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Article Info Abstract
Hydroxyapatite (HA) is a unique material that has the potential to be used to

Article history: replace bones and teeth in the field of orthopedics and dentistry since HA

exhibits quite similar biological and chemical characteristics to human bone.
Received 08 Oct 2022 Hydroxyapatite ceramics are bioactive materials used to repair damaged human
Revised 04 Dec 2022 tissue. The pores in the porous hydroxyapatite ceramics provide a mechanical
Accepted 04 Jan 2023 interlock, enabling a solid bond and fixation between the implant and bone. In

this study, 0.5wt%, 1wt%, and 1.5wt% graphene oxide (GO) reinforced porous
HA structures were obtained using the space-holder method to increase the
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strength of hydroxyapatite with low mechanical strength. NaCl was used as a
L spacer, and PEG 400 as a binder. Scaffold structures with 40% porosity rates
Hydroxyapatite; . ° . . .
Graphene; were sintered at 1000 °C under vacuum. Finally, a compression test was applied
’ to the samples which were previously analyzed by SEM, EDS and XRD. The
Powder metallurgy; . . .
Space holder; compressive strengths of 0.5%, 1%, and 1.5% graphene oxide reinforced porous

HA samples were determined between 8.04 and 31.14 MPa. The highest
compressive strength was recorded as 31.14 MPa in the 1% GO added sample,
and the lowest compressive strength was recorded as 8.04 MPa in the 1.5% GO
added sample. In addition, it was understood that the mechanical properties did
not increase regularly with the increase of graphene oxide reinforcing.

Mechanical properties

© 2023 MIM Research Group. All rights reserved.

1. Introduction

Scaffold structures are porous structures which were extensively used in tissue
engineering applications such as bone repair, cellular infiltration, angiogenesis, nutrient
transfer, and disposal of metabolic waste [1]. When tissue is implanted in the body, scaffold
structures provide a mechanically stable environment that promotes cell migration,
adhesion, and growth because of their interconnected pores [2]. Hydroxyapatite (HA),
which is widely used as a bio ceramic, is known as an essential bio ceramic material with
chemical and crystallography similarities to the bone matrix [3]. This material is used as
the major inorganic component for bones, teeth, and hard tissue restoration and as a bio
ceramic implant in orthopedic and dental applications [4, 5]. However, their mechanical
properties such as low fracture toughness and low compressive and tensile stress are
known to be significant disadvantages [3]. To improve the low mechanical properties of
hydroxyapatite, additives such as carbon nano-tube (6), Al203 [7], ZrOz, etc. were used as
reinforcing material [8]. Among those reinforcing materials, graphene (Gr) and graphene
oxide (GO) have recently attracted the attention of researchers because of its unique
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mechanical, thermal, and electrical properties. GO is an astonishing 2D material which
shows astonishing mechanical resistance due to its sp? hybrid binding structure. GO is
carbon based material; hence, it is non-toxic [9-11]. Gr and GO are also light, flexible, and
biocompatible; therefore, it stands out as a promising material in the production of
functional bioceramics used in biomedical applications [12]. Mechanical properties and
biocompatibility characteristics of Gr and GO-HA composite structures have been reported
by several researchers in the literature where different GO additive ratios were evaluated
for different scenarios. It was observed that with 0.5wt%, 1wt%, and 1.5wt% GO
reinforcing, the elastic modulus and the fracture toughness increased by 86% and 40%
(compared to pure HA), respectively; GO addition had also an improving effect on
biocompatibility [13, 14].

Powder metallurgy techniques are one of the most common techniques used in the
production of porous or scaffold structures due to their low cost and flexibility in
combining different components and compounds [15, 16]. Powder metallurgy techniques
and space-holder methods are trending methods preferred by researchers for the
production of scaffold structures, since such methods provide low processing cost, and
high biological activity which enable producers to manufacture materials in desired pore
size distribution with well controlled pore shape [16, 17]. NaCl is an affordable material
with good biocompatibility and therefore, often preferred as a spacer to obtain scaffold
structures. The NaCl keeps its shape under a high pressure, and it can be removed from the
structure before sintering via hot water washing [18-20].

