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A B S T R A C T

An engineered tissue with bioactivity and proper mechanical properties could address the challenge of regen
erating damaged tissues. Hydroxyapatite (HA), a ceramic akin to natural bone, is a potential bone substitute. 
However, its low mechanical strength and minimal degradability in physiological environments limit its effec
tiveness. This study aims to develop a composite with enhanced mechanical properties and bioactivity for bone 
regeneration. Accordingly, HA was combined with 13–93B3 borate bioactive glass (BG) to form composite 
powders using solution combustion synthesis (SCS) via two methods, which varied in BG:HA ratios and mixing 
order. In these methods, pre-prepared particles of one phase are added to the solution of the other phase. The 
mixture is then placed in the synthesis chamber. A spark plasma sintering procedure produced a tablet form of 
the composites. For comparison, a control tablet with separate BG and HA particles was also prepared. The 
interface’s connections in control composite were modeled using Material Studio. The final samples were 
analyzed for physical, mechanical, and biological properties. Accordingly, the 75 % HA-containing samples were 
considered optimal, as they exhibited the highest crystallinity index and the lowest undesirable phase. These 
samples also showed a particle size range of 30–50 nm, confirming the nanoscale size observed in TEM and PSA 
results. Also, their FESEM images confirmed the presence of both BG and HA phases. Additionally, the variation 
in microhardness values, ranging from 68 to 151 Vickers, reflects differences in synthesis methods. Bioactivity 
was also assessed by immersing samples in simulated body fluid (SBF) over time. After 28 days of immersion, 
more intense HA peaks, a reduction in Ca2+ and PO4

3− concentrations, and the presence of a P-O band around 
1830 cm− 1 indicated the formation of the bone phase. Furthermore, it was confirmed that the mechanical 
properties can be maintained even after immersion in SBF.

1. Introduction

One of the most captivating fields of study in materials science is the 
advancement of bioceramics for bone reconstruction surgery, which 
seeks to repair damaged tissues from injuries [1]. Key considerations 
include biocompatibility, biodegradability, mechanical properties, and 
alignment with target tissue structure. Therefore, the development of 
advanced bioceramics that promote healing in biological tissues is 
crucial for addressing bone defects in regenerative medicine [2–4]. 
Accordingly, hydroxyapatite (HA) is the most commonly used bio
ceramic in orthopedic applications based on its similarity to the mineral 
composition of human bone. It is favored for its biocompatibility and 

osteoconductivity [5]. It is used in powdered or granular forms in 
various oral, maxillofacial, and orthopedic applications [6]. Addition
ally, it is employed to create bioactive coatings on metal implants. These 
coatings enhance the oleophilic properties of the implants, which in turn 
improves the bonding between bone and the implant [7,8].

However, hydroxyapatite suffers from low mechanical strength and 
exhibit minimal degradability in a physiological environment, meaning 
they cannot be resorbed or replaced by newly formed bone [9,10]. This 
results in inadequate osteoinductivity for tissue regeneration at the 
required rate [11]. A potential solution to address HA’s issues is to 
enhance HA by incorporating a bioactive glassy phase to create a com
posite. Bioactive glasses exhibit a greater bioactivity index in 
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comparison to HA. Researches had shown that glass-reinforced hy
droxyapatite (HA) demonstrates improved bioactivity compared to 
standard commercial HA. Lately, there has been a growing interest in 
borate glasses specially 13–93B3, due to the promising medical out
comes related to healing [12–14]. Recent studies suggest that boron 
deficiency reduces bone volume and trabecular thickness, leading to 
malignant bone irregularities. Boron supplementation may enhance 
wound healing, growth factor release, RNA synthesis, and extracellular 
matrix turnover [15,16]. Also, the response of the tissue might be 
attributed to their rapid dissolution, which occurs at a faster rate than 
that of silica-based glasses specially 45S5 that was primalrily discovered 
by L.Hench [17,18]. Recently, Ghanad et al. [13] and Akrami et al. [14] 
demonstrated that a simple and cost-effective solution combustion 
synthesis (SCS) can create highly porous 1393-B3 borate-based glasses. 
Therefore, incorporating appropriate quantities of BG also aids in the 
solidification of HA powders, allowing for reduced temperature re
quirements to produce bulk products that has been reported by various 
researchers [19–21]. Besides, the high temperatures (1200–1350 ◦C) 
used for traditional sintering of HA/BG composites can cause complete 
crystallization of BG and excessive interactions with HA, which may 
reduce bioactivity [22]. Additionally, crystallization adversely affects 
the sintering process, impacting HA densification. This issue could be 
addressed by using non-traditional sintering methods to reduce heat 
exposure and minimize crystallization [23]. A novel technique is the 
spark plasma sintering (SPS) method, where high-energy electric sparks 
purify and activate particles more rapidly than conventional sintering, 
resulting in quick and higher densification [24]. The SPS method quickly 
densifies ceramics at lower temperatures, saving energy and costs while 
preserving fine grain structures and enhancing mechanical properties 
[25]. In a research by Bellucci et al. [23], HA/BG(a silica-based glass) 
composites were fabricated through the SPS method in ratios of 50:50, 
80:20, and 30:70. It was observed that maintaining a temperature of 
770 ◦C for 10 min with an 80:20 ratio yielded effective composites 
suitable for bone tissue repair, exhibiting high density and favorable 
bioactivity.

