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The solution combustion route was used to fabricate strontium (Sr) doped hydroxyapatite (HAp). A low
compaction pressure method was adopted for pelletizing the powders (Sr-HAp) prior to physical and mechanical
properties measurement. Physiological stability of the pellets was conducted by immersing in Phosphate Buffer
Saline (PBS) solution for 24 h. The Sr-HAp produced a comparatively higher hardness and fracture toughness of
0.38 GPa and 0.82 MPa-m'/? compared with 0.20 GPa and 0.67 MPa-m'/? for undoped HAp. The SEM images

suggested that strontium co-existed with the calcium ion in hydroxyapatite due to the presence of irregular bead-
like structures on a micro-scale. The Sr-HAp pellets were stable in Phosphate Buffer Saline solution.

1. Introduction

In recent times, doping strontium on calcium phosphate to improve
the material performance has gained widespread attention mostly in
bone related diseases. Ceramic materials needed for bone regeneration
should be bioactive, and calcium phosphates like hydroxyapatite (HAp)
is widely used since it has mineral phases similar to the human bone. It is
thermodynamically stable in physiological conditions due to its affinity
to bond with bone. However, HAp has a very low mechanical strength
making it unsuitable for load bearing applications [1,10,20-23,25]. Ina
way to enhance the strength and physico-chemical properties, the ma-
terial is either doped or substituted with trace ions [2]. The calcium ions
present are substituted with univalent, divalent and trivalent ions like
Ag™, Sr2t, Zn? *, AI**, etc., and the phosphate can also be replaced with
bivalent anions like C032’ [3-5]. Divalent Sr>*is well known to stim-
ulate improved bioactivity invivo and invitro for bone regeneration

[6-9,19].

It has been possible to synthesize hydroxyapatite and other ceramic
powders through many techniques such as microwave irradiation,
solution-gelation, and solid-state synthesis [16,17,28]. Decomposition
of HAp may occur at lower temperatures [18] and solid-state sintering
can provide bioceramic materials that enhances osteointegration.
Studies in our group have shown that solid-state sintering of HAp from
natural sources at 900°C with low compaction pressures of 500 Pa and 1
MPa, produced HAp with hydroxyapatite as dominant phase, in addition
to enhanced porosity and mechanical properties [10,20-23]. Therefore,
in this study, we hypothesize that the inclusion of strontium into HAp
using a solution-combustion (SC) assisted two-stage sintering protocol
will cause a gradient in the physical and mechanical properties. The
molecular level mixing and citric acid complexation of the natural hy-
droxyapatite and strontium precursor is capable of improving the
chemical properties of the HAp produced, while urea could serve as a
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Table 1
Composition and the crystallite sizes of the fabricated samples.

Sample Strontium Nitrate Citric Urea Crystallite Size
Name Content (g) Acid (g) ®) (nm)
HA-0% 20 - 7.7 2.4 r-HA 46.78
- _— s-HA 33.84
HA-3% 20 49 7.7 2.4 rHA- 26.15
3%
s-HA- 41.66

3%

sacrificial fuel to supply the needed heat for the rapid conversion of the
reactants to HAp. In addition, we adopted a low compaction protocol to
promote densification in the Sr-HAp compacts, pre-sintering, and
monitored the surface porosity with a view to enhancing the fabrication
of mechanically robust Sr-HAp derived bioceramic materials.

2. Materials and methods

The chemicals used in this experiment were obtained from Sigma
Aldrich. The chemical composition of the aqueous mixture for synthe-
sizing the Sr-HAp is listed in Table 1. The hydroxyapatite powder was
produced from biogenic sources as described by Obada et al, [20]. An
overview of the combined protocol for the synthesis route of HAp and Sr-
HAp is described in Fig. 1.

Next, the powders obtained were compacted using a low compaction
pressure (1 MPa) into a circular disc (24x4 mm) for physical and me-
chanical measurements. The compacts were heat treated at 900°C for 2 h
in the furnace with 8°C/min from room temperature to 500°C, and 2°C
till 900°C. For samples’ nomenclature; r-HA denotes -after solution
combustion (SC) and s-HA- after heat treatment, while r-HA-3% and s-
HA-3% correspond to strontium doped samples after SC and heat
treatment, respectively.

