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Oz

Bu ¢alismada, kalsiyum fosfat esasli SrBrz katkili sentez malzemeleri sol jel yontemi ile iiretilmistir.
Uretilen malzemelerin morfolojik yapis1 ve mekanik ozellikleri iizerine SrBr2 bilesiginin etkileri
incelenmistir. Bu amaclar dogrultusunda, biyogreftlerin morfolojik etkileri FTIR, XRD ve SEM-EDX
analizleri ile incelenirken, mekanik 6zellikleri de sertlik ve basma testleri yapilarak arastirilmistir.
Biitlin sentez malzemelerinin iizerine yapilan FTIR ve XRD incelemeleri sonucu, biyogreftler de katki
malzemelerinin Kristaliteyi disiirdiigii ve HA(Hidroksiapatit), 3-TCP (Beta trikalsiyum fosfat),
Cas(Si309), CazH409P2 faz yapilarini olusturdugu goézlenmistir. Ayrica yapilan SEM-EDX ve mekanik
testler sonucu da, biitlin sentez malzemelerinde farkli boyutlarda tane yapisinin olustugu ve SrBr2
katki malzemelesinin basma mukavemeti ve sertlik degerlerini ytikselttigi belirlenmistir.

Anahtar Kelimeler:Kalsiyum fosfat, SrBr, Sol jel, Mekanik ozellikler

Abstract

In this study, calcium phosphate based SrBrz-doped synthesized materials were produced by sol gel
method. The effects of SrBr2 compound on the morphological structure and mechanical properties of
the produced synthesis materials were investigated. For these purposes, the morphological effects of
synthesis materials were examined by FTIR, XRD and SEM-EDX analyzes and their mechanical
properties were investigated by hardness and compression tests.

As a result of FTIR and XRD investigations on all synthesized materials, it was observed that the additive
materials decreased the crystallinity and formed the HA (Hydroxyapatite), p-TCP (Beta tricalcium
phosphate), Cas(SisOg), Ca2zH4O9P2 phase structures. In addition, as a result of the SEM-EDX and
mechanical tests, it has been determined that different sizes of grain structure in all synthesized materials
are formed and SrBr2 additive increase the compressive strength and hardness values.
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1. Introduction

Recent studies have focused on the development
of new types of biomaterials, with biological and
mechanical properties similar to that of the
human bone, by forging stronger chemical bonds
between biomaterials and tissues to repair bone
damage [1-8]. Bioceramics are of great interest
because they are easy to produce and have a
good biocompatibility. In addition to calcium
phosphate compounds (hydroxyapatite, beta-
tricalcium phosphate) used so far, alumina and
zirconia have also been used as substitutes for
hard tissues [9]. In addition to such compounds,
bioceramics such as silicate-based wollastonite
(CaSiO3) [10,11], dicalcium silicate (Ca2SiOa4)
[12], bredigite (CasMgSiaO16) [13] and
akermanite (CazMgSi207) [14] are preferred
because of their excellent in vitro bioactivity,
mechanical properties and biocompatibility.
These compounds, also called biosilicates, play a
crucial role in bone tissue engineering [15].

In mammalian bodies, elements such as Ca, Mg,
and Si play a vital role in osteogenesis [15].
Calcium is an important element found in bones,
teeth and skull and its deficiency causes various
fatal diseases. Magnesium is required for bone
growth, repair and maintenance and silicon is an
essential element for skeletal development, and
its deficiency can lead to skull deformation
[16,17]. Biomaterials consisting of Ca, Mg and Si
with low degradation have improved the
mechanical properties significantly compared
with conventional biomaterials such as calcium
phosphate and calcium silicate [18].

Strontium (Sr) is a metal found in trace amounts
in the bone structure. It has beneficial effects in
both normal and diseased bone tissues [19].
Specifically, strontium ranelate has been
identified as an effective compound in the
medication used to reduce osteoporosis, as well
as post-menopausal vertebral and hip fracture
risk [20-22]. Moreover, Sr-containing silicates
such as Sr-added CaSiO3 [23], strontium silicate
(SrSiO3) [24] and Sr-containing bioglasses [25]
have considerable effects on osteogenesis.
Overall, from the literature, it is concluded that
there is not an optimal value for SrBr2 doping to
meet the best morphological and mechanical
behaviors. In the present study, SrBrz was added
into Ca(NO3)2-4H20, SiOz, P20s, H3BOs, MgO,
AgNOs based bone graft at different amounts by
sol-gel method. Synthesis materials were
produced by adding 5-20 wt% SrBr2.

