of all the compositions, among 
which HA, HP1- HP4, and D stand for pure HA, HA-PEEK 
using the direct mixing method (The first mixing route), and 
HA-PEEK using the dissolution method (The second mixing 
route).  

 

 
 

Fig. 1. Schematic illustrating the co-precipitation method for preparing nano-HA 

2.2.	�Synthesis of nano-HA

2.3.	�Synthesis of HA-PEEK powders
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Fig. 2. Schematic illustrating the cold sintering process of composite as well as the mixing routes for nano-HA-PEEK powders: 
a) dissolution approach (D), b) direct mixing approach, c) mechanism of cold sintering process 
 
Table 1. 
Compositions of HA-PEEK powder 

Samples HA, wt.% PEEK, wt.% 
Pure HA 100 0 
D 90 10 
HP1 90 10 
HP2 80 20 
HP3 70 30 
HP4 60 40 

 
2.4 Cold sintering process  
 

Figure 2 Shows the schematic illustrating the cold process 
and mechanism of the composite, where 1g nano-HA-PEEK 
powders are wetted using 1.5 mol/L aqueous solution (0.12 
g) of acetic acid. After being mixed using an agate mortar, 
the wet powders were placed into a steel die; for composite 
samples, the die was heated to 300°C at a rate of 5°C/min 
and pressed under a uniaxial pressure of 500 MPa for 60 
minutes before the sample was allowed to cool naturally to 
25°C. For the production of pure HA, the powders were wet 
with (10 wt.%) deionized water, then pressed under 500 
MPa pressure and cold sintered for 60 minutes at 250°C. 

2.5 Chemical and morphological  
characterization  
 

Functional groups of the prepared nano-HA powders and 
nano-HA-PEEK composites were identified by Fourier 
transform infrared spectrometry (FT-IR, Magna-IR 750, 
Nicolet, USA). The spectra were recorded from 4000 cm-1 
to 400 cm-1. X-ray diffraction (XRD, Shimadzu, Japan) 
using a Cu target is used to examine the crystalline phases 
of nano-HA powders and nano-HA-PEEK composites. The 
diffraction angles (2ϴ) were set between 10 and 60. Phases 
were identified by comparing the sample diffraction pattern 
with reference cards from the ICDD-JCPDS database. 

TEM test was used to show the grain size and shape. 
Before the TEM test, the sample is dissociated using a 
dissociator and then sonicated by a probe sonicator. After 
that, take a small amount of your sample, drop 1-2 drops on 
the TEM grid and leave it to dry at room temperature. To get 
the best result and to avoid agglomeration of particles. 

A field emission scanning electron microscope (FE-
SEM, JSM-6701F, JEOL, Tokyo, Japan) characterises the 
surface morphology of pure nano-HA and the optimum 
nano-HA-PEEK composite surfaces. Before FE-SEM 
observation, all samples were coated with gold for 1 minute. 

2.4.	�Cold sintering process

2.5.	�Chemical and morphological  
characterization
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Energy dispersive X-ray spectroscopy (EDS) was also 
recorded using the same equipment to confirm the element 
in the prepared sample and help calculate the Ca/p ratio after 
immersion in SBF for 14 days. 
 
2.6 Mechanical properties 
 

The diametral tensile strength (DTS) of the sintered HA 
samples was found by compressing each sample (12mm 
diameter and 5mm thickness) using a universal test 
instrument (Instron 5500R, USA), which was placed on its 
side between the two plates of Instron 5500R machine, at a 
crosshead speed of 0.5 mm/min until failure. The DTS 
(MPa) was calculated from the equation: 
 

��� � �����
�.�.�  (1) 

 

where Fmax is the failure load, d is the diameter, and t is the 
thickness of the sample.  

Vickers microhardness (HV) was also tested using 
Shimadzu Microhardness Tester (HMV-2L). A force (P) 
with a 1.961 N load and 15 s dwell time to obtain an 
indentation with crack propagation. Six locations were 
selected and measured for each sample, taking an average 
value. 

A contact angle measuring device (SL200B, Kono, 
USA) is utilised to measure the contact angles of pure nano-
HA and the optimum nano-HA-PEEK composite surfaces 
using the sessile drop method with a 2 mL D.I. water droplet 
measured at room temperature. In order to provide an 
average and standard deviation, six samples in each stage 
were used.  

Archimedes’ principle, as described in the ASTM B 311-
08 standard, was used to calculate All sample densities using 
the following formula:  
 

�� � �
�� � 100 (2) 

 

where:  
RD = Relative density (%);  
ρ = Experimentally measured density (gr/cm3);  
ρc = Theoretical density calculated based on powder mixture 
ratios (gr/cm3). 
 