In this study, spark plasma sintering method was utilized to convert 
the final HA/BG (in different weight ratios) composite powders into 
tablets. The initial composite powders were synthesized via a solution 
combustion method (SCS). The mentioned SCS method is proposed for 
the synthesis of a pre-synthesis solution of one phase (HA or BG) in the 
presence of pre-prepared particles of the other phase (BG or HA), 
resulting in composite powders that consist of both HA and BG phases. 
Moreover, the final set and production material combines borate glass 
and hydroxyapatite ceramic to affect the release rate of ions in the 
body’s environment and the final mechanical properties [21,26]. Based 
on the a research [13], 13–93B3 borate glass begins to devitrify at 
temperatures above 700 ◦C. Therefore, SPS was conducted at 700 ◦C to 
prevent devitrification and minimize reactions between HA and BG. 

Also, a longer holding times was utilized to ensure sufficient sintering 
and mass transport, facilitating ionic substitution in HA, which is 
essential for stabilizing the HA phase and preventing devitrification of 
the glass [23,27]. To study how the mixing orders in the composite 
powders affects their bulk properties, a control tablet made of separate 
HA and BG powders was fabricated via SPS. Furthermore, the present 
study investigates the potential of composite formation at the interface 
of BG and HA separate powders in control tablet via dynamic simulation. 
It aims to understand the feasibility of combining these two materials 
into a uniform composite by analyzing the interactions at the atomic 
level. The simulations offer insights into the conditions and mechanisms 
that promote the formation of a composite structure, highlighting their 
potential applications across various industrial fields. In addition, the 
synthesized samples were conducted through investigations, including 
X-ray diffraction analysis (XRD), Field emission scanning electron mi
croscopy (FESEM), Transmission Electron Microscopy (TEM), Dynamic 
Light Scattering Particle Size Distribution Analysis (DLS/PSA), Induc
tively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), and 
microhardness analysis. Mechanical analyses and so on were utilized. 
Notably, this research is distinct in that it produced in situ 13–93B3 
bioactive glass-ceramic composite samples, a deviation from previous 
methodologies that relied on pre-prepared powders. This novel 
approach holds the potential for significant tissue repair and bioengi
neering advancements.

2. Materials and method

2.1. Preparation of hydroxyapatite powder

For the preparation of hydroxyapatite particles (Ca5(PO4)3OH), 
there were several chemicals, including calcium nitrate tetrahydrate (Ca 
(NO3)2. 4H2O, 99.95 %, Merck), ammonium dihydrogen phosphate 
(NH4H2PO4, 99.99 %, Merck). Also, glycine (C2H5NO2, Merck) was used 
as fuel. Additionally, nitric acid (HNO3, 65 %, Dr. Mojallali) as a fuel-aid 
and deionized water were used as a solvent in the synthesis process. All 
chemicals used were of analytical grade without the requirement for 
further purification for the solution combustion synthesis (SCS) process. 
The fuel-to-oxidizer ratio was φ = 1.00 for the synthesizing of hy
droxyapatite nanoparticles based on the mentioned equation as Eq (1): 

→45 Ca(NO3)2.4H2O+27 NH4H2PO4 +41 C2H5NO2

=9 Ca5(PO4)3OH+82 CO2 +359 H2O + 79 N2

Eq (1) 

In this case (as shown in Fig. 1), the precursors were dismounted of 
deionized water and mixed well using a magnetic stirrer. The final so
lution was then heated to initiate a combustion synthesis reaction to 
produce final nanopowders.