The morphological and mechanical effects of
SrBr2 on synthesis material were investigated.

FTIR (Fourier-transform infrared spectroscopy),
XRD (X-ray diffraction) and SEM-EDX (scanning
electron microscopy-energy dispersive)
analyses were used for the morphological
properties while hardness and compression
tests were performed to investigate mechanical
properties.

2. Material ve Method
2.1. Material

In this study, powder chemical compounds,
whose percentage by weight values are shown in
Table 1, were dissolved in distilled water and
ethanol and are produced by the sol gel method.
As a chemical compound, Ca(N0O3)2-4H20 (Sigma,
Cas no0:13477-34-4) powders were used as the
primary components of the synthesis materials.
As for the sintering additive, SiO: (Sigma, Cas
no:60676-86-0), H3BO3 (Merck, Cas no: 10043-
35-3), MgO (Tekkim, Cas n0:191113.702), P20s
(97.1%purity, Merck-K33152940.418) and
AgNO3 (99,99%purity, Sigma, Cas no: 7761-88-
8) were used. SrBrz (Alfa Aesar-10476-81-0)
powders were added to all compounds in
different ratios and their effects on the synthesis
materials were investigated.

Table 1. Percentage by weight (%) values of the
materials produced by sol-gel method

f:(';g"e Ca(NO3),4H:0 Si0; P,0s HsBO; MgO AgNO;  SrBr:
CaMg0 45 40 5 5 - 5 -
CaMgsr1 35 30 5 10 10 5 5
CaMgsSr2 30 30 5 10 10 5 10
CaMgsr3 30 20 5 10 10 5 20
2.2, Method

All chemical compounds except P20s were first
dissolved in ethanol, then magnetically stirred at
400 rpm for 30 min and finally mixed in an
ultrasonic homogenizer at 37 °C for 30 min at
35% amplitude to obtain a homogenous
solution. Although a magnetic stirrer is used to
obtain the sol, a homogenizer is used for the
homogenous dispersion and gelation of the
particles. However, P20s compound was
dissolved in distilled water in a separate beaker
and then added to the homogenizer to obtain the
gel structure. After all, the synthesis materials
had values below the pH value of 2, and the pH
values were increased to 7.5 using NaOH
solution without changing the gel structure of
the solutions.

Synthesis materials aged 24 h in normal
atmosphere were dried in the normal
atmosphere at 120 °C for 24 h in an oven. For
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FTIR and XRD analyses, the synthesis materials
were sintered in powder form and while they
were sintered as particles for SEM-EDX analyses.
Moreover, after synthesis, to prepare the powder
synthesis materials for mechanical tests, they
were pressed under unidirectional isostatic
press at a rate of 3 kN/s under a load of 30 N to
have a cylindrical shape with a diameter of 15
mm and a height of 20 mm and then sintered
under argon atmosphere for 3 h at 1050 °C. A
tube furnace was used for sintering and
temperature was increased to 1050 °C for
approximately 3.5 h (5 °C/min), it was kept at
1050 °C for 3 h and temperature was decreased
down to room temperature for 3.5 hours (5
°C/min).

2.3. Characterization

FTIR, XRD and SEM-EDX analyses were
performed to investigate the microstructures
and chemical properties of all the biomaterials
produced by the sol gel method, while hardness
and compression tests were conducted to
examine their mechanical properties. Powder X-
ray diffraction patterns of synthesis materials
were obtained using X-ray diffractometer
(BRUKER D8 ADVANCE) (A = 1.5406A), and
diagrams were recorded at 2q=0-90° with a scan
rate of 2 °/min and the constant time interval of
1s.

FTIR (STI Unicam WATTSON 1000) analysis was
performed to determine the structures of the
synthesized samples. FTIR operating at 400-
3200 cm-1 wave range was used in the FTIR
analyses, while SEM-EDX (JEOLJSM-7001F)
instrument was used to investigate the
morphological properties.