𝜌𝜌� � �
� �
����� ����

 (3) 
 

M equals (Wm/C), the weight per cent of the matrix, and R 
equals (Wr/WC), the weight per cent of reinforcement. 
Equation (2) can be used to estimate the true density of the 
composite using the weight per cent of the matrix and the 
reinforcement as well as their theoretical densities. In the 
case of HA-PEEK nanocomposites, the theoretical density 
of HA is 3.219 g/cm3, and for PEEK, it is equal to 1.28 g/cm3. 

3. Results and discussions: 
 
3.1 Characterisation of nano-HA crystals 
 

The apatite phase was proven to exist in nano-HA 
crystals by Fourier transform infrared spectroscopy, as 
illustrated in Figure 3b. The stretching and vibrational modes 
of OH- ions cause the bands at 3572 cm-1 and 631 cm-1, 
respectively. The bands at 1090 cm-1 and 1040 cm-1 are 
caused by v3 PO4, the band at 962 cm-1 is caused by v1 PO4, 
and v4 PO4 causes the bands at 601 cm-1 and 574 cm-1. The 
2200 cm-1 to 1950 cm-1 range has a collection of weak 
intensity bands that result from overtones and combinations 
 
a) 

 
b) 

 
 
Fig. 3. Characterisation of nano-hydroxyapatite prepared by 
co-precipitation method: a) FTIR, b) TEM 

3.	�Results and discussions

2.6.	�Mechanical properties

3.1.	�Characterisation of nano-HA crystals
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of the v1 and v3 PO4 modes. The sharpness of the bands 
shows the well-crystallinity of the produced nanoparticles. 
The discovery and the information from TEM suggest that 
the produced particles are nanomaterials. The adsorbed 
water is related to the characteristic wide peak at 3435 cm-1 
and 1640 cm-1. The presence of the OH group in apatite 
might cause the weak band at 3570 cm-1 [32]. TEM observed 
morphologies of the obtained HA nanocrystals. Figure 3a 
showed an aggregate of nanoparticles with different c/a ratios, 
all having a size of less than 100 nm. The average crystallite 
sizes were 17 nm, calculated using the Image J program. 
Pure HA nanoparticles strongly tended to form agglomerates 
due to their high surface area and surface energy.  

3.2 Composition and morphology of the cold 
sintered nano-HA 
 

XRD patterns of the sintered HA nanopowders revealed 
the production of apatite as a single phase with no additional 
impurity phases, as shown in Figure 4a. Each pattern 
matches ICDD Card 01-089-6439. Using the Scherrer 
formula and the full width at half maximum (FWHM) peak 
corresponding to the (002) plane, which is independent and 
does not interfere with other peaks, the average crystallite 
size was determined to be 75.9 nm.  

The surface morphology of the cold-sintered HA was char-
acterised using SEM to evaluate the sample microstructure. 
 

 
 

Fig. 4. Characterisation of the cold sintered nano-hydroxyapatite: a) XRD, b) SEM, and c) particle size distribution 

3.2.	�Composition and morphology of the cold 
sintered nano-HA
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Fig. 5. XRD patterns of the cold-sintered nano-HA-PEEK composite (10, 20, 30, 40 wt.% PEEK content and D sample) 

 
Figure 4b shows that the sample consists of agglomerated 
spheroidal particles smaller than 100 nm. It can be 
distinguished that the surfaces of the CSP-sintered sample 
consist of Spherical structures with smaller particles. The 
average particle size of the cold-sintered sample estimated 
by the Image J program was 75. at the same time, 17 nm was 
the initial particle size of HA powder, which approved the 
grain growth and densification of the CSP-sintered sample. 
The SEM results agree with the HA relative density (99%), 
indicating a highly dense sample can be obtained by the cold 
sintering process. 

 
3.3 Composition and morphology of nano-HA-
PEEK composite 
 

Figure 5 reveals the XRD patterns of the cold-sintered 
nano-HA-PEEK composite samples. The sharp peaks 
belong to carbonated apatite, whereas the weak peaks are 
typical of PEEK polymer. The nano-HA particles partially 
encapsulating the PEEK surface reduced the intensity of the 
PEEK main peaks in the nano-HA-PEEK composite. The 
formation of B-type carbon-substituted apatite is caused by 
the ion exchange in the crystal structure of HA during the 
composite preparation process. It is similar to the apatite 
located in the bone [33].  