Fig. 1. Schematic of the steps for the synthesis of hydroxyapatite nanopowder.
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2.2. Preparation of 13–93B3 bioactive glass powder

There were several precursors for the preparation of borate-based 
1393-B3 glass [13,14] powders (with a composition of 
54.6B2O3–6Na2O–7.9K2O–7.7MgO–22.1CaO-1.7P2O5), including cal
cium nitrate tetrahydrate (Ca(NO3)2.4H2O, 99.95 %, Merck), magne
sium nitrate hexahydrate (Mg (NO3)2.6H2O), 99.00 %, Sigma-Aldrich), 
potassium nitrate (KNO3, 99.00 %, Sigma-Aldrich) and sodium nitrate 
(NaNO3, 99.00 %, Sigma- Aldrich). All the mentioned precursors were 
dissolved in a certain amount of deionized water. H3BO3 and H3PO4 
were added to the solution and stirred to obtain a homogeneous system. 
Sucrose (C12H22O11, Edible-grade) was then added as fuel content. The 

final homogeneous mixture was then heated (in a furnace at 730 ◦C) to 
undergo combustion synthesis (Fig. 2). It is believed that the reaction is 
complete once the final white powder is obtained [13]. The reaction 
equation (Eq (2)) with φ = 0.84 is as follows: 

→12 NaNO3+15.8 KNO3+22.1 Ca(NO3)2.4H2O
+7.7 Mg(NO3)2.6H2O+109.2 H3BO3

+3.4 H3PO4+3.856 C12H22O11

=0.4235 [54.6B2O3+22.1 CaO+7.9 K2O
+7.7 MgO+6Na2O+1.7 P2O5]+6.917 NaNO3

+9.108 KNO3+12.74 Ca(NO3)2.4H2O
+4.439 Mg(NO3)2.6H2O+62.948H3BO3

+1.96 H3PO4+46.272CO2+170.96 H2O+18.5085 N2

Eq (2) 

2.3. Preparation of composites powder

Two primary methods were employed to produce composite powders 
as methods I and II. For method I, borate glass powders were synthesized 
using the method outlined in section 2.2). Subsequently, these powders 
underwent fine grinding. Following this, a solution of hydroxyapatite’s 
precursors ready for synthesis was prepared, into which the aforemen
tioned glass powders were incorporated and stirred immediately before 
ignition. This mixing process involved varying weight ratios of hy
droxyapatite and borate glass, as detailed in Table 1. Notably, the con
ditions employed during combustion synthesis align entirely with those 
of pure hydroxyapatite synthesis. Method II’s sequence of steps is 
reversed compared to method I. Primarily, hydroxyapatite powder is 
synthesized following the procedure outlined in section 2.1), and sub
jected to fine grinding. Afterward, the final solution for borate glass 
synthesis was prepared, and hydroxyapatite particles were added to it 
with specific weight ratios as indicated in Table 1. Following manual 
mixing, all synthesis steps are executed consistent with the pure borate 
glass synthesis process.

2.4. Preparation of composite tablets

The spark plasma sintering (SPS) method was used to prepare the 
final tablets. As mentioned earlier, it is necessary to determine the 
temperature, holding time, and applied pressure in SPS. Taking into 
account the studies conducted by other researchers [21,23,26,28,29] 
and determining that 75 % hydroxyapatite content is optimal based on 
the results discussed later, a temperature of 700 ◦C and a pressure of 16 
MPa were chosen as the parameters for the spark plasma sintering (SPS) 
process with the duration of 15 min. In other words, the requirement for 
elevated temperature, pressure, and duration can be attributed to 75 % 
hydroxyapatite in the structure. However, this study did not account for 

Fig. 2. Schematic of the synthesis steps of borate glass nanopowder.

Table 1 
Coding system of the synthesized samples in the present study.

Powders (P)

HA: 
BG 
(wt%)

Hydroxyapatite 
(HA)

Borate 
bioactive 
glass (BG)

BG 
powder +
HA 
solution 
(I)

HA 
powder +
BG 
solution 
(II)

HA 
powder 
+ BG 
powder

100:0 100 %HA-P – – – –
80:20 – 100 %BG-P 80 %HA-I- 

P
80 %HA- 
II-P

80 %HA- 
III-P

75:25 – – 75 %HA-I- 
P

75 %HA- 
II-P

75 %HA- 
III-P

50:50 – – 50 %HA-I- 
P

50 %HA- 
II-P

50 %HA- 
III-P

25:75 – – 25 %HA-I- 
P

25 %HA- 
II-P

25 %HA- 
III-P

20:80 – – 20 %HA-I- 
P

20 %HA- 
II-P

20 %HA- 
III-P

0:100 – – – – –

Tablets (T)
HA: 

BG 
(wt 
%)

Hydroxyapatite 
(HA)