The morphological examination of the materials was done using
scanning electron microscope and the phases present were elucidated
before and after heat treatment using Rigaku Miniflex Diffractometer
followed by matching the XRD data with standard PDF cards. Crystallite
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sizes were calculated using the Scherer’s equation [24]. The micro-
hardness of the samples was determined with Vickers’s micro-
hardness tester. The obtained parameters from the hardness test were
then used to calculate the fracture toughness, K;. and the brittleness
index as described in [10]. Finally, the apparent porosity was calculated
using the equation as stated by Bose and Daz, [11], an Archimedes’
principle-based method used to determine the apparent porosity of the
samples. The swelling ratio of the scaffolds were measured using
equation 1 [12]. The scaffolds were immersed in 5 ml of phosphate
buffer saline (PBS, pH = 7.4) and placed in the incubator for 24 h at
37°C. The weight of the samples was taken before and after 24 h in the
fluid.
Wa

Ww -
SwellingRatio(%) = W
f]

x 100% €8]

Where Wy, and Wy represent the weights of the samples before and after
immersion, respectively.

3. Results and discussion

Fig. 2 shows the XRD signatures and SEM images of the doped and
undoped HAp samples. The patterns of the raw data from the diffrac-
tometer were matched with the card number 96-900-2214, and samples
without strontium inclusion revealed hydroxylapatite as the dominate
phase. The strontium doped samples matched with card numbers 96-
100-4017 and 96-900-2214. These matched diffraction data revealed
strontium hydrogen phosphate and hydroxylapatite as main phases with
the inclusion of tricalcium phosphates. The intense reflections for the
sintered samples correspond to (002), (211), (112), (210), and (222)
planes in agreement with Zhou et al [15]. The strong similarity to the
XRD patterns of the undoped HAp samples demonstrates that to a certain
degree, calcium ions were replaced by Sr>* in the lattice of the apatite.
With Sr doping, the first alteration to the XRD pattern (s-HA-3%) was the
broadening of the characteristic reflections of apatite shifting it to
smaller 2 theta angles in comparison to undoped HAp. With the inclu-
sion of Sr, the sharpness of the reflection decreased due to a little me-
chanically induced amorphization which occured during sol-gel
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Fig. 1. Schematic for the synthesis route.
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Fig. 2. XRD signatures and SEM/EDX of the samples.
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Fig. 3. Mechanical properties of the samples.

synthesis. The strontium doped HAp sample without heat treatment (r-
HA-3%) shows degradation in reflections which can be ascribed to
reduced bonding between the HAp and ionic dopant (Sr). Relatedly, the
crystallite sizes as shown in Table 1 show that for undoped and doped
samples, heat treatment caused a gradient in crystallite sizes. The
increased crystallite sizes for other samples except r-HA-3% can be
ascribed to enlarged crystallites due to heating.

The morphology of the sintered samples (Fig. 2) shows conspicuous
agglomeration and irregular bead like structures especially for the heat-
treated Sr doped sample (HA-3%). This demonstrates a possible inte-
gration of two particles co-existing. The coalescence of the particles
noticed for the samples can be reduced by higher surface charges sup-
posedly caused by solid state sintering [13,14]. The tendency to crack in
physiological conditions (PBS), measured by the swelling ratio, showed
that with the reduced propensity to swell, the surface pores: 32% and

39% for doped and undoped samples, respectively, were limited with
reduced crack tendencies. The mechanical properties of the samples are
presented in Fig. 3. Relating this to the crystallite sizes (Table 1), it is
possible that the higher crystallite size of the s-HA-3% sample made its
hardness value of 0.38 GPa comparatively higher and this assertion is in
line with [26]. The value for hardness obtained in this study is slightly
higher compared to a similar study by [27]. For humans aged between
46 and 99 years, the micro-hardness of cortical bones is in the 0.3-0.6
GPa range [20]. The micro-hardness for the s-HA-3% scaffold, as ob-
tained in this study, was 0.38 GPa, which suggest its potentials as bone
substitutes.

4. Conclusion

Sr-HAp can be synthesized using the solution combustion protocol
with a controlled composition of reactants. The fluid retention capacity
(swelling ratio) showed that the fabricated bioceramic materials were
stable under physiological conditions. The micro-hardness of the scaf-
folds increased with strontium doping with a hardness value of 0.38
GPa.
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