SEM images of cold-sintered HA-PEEK composites  
are shown in Figures 6, 7, 8, 9, and 10. Two distinct phases 
are evident in all samples, revealing dense microstructures 
in conformity with the XRD results (Fig. 5). Large PEEK 
particles are not noticeable when using the dissolution 

method (D) because PEEK particles with 10 Mm are 
uniformly dissolved in the THF and toluene solutions, 
allowing for the uniform distribution of small PEEK 
particles along the HA grains. In the instance of the direct 
mixing approach, it was also found out that large particles 
(PEEK) were present. In addition, small HA particles may 
cover the PEEK grains in some areas. PEEK particles 
become more and more unevenly distributed as PEEK 
content increases. The relative densities tend to decrease as 
the PEEK content increases because some pores may be 
detected in the microstructure as PEEK increases, which is 
in good accord with the density data. It is because the PEEK 
particles are between the HA grains, which may hinder the 
mass transport grain growth of the HA particles. 

In summary, the dissolved method produced a uniform 
distribution of small PEEK particles along the HA grains 
compared with the direct mixing method. To determine 
whether the samples have a continuous phase or not. The 
samples were etched in HCl because PEEK had a higher 
chemical resistance to HCl than HA. 

Figure 11c. Unlike the dissolution method (D), the 
sample maintains its crystal structure. It does not cause any 
collapse when immersed in HCl for three days, as shown in 
Figure 11a. It is homogeneously distributed along the HA 
grains, forming a continuous phase. It has been observed that 
the direct mixing method did not form a continuous phase of 
PEEK due to the irregular distribution of PEEK particles 
between HA grains. Figure 11b shows the destroyed sample 
after a few hours of immersion in HCl. After one day of 
immersion in concentrated acid, the sample was destroyed. 

3.3.	�Composition and morphology of nano-HA-
-PEEK composite
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Fig. 6. SEM image at different magnification of 10 wt.% HA-PEEK composite sample (a, b), (c, d and e) EDS mapping and 
EDS spectra of sample 
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Fig. 7. SEM image at different magnification of 20wt% HA-PEEK composite sample (a, b), (c, d and e) EDS mapping and 
EDS spectra of sample
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The agreement is with the energy dispersive X-ray 
spectrum (EDS) analysis, where the green and purple 

contrast regions belong to the PEEK and HA phases. Figures 
6, 7, 8, and 9 show the PEEK (green) distributed along the 

 
 

 
 

Fig. 8. SEM image at different magnification of 30wt% HA-PEEK composite sample (a, b), (c, d and e) EDS mapping and 
EDS spectra of sample 
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HA grains (purple) without a continuous phase. In contrast 
to Figure 10, the PEEK grains (green) are homogeneously 

distributed along the HA grain boundary, forming the 
continuous phase. 

 
 

 
 

 
 
Fig. 9. SEM image at different magnification of 40wt% HA-PEEK composite sample (a, b), (c, d and e) EDS mapping and 
EDS spectra of sample 
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Fig.10. SEM image at different magnification of (D) sample (a, b). (c, d and e) EDS mapping and EDS spectra of HA-PEEK 
composite sample 
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a) b) c) 

 
 
Fig. 11. HA-PEEK sample immersed in HCl: a) D sample after 3 days, b) 10 wt.% after few hours in HCl, c) 10 wt.% after 
one day 
 
3.4 Density results 
 

Based on several experiments, the Taguchi method was 
used to determine the optimal conditions (sintering 
temperature of 300°C, sintering pressure of 250 bar, holding 
time of 60 min, and heating rate of 5°C/min). Under such 
conditions, the samples were able to reach high relative 
densities. The relative densities of all samples range between 
79% and 99%, indicating that the cold sintering process can 
obtain the highly dense nano-HA-PEEK composites. As 
shown in Figure 12, the densities of the ceramic–polymer 
composites decrease with increasing amounts of polymer. 
Because the density of PEEK polymer is lighter (1.281 g/cm3) 
 

 
 
Fig. 12. The densities and relative densities of the HA-PEEK 
composites with the amount of PEEK ranging from 0 to  
40 wt.% 

than the density of HA ceramic (3.21 g/cm3). It can be 
observed the D sample has a high relative compared with the 
the same PEEK content sample produced by the direct 
mixing method. The density results confirm the SEM results, 
where the PEEK is well distributed in the HA matrix, leading 
to better densification. Time and temperature are significant 
factors in the dissolution of soluble substances. As shown in 
Figure 2c, time and temperature are required to move the 
particles into the pores.  

Particle rearrangement occurs via the liquid medium and 
pressure during the initial cold sintering process. The second 
stage(dissolution-precipitation process) involves dissolving 
particles under temperature and pressure, which leads to the 
formation of a supersaturated phase leading to the nucleation 
and densification (grain growth) of the powder. Therefore, 
the optimum temperature and time are essential for the 
successful cold-sintering densification of composites [23]. 
 