3. Results and Discussion

3.1.FTIR

Figure 1 shows the FTIR analysis results of all
synthesis materials obtained between 3200 and
400 cmL. According to the FTIR analysis results,
all synthesis materials were determined to have
similar peaks between 1087 and 400 cm.
However, the following samples had different
peaks: CaMg0 synthesis material at 1631 cm?,
CaMgSr1 synthesis material at 1380.4 cm! and
CaMgSr2 synthesis material at 1986.4 and
1380.0 cm'l. CaMg0 and CaMgSr2 synthesis
materials formed H-OH bond (bending) at
1986.4 and 1631.0 cm! peak magnitudes while

the Si-0-Si bond structure was formed at 1380.0
and 1380.04 cm-! peak magnitudes.
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Figure 1. FTIR analysis results of CaMgO0,
CaMgSr1, CaMgSr2 and CaMgSr3 synthesis
materials

H-OH and O-H peaks obtained at around 1640
cm-! indicate water absorbed in calcium silicate
hydrate [26]. The bonds between 700 and 800
cm! and the bonds close to 460 cm! indicate
vibration modes of Si-0-Si groups [27] while the
peaks around 415 cm-! indicate 0-Ca-O bending
modes [28]. Moreover, the peaks between 400
and 800 cm! indicate metal-oxygen stretching
bonds [29,30]. Based on this information, the
synthesis materials were found to give P-O-P
vibration bands between 1087.3 and 914.55 cm-
1, Si-0-Si and O-Si-O peaks between 797.21 and
515.28 cm! and O-Ca-O vibration bands
between 431.49 and 430,41 cm-1.

3.2. XRD

In many studies, HA and 3-TCP phases have been
observed depending on the sintering
temperature and the materials added [31-34].
Even small amounts of B-TCP formation have
been found to provide advantages such as
increasing the bioactivity and ionic substitutions
of the material [35]. Similar results were
observed in materials containing $-CaSiO3 and
Ca3 (Sis09) containing phases and it was
determined that the material can be used as a
bone graft [36,37]. In our study, it was observed
that the materials produced by obtaining HA, §3-
TCP and Cas(SisO9) phases gained similar
advantages. According to all XRD analysis results
obtained from all synthesis materials, the
synthesis materials were observed to have
similar peaks and the highest peak magnitude
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was obtained in the CaMgO synthesis material,as  second phase was Ca3(Si309) and also 3-TCP and
shown in Figure 2a-d. Moreover, the main phase ~ CazH409P2 phases formed (Figure 2a-d).
in all synthesis materials was HA while the
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Figure 2. XRD analysis results: (a) CaMg0, (b) CaMgSr1, (c) CaMgSr2, (d) CaMgSr3

Figures 3a-d, 4a-f and 5a-d show SEM-EDX

3.3. SEM-EDX images of synthesis samples at different
. . L magnifications produced by adding SrBrz at 5 to
The main factors affecting and determining the " o/ "4 0 ¢4 (NO3)2-4H,0, SiOz, P20s, HsBOs,
stability of the material, sintering conditions and . ;
. . - . MgO and AgNOs based synthesis materials.
mechanical are the chemical composition, grain
size and surface morphology of the material.

Therefore,
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Element Wt% At%
Si 47.64 39.19
0 27.24 39.33
Ca 12.28 7.08
Ag 5.34 1.14
Br 3.83 8.18
N 2.60 4.28
P 1.07 0.80
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Fig. 3. SEM images of CaMg0 synthesis material at different magnifications: (a) 500X, (c) 2000X and
EDX results obtained from: (b) general view, (d) white particles on the surface

SEM images obtained from CaMg0 synthesis
material at 500X and 1000X magnifications
indicate the formation of a morphological
structures having different grain sizes and pore
distribution, which shows the formation of grain
distribution on the surface with different shapes
and sizes (Figure 4a-b). EDX analysis results
obtained from general surface view show that

CaMg0 synthesis material is composed of Ca, Si,
B, 0, Agand N elements. Moreover, Figure 4c that
the amounts of Si, Caand O are high. EDX analysis
result obtained from white grain structure
formed on the surface indicates the formation of
compounds with high amounts of Ag, Siand O.
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Mg 0.11 0.10

Figure 4. SEM images of CaMgSr1 and CaMgSr2

synthesis materials at different magnifications: (a,d) 500X and (b,e) 2000X and EDX results obtained
from: (c) general view of CaMgSr1, (f) general view of CaMgSr2