Graphene and graphene oxide-reinforced composite structures are a trending topic in the
literature; however, investigation of the properties of the HA scaffold structures obtained
by the space-holder method in the existence of graphene oxide (GO) has not been
discussed. In this study, HA scaffold structures, 0.5wt%, 1wt%, and 1.5wt% GO reinforced
HA scaffold structures with 40% porosity were produced by using powder metallurgy and
the NaCl spacer hybrid method. The morphological, structural, and mechanical
characterizations of the scaffold structures were investigated.

2. Experimental Details
2.1. Production of Scaffold Structures

In this study, hydroxyapatite (<30 um, Sigma Aldrich) powders were used as a matrix
material, and NaCl (100-150 um, Supelco) particles by volume were used at a rate of 40%.
GO, which is used as a reinforcement material, was obtained by the modified hammers
method [21]. Graphene reinforcement ratios in GO/HA structures were determined as
0.5wt%, 1wt%, and 1.5wt% by weight.

Firstly, 0.5wt%, 1wt% and 1.5wt% GO powders were added to separate beakers
containing 15 ml of distilled water and mixed ultrasonically for 60 minutes. Then, HA
powders and GO additives were added to the beakers at determined rates. In order to
adjust the pH of the mixture to 7.4, it was mixed with aqueous NaOH buffer solution using
a magnetic stirrer for 60 minutes. Then, the mixture was subjected to the ultrasonic
homogenizer for 10 minutes. 0.5wt%, 1wt%, and 1.5wt% GO-reinforced HA mixtures were
left to dry in an oven at 70 °C for 24 h. NaCl space-holder particles were added to the dried
GO-reinforced HA powders at a rate of 40% (v/v). In order to ensure the binding of the
materials in the mixture, the polymer PEG400 (polyethylene glycol 400) binder was added
to the mixture, and the mixture was stirred with a magnetic stirrer. Then, 450 MPa cold
press was applied to the unreinforced HA (P40-HA), 0.5wt% (P40-HA/0.5G0), 1wt% (P40-
HA/1GO) and 1.5wt% (P40-HA/1.5GO) GO reinforced HA composites, respectively. It
should be noted that all samples have 40% porosity which was obtained with NaCl spacer.
To dissolve the NaCl particles, which promotes spacing in the pressed HA-based samples,
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composite samples were kept in distilled water for 60 minutes. Then, they were placed in
an oven at 80 ° C for 12 hours for the drying process. Finally, the samples were sintered at
1000 - C for 1 hour with the help of a vacuum tube furnace (MSE furnace, 1600 ° C). The
resulting illustrations and producing schematic of the pure HA and HA/GO scaffolds are
presented in Figures 1 and 2, respectively.

HA+GO powder mix

Fig. 1 Production scheme of scaffold structures

Fig. 2 Images of (a) P40-HA, (b) P40-HA/0.5GO, (c) P40-HA/1GO, (d) P40-HA/1.5GO
samples
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2.2. Characterization of HA/GO Scaffold Structures

For the structural characterization of the sintered samples, X-ray diffraction analysis (XRD,
Rigaku miniflex600) patterns were taken at a scanning speed of 2 degrees/min and in the
range of 10-80 degrees. For morphological and elemental analysis, scanning electron
microscopy (SEM, Hitachi SU3500) and SEM-dependent energy dispersive X-ray
spectroscopy (EDS, Oxford) were used. The tensile device (100 kN, Shimadzu) was used
for compression strength. The compression tests were performed on dimensions 10 mm x
6 mm at a speed of 1 mm.min-1.