3.5 Mechanical propertes results 
 

Figure 13. shows the results of diametral tensile property 
and Hardness varus PEEK content. It can be observed as 
amount of PEEK (from 0 to 40%) increased the diametral 
tensile strength increase.  

The sample prepared by dissolved method (D) have 
higher diametral tensile strength compared with sample 
prepared by direct mixing method with same percentage 
(10 wt.% PEEK content). It is due to the homogeneous 
distribution of HA and PEEK in the sample which confirm 
the SEM results. The two continuous phases are favourable 
in composite material in order to obtain better mechanical 
properties compared with others. As PEEK content 
increases, the tensile strength of composites increases 

3.4.	�Density results

3.5.	�Mechanical propertes results

https://archivesmse.org/resources/html/cms/MAINPAGE
https://archivesmse.org/resources/html/cms/MAINPAGE


38

H.O. Abbas, H.A. Smeig, Z.J.A. Ameer

Archives of Materials Science and Engineering RESEARCH PAPER

 

because the tensile strength of polymers is higher than that 
of ceramic. Also, advantage of PEEK is that it is ductile and 
not as brittle as ceramics [34]. The elastic modulus recorded 
under these conditions was 5 GPa, which is in the cortical 
bone elastic modulus range [17]. 
 

 
 
Fig. 13. diametral tensile strength and the hardness of the 
HA-PEEK composites with the amount of PEEK ranging 
from 0 to 40 wt.%  
 

 
 
Fig. 14. The hardness of the HA-PEEK composites with the 
amount of PEEK ranging from 0 to 40 wt.% 

 
Figure 14 shows the hardness of samples varus PEEK 

content. The hardness decreases gradually as PEEK content 
increases. Due to the hardness of PEEK being lower than 

HA hardness, all sample hardness results in the range of 
cortical bone hardness. 
 
3.5 Contact angle result 
 

The water contact angle is a convenient way to assess the 
wettability and biocompatibility of composite surfaces [35]. 
Figure 15. shows the contact angles of pure HA and the 
composite, respectively. The pure HA possessed the lowest 
contact angle of approximately 28°, corresponding to the 
highest surface hydrophilicity. Measured contact angles at D 
and 10%, 20%, 30%, 40% PEEK samples were 34°, 31°, 
40°,47°, and 53° respectively. It can be noticed that all 
samples exhibit good hydrophilic properties because of their 
hydrophilicity, which is attributed to the existence of -OH 
groups on their surface. The nano-HA-PEEK composite 
does not affect the hydrophobicity of PEEK, and it remains 
hydrophilic due to the HA particles partially covering the 
PEEK surface. In order to attain great surface coverage 
(hydrophilic), a low contact angle is often preferable.  

 

 
 
Fig. 15. The contact angle of the HA-PEEK composites with 
the amount of PEEK ranging from 0 to 40 wt.%  

 
It has been demonstrated that the maximum degrees of 

cell attachment, protein adsorption, platelet adhesion/ 
activation, and blood coagulation are stimulated by 
hydrophilic surfaces. 
 
4. Conclusion 
 

In the study, a novel technique named the Cold sintering 
process shows the ability to produce composite material with 
high-volume fractions of ceramic. A new type of HA-
polymer composites is developed. PEEK, a thermoplastic 

4.	�Conclusions

3.6.	�Contact angle result
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polymer, was initially incorporated into HA using the cold 
sintering method. The direct mixing and dissolution methods 
are powder preparation methods to fabricate a unique 
composite. Dense HA-PEEK composites may be produced 
using CSP with a dilute acetic acid solution (1.5 mol/L) at a 
low temperature of 300°C, pressure of 500 MPa and 60 min 
holding time. Under such optimum conditions, the 
composite exhibits the maximum relative density of ~99% 
with the addition of 10 wt.% PEEK. In the case of the 
dissolution procedure, PEEK can be uniformly dissolved by 
a solution of tetrahydrofuran and toluene, forming a tiny 
particle of PEEK in the samples. PEEK particles can be 
homogeneously distributed along the HA grain boundaries 
after the cold sintering process. In the case of the direct 
mixing approach, Many of the PEEK particles are similar in 
size to the raw powders after the cold sintering process. The 
dissolution method can produce two continuous phases 
compared with the direct mixing method. Highly dense 
samples with good mechanical properties and excellent 
hydrophilicity make them good candidates for biomedical 
applications. In conclusion, the study offers two methods to 
produce functional HA-PEEK composites, which could 
inspire future research on cold-sintered ceramic-polymer 
composites. 
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