SEM images obtained from SrBrz containing
(5wt%-20wt%) CaMgSrl and CaMgSr2
synthesis materials at different magnifications
reveal the formation of a structure having
different grain sizes and pore distribution, and
they also show the formation of the structures
agglomerated on the matrix surface, unlike
CaMg0 synthesis material (Figure 4a-d). The
grain size and the pore size and number

decreased with increasing amounts of SrBra.
Moreover, Figure 4a-d showed that when the
amount of SrBrz was increased, there was a less
agglomerated structure formed on the surface,
and the grain sizes forming the agglomerate
decreased. SEM images showed that liquid phase
sintering was more pronounced in the CaMgSr2
synthesis material.
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Figure 5. SEM images of CaMgSr3 synthesis materials at different magnifications: (a) 500X, (b)

Wt% At%
Element
Si 3.04 7.37
0 8.50 36.17
A & % 2 Ca 0.28 0.48
Ag 88.01 55.52
Mg 0.16 0.46

(d)

2000X and

EDX results obtained from: (c) general view, (d) white particles on the surface
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SEM images of CaMgSr3 synthesis material at
500X and 2000X magnifications showed that the
appearance of the synthesis material was similar
to the CaMgO synthesis material (Fig. 5a).
Moreover, irregular surface morphology,
agglomerated and pores at different sizes
formed. Unlike CaMgSr1 and CaMgSr2 synthesis
materials, Figure 5a-b showed that CaMgSr3
with the highest SrBrz amount increased amount
of pores due to the degree of liquid phase
sintering decreased. Moreover, the amount of
agglomerated structures formed on the surface
of SrBrz containing synthesis materials was
determined.

Figure 5d shows the EDX result obtained from
CaMgSr3 synthesis material, and also indicates
that the synthesis material has a high amount of
Si, O and B elements. The EDX result obtained
from the agglomerated structure formed on the
surface indicated that these structures have high
amount of Ag, O and Si (Figure 5d).

In the SEM-EDX studies of calcium magnesium
and silicate powders, the porous surface and
agglomeration of the material is observed to help
in cell viability and protein absorption [38]. In
these materials used as biomaterials, it has been
found that the porous and agglomerated surface
causes positive interactions between the implant
and surrounding tissue [39-42]. However, it has
been determined that compounds containing Sr
in calcium nitrate based biomaterials have
positive effects not only on biocompatibility but
also on biomaterials in terms of mechanical
properties [43].

3.4. Mechanical Tests

If the natural healing process of the bone tissue
is rapid and better under compressive loads,
then the biomaterial should have a design to
provide a proper compression [42]. Conversely,
if the compression load is detrimental to wound
healing, the opposite case may be followed.
Unfortunately, the effects of compression or
tensile loads on the long bone repair have not
been fully understood [42]. Although the
biomaterials available for defect repair are wide,
during the development of a new biomaterial,
factors such as biocompatibility, biodegradation,
non-inflammation and having similar physical
and mechanical properties to those of the bone
should be considered by researchers and
appropriate chemical compounds should be
combined.

In another study on SrBrz, SrBr: effect was
investigated by adding SrBr2 to Ca (NO3) 2.4H20,

KOH, NaNOs, P20s, and urea (CO (NHz)2). In
addition, the morphological, mechanical and
cytotoxicity effects of the porous structure
formed by moving away from the structure with
the effect of sintering temperature of urea was
investigated. Thus, Studies performed on SrBr:
have shown that the SrBrz compound and porous
structure in bone injuries effects and enhances
the mechanical properties of synthesis materials
positively [43]. In our study, Ca(NOs3)2-4H:0,
SiO2, P20s, H3BO3, MgO, AgNOs-based material
were synthesized using the sol-gel method with
some substitutions, such as SrBraz. As a result of
the study, it was found that SrBr: helps to
increase the morphological and mechanical
properties of the synthesis materials.

3.4.1. Hardness Test

Examination of the hardness values of synthesis
materials, the lowest hardness was obtained in
CaMg0, and the highest hardness was obtained in
the CaMgSr3 (Fig.6). It was determined as a
result of investigations that SrBr2 compound
increased the hardness of synthesis materials
and hardness values increased with increasing
amounts of SrBr2.