3. Results and Discussion
3.1. Morphological and structural characterizations of scaffold structures

In this study, HA based, 0.5wt%, 1wt%, and 1.5wt% GO reinforced HA-based porous
structures were obtained by using 40% NaCl spacers by volume. The SEM-EDS structural
images obtained for the HA sample (P40-HA) and shown in Figure 3a. As illustrated in the
figure, porous structures and microcracks were observed on the surfaces following the
removal of the NaCl spacer. It is believed that microcrack formation is caused by phase
separation by the high temperature heat treatment effect on HA. In fact, it is also known
that cracks in HA can negatively affect mechanical strength [3]. In addition, the presence
of Cl in the EDS spectrum means that NaCl could not entirely be separated from the
structure. To prevent the residual NaCl related peak, the NaCl structure should be fully
eliminated by keeping the samples in the water for a longer period of time before the
sintering process. SEM-EDS analysis of the 0.5% by weight GO reinforced (P40-HA/0.5GO)
scaffold sample is shown in Figure 3b. No cracks in the scaffold structures were seen in the
SEM images. The pores in the scaffold structures were found to be relatively smaller. No
volumetric shrinkage in samples was observed. As expected, no carbon peak was observed
in the P40-HA sample without GO additive in the EDS spectrum, while a significant carbon
peak was observed in the GO-reinforceed scaffold structures. Therefore, the presence of
the carbon (C) peak in the EDS may be an indication of the GO additive. It is also seen that
the peak C is 15% by weight. Such a strong C related peak may also be attributed to the
PEG debris which may be stuck to the free GO radicals on the surface of scaffold structures.
The SEM images and EDS spectrum of the 1 wt% reinforced GO (P40-HA/1GO) structures
are shown in Figure 3c. The SEM image showed a morphological structure with random
pores and no cracks. Furthermore, the presence of C in the EDS spectrum almost doubled
in comparison to the P40-HA/0.5GO. The presence of Cl was also observed in the P40-
HA/1GO scaffold structure.
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Fig. 3 SEM images and EDS spectra of (a) P40-HA, (b) P40-HA/0.5GO, (c) P40-HA/1GO,
(d) P40-HA/1.5GO structures

The SEM images and EDS spectrum of the P40-HA/1.5GO sample reinforced with 1.5 wt%
GO are presented in Figure 3d. P40-HA/1.5GO scaffold showed slightly different
morphology than those of the P40-HA/0.5GO and P40-HA/1GO structures, as well as the
presence of dimensional reduction and crack-forming pores. Overall surface and active
sites seemed to be more homogeneous and uniform. It can be attributed to the fact that the
GO additive can be formed after 1wt% with its high coefficient of expansion and strong
binding of apatite forms to itself [12]. It is believed that the dosage of GO additive can be a
limiting entity and can create a disadvantage when higher levels of additive are achieved.
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—— P40-HA/0.5GO
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Fig. 4 XRD analysis results of P40-HA, P40-HA/0.5GO, P40-HA/1GO and P40-
HA/1.5GO samples

X-ray diffraction patterns were used to determine the elemental analysis of the pore
structures obtained. The XRD spectra of P40-HA, P40-HA/0.5GO, P40-HA/1GO, and P40-
HA/1.5GO samples by weight are given in Figure 4. As shown in the figure, characteristic
peaks of chlorapatite due to heat treatment were observed. In addition, it was observed
that the C peak occurred as a result of GO reinforcement. The presence of carbon peak
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became more apparent with the rise of GO reinforcement. Again, Tricalcium phosphate
(TCP) and CaHPOs structures, which can be formed due to heat treatment [10,12], were
not found in porous structures. The sharp peaks formed by both HA and GO reinforced HA
porous structures can be explained by the presence of crystallinity of these structures.
After sintering, the characteristic peaks became more pronounced with the removal of
water and moisture from the structures.

3.2. Mechanical Measurements

The compression test was applied to the P40-HA, P40-HA/0.5GO, P40-HA/1GO, and P40-
HA/1.5GO scaffold structures and the force-elongation values were obtained. The stress-
strain curves and compressive strength graphs derived from these force-elongation values
are given in Figure 5. The compressive strength of the P40-HA, P40-HA/0.5GO, P40-
HA/1GO, and P40-HA/1.5GO scaffolds were measured as 24.6, 28.4, 31.14, and 8.04 MPa,
respectively.