HV(GPa)
O P N W d» O OO N
—

CaMg0 CaMgSrl CaMgSr2 CaMgSr3
Synthesis materials

Figure 6. Vickers hardness values of CaMg0,
CaMgSrl, CaMgSr2 and CaMgSr3 synthesis
materials

3.4.2. Compression test

Studies performed on human bone showed that
the cortical bone has strength of 100-150 MPa,
trabecular bone has the strength of 2-12 MPa,
and scaffolds have strength of 86+9 MPa [44-46].
The present study showed that the compression
strength values of synthesis materials were
between those of the cortical and trabecular
bones. For example, the compressive strength of
approximately 50% porous hydroxyapatite is 31
MPa [47]. Other values of compressive strengths
are in the range 34-51 MPa [48-50]. SEM images
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support these results, including the partial
porous structure of synthesis materials and the
compression strength values of synthesis
materials, which were between those of cortical
and trabecular bones.

Compression Strenght (MPa)
o
8

CaMgo CaMgsr1
Biografts

CaMgsr2 CaMgSr3

(@
2
18
.16
514 T
gL
g |
o1 [
a
da 08
g 06
§ 04
0,2
0
CaMgo CaMgsr1 CaMgsr2 CaMgsr3
Biografts
(b)

Figure7. (a) Compression Strength and
(b) %Compression Displacement values of
CaMg0, CaMgSr1, CaMgSr2 and CaMgSr3
synthesis materials

Figure 7a-b shows compression strength and
%compression displacement values obtained

after compression tests of all synthesis
materials. Compression strength and
%compression  displacement of synthesis

materials showed that the lowest compressive
strength was obtained in the CaMg0 and the
highest compressive strength was achieved by
the CaMgSr3  (Figure 7a). Moreover,
%compression displacement values were
inversely proportional to the compression
strength values and the highest values were
obtained from CaMgO and the lowest values
were obtained from CaMgSr3 synthesis
materials. Thus, it was determined that the SrBr2
compound increased the compressive strength
value of the synthesis materials and the
compression strength increased with the
increasing amounts of SrBr2. In this study, the

results of the analysis support each other and in
the FTIR analysis results, the increase in peak
intensity due to the increase in SrBrz amount
increased the crystallinity. For this reason, it was
determined that Compression Strength and
hardness values increased together with the
increase in crystallinity. Also, at SEM images,
pore amount of materials together with
increased SrBrz amount decreased but liquid
phase sintering in the structure increased.
However, decreased pore density of materials
caused a increased in both the Compression
Strength and hardness

CONCLUSION

The present study evaluated the chemical,
morphological and mechanical properties of
Ca(NO03)2-4H:0, SiO2, P20s, H3BO3 and AgNOs3
based and SrBr: added synthesis materials
produced by the sol-gel method.

- FTIR and XRD analysis results showed that the
sharpest peaks were obtained from the CaMg0
synthesis material among all synthesis materials
and the highest peak magnitude was obtained
from CaMgSr3 synthesis material among SrBr:
containing synthesis materials. Thus, the
synthesis material with the highest crystalline
structure was CaMg0 while CaMgSr3 showed the
highest crystalline structure among the SrBr:
containing synthesis materials. FTIR analyses
showed that in addition to OH- peaks, the peaks
related to (PO4)-3 and M-O compounds were
formed. XRD analyses showed that in all
synthesis materials, except HA and fB-TCP
phases, Ca3(Siz09) and SiO2 compounds were
formed.

- As a result of SEM image analysis results
performed for morphological investigations, it
was determined in all synthesis materials that
different grain sizes and pore distribution were
observed while in SrBrz containing synthesis
materials, the number of pores decreased and
agglomerated grain structure formed on the
matrix structure.

- Evaluation of the compressive strength and
hardness values of all synthesis materials
showed that SrBrz compound increased
compressive strength and hardness values and
the highest mechanical values were achieved by
the CaMgSrs synthesis material.

- The highest mechanical values was found for
the CaMgSr3 biograft, which, having the lowest
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porosity, suggests that the mechanical values
also increases in low-porous grafts.

- From the overall results, considering the
mechanical properties and structure tests
together, the synthesized biograft CaMgSr3
provided better correlation between
morphological and mechanical property.
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