50
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Fig. 5. (a) stress-strain curve and (b) compressive strength values of P40-HA, P40-
HA/0.5GO, P40-HA/1GO and P40-HA/1.5GO samples

It is found that there is an increase in mechanical strength with 0.5wt% GO reinforcement
and it achieves the highest level in 1wt% GO reinforcement. However, there was a
significant reduction in the mechanical strength for 1.5wt% GO reinforcement. This can be
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attributed to HA cracks in the scaffold structure and supports our claim that surface cracks
increase with the GO reinforcement in Figure 3. Furthermore, it is considered that the
addition of GO with sp? hybrid bond structure increases the coefficient of expansion, thus
tending to bind more to HA and increase cracks [12]. As a matter of fact, the increase in the
amount of GO in the matrix material HA (especially over 1wt%) makes it possible to create
cracks and negatively affect the mechanical properties due to the fact that the very strong
carbon bonds form a tighter bond with the HA forms together with the heat treatment [10,
21].There are various studies in the literature to improve the mechanical strength of HA
composite structures. Gr nanoplatlet-nHA composites with various reinforcing ratios were
produced by Kumar et al. While the resulting compression strength values were 87 MPa in
the undoped HA structure, the highest compression strength value was measured as 96
MPa in the 0.5wt% Gr nanoplates reinforced HA composite structure [23]. In another
study, as a result of the compressive strength test applied to PEEK/HA composite
structures with different ratios of GO, the lowest value was measured as 45 MPa in the
0.25% GO reinforcing sample, while the highest value was measured as 65.41 MPa in the
1% GO composite structure [24]. Due to the high pores of the obtained scaffold structures,
itis possible that the mechanical values of these scaffold structures are lower than Gr/GO-
reinforced HA composites.

4. Conclusion

In our study, we used GO as a reinforcement material to enhance the mechanical properties
of the HA scaffolds. Unreinforced HA scaffold, 0.5 wt%, 1wt%, and 1.5wt% GO reinforced
HA scaffold structures were obtained by powder metallurgy and 40% (v/v) NaCl spacers.
The morpho-structural and mechanical properties of the unreinforced HA scaffolds,
0.5wt%, 1wt%, and 1.5wt% GO reinforced HA scaffold structures were investigated. As a
result of the morpho-structural characterizations, it was observed that the cracks on the
surface increased with the increase of GO additive and the rate of cracks was slightly higher
in the 1.5wt% GO added sample. It was observed that the carbon contents of the HA
scaffold structures with 0.5%, 1% and 1.5% GO by weight were higher than the amount of
additives in the EDS spectrum. This may be because some residues remain on the scaffold
structures in the tube furnace when the polymer binder is removed by vacuum heat
treatment. As a result of the XRD analysis, chlorapatite peaks were prominently formed in
the structure due to the heat treatment and the C peak was observed due to the GO
contribution. In both EDS and XRD analysis, in order to minimize the presence of CI in
apatite forms, the NaCl particles in HA can be dissolved in water before heat treatment and
completely removed. Stress-strain curves of porous P40-HA structures with 0.5 wt%, 1
wt% and 1.5 wt% GO additives by weight were given and the compression strength values
obtained from these curves were calculated. The compressive strengths of the 40% porous
HA-GO composite structures were measured between 8.04 and 31.14 MPa. The highest
compressive strength was obtained with 31.14 MPa in the 1wt% GO added sample, while
the lowest value was measured as 8.04 MPa in the 1.5wt% GO added sample. Our results
were compared with the previous results which was similar to our works. It was seen that
our results were coherent with the previously published reports where GO was used as
reinforcement material in HA scaffolds. Our results suggest that GO-HA scaffold structures
can be a potential candidate for cancellous bone tissue implant applications.
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