Borate 
bioactive 
glass (BG)

BG 
powder +
HA 
solution 
(I)

HA 
powder +
BG 
solution 
(II)

HA 
powder 
+ BG 
powder

100:0 – – – – –
80:20 – – 80 %HA-I- 

T
80 %HA- 
II-T

80 %HA- 
III-T

75:25 – – 75 %HA-I- 
T

75 %HA- 
II-T

75 %HA- 
III-T

50:50 – – 50 %HA-I- 
T

50 %HA- 
II-T

50 %HA- 
III-T

25:75 – – 25 %HA-I- 
T

25 %HA- 
II-T

25 %HA- 
III-T

20:80 – – 20 %HA-I- 
T

20 %HA- 
II-T

20 %HA- 
III-T

0:100 – – – – –
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a higher temperature increase caused by the 25 % glass content and the 
potential for its decomposition and destruction at temperatures above 
700 ◦C. As a result, all the composite tablets were subjected to the same 
heat treatment program to prevent any unwanted glass transformation. 
Table 1 and Fig. 3 show all samples’ coding systems and specifications. 
Moreover, a control tablet was also prepared based on the physical 
mixing (hand grinding) of pure glass and hydroxyapatite powder in the 
optimal ratio (method III) to enable the meaningful comparison between 
the samples. Also, a study on a ceramic powders system demonstrated 
that after 30 min of mixing, maximum uniformity was achieved. 
Extending the mixing time did not further improve the distribution of 
the mixture. It was proved that 15–30 min of manual mixing are suffi
cient to produce uniform blends for ceramic and glass-ceramic systems. 
Therefore, at least 30-min of mixing time was chosen [30]. As a result, a 
dry mixing method using an agate mortar was employed instead of a wet 
mixing method to prevent the introduction of moisture into the glassy 
phase. Hence, to prepare the control sample, a certain weight of both BG 
and HA powders was first weighed. Then these particles were pounded 
well with a mortar for about 10 min. Then, these two powders were 

added to each other and pounded again for 10 min. They were then 
visually inspected, and the particles adhering to the mortar were sepa
rated from it. Then they were pounded again with a mortar for another 
10–15 min for more uniformity.

Furthermore, simulations were performed as follow to check the 
possibility of the two phases to form stable interfaces and supporting the 
use of simple mixing for the composite.

2.5. Simulation of composite interface via molecular dynamics

To investigate the behavior of the control composite at the interface 
of two powders, modeling of bonds and atoms was used with the help of 
the computer simulation software Material Studio. Fig. 4 shows all the 
steps and results of the simulation in the form of a graphical summary. 
The atomic arrangement of each of the two phases was primarily pre
pared, and the necessary investigations were carried out on them. The 
disordered atomic network of borate glass consists of 6 different oxides. 
According to formula 54.6B2O3-6Na2O-7.9K2O-7.7MgO-22.1CaO- 
1.7P2O5, each of these six oxides has a specific molar content in the final 

Fig. 3. Schematic of the procedure for manufacturing of the final tablets based on three different menthods.
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structure [13,14]. To control the process and bring the results closer to 
reality, the final simulated disordered atomic network of the glass was 
created with only the presence of the three principal oxides, B2O3, CaO, 
and P2O5, with the corresponding loading numbers of atoms. According 
to Fig. 4, the atomic network of borate glass (as a cubic arrangement for 
facility), called BG, can be seen. The software library also calls for the 
hydroxyapatite structure (HA). Moreover, the dimensions of the pro
duced bulks of atoms had to be as close as possible to reduce any stress in 
the created networks. In this regard, the Lattice Parameter tool was first 
used to calculate and examine the dimensions of the initial networks of 
the two phases. According to this tool, the dimensions of the cubic glassy 
network are about 16A◦ in all three directions. In addition, the di
mensions of the hexagonal hydroxyapatite cell in the x and y directions 
are approximately 9A◦, and in the z-direction, they are about 6A◦. The 
supercell tool available in the build tab is used to create convergence 
and relative agreement in both simulated bulks. With the help of this 
tool, the values of a, b, and c in the hydroxyapatite structure were grown 
with approximately corresponding coefficients. Furthermore, these two 
cells were subjected to stress relief and energy reduction operations to 
establish equilibrium and verify the stability in the resulting structures. 
In the next step, these two structures must be brought into contact to 
determine the bonding forces at contact and connection. Both simulated 
bulks are cleaved from one of their principal planes (010) to have the 
most incredible connection and establish coherence at the interface of 
the two phases [31]. Generally, the calculation of the phases’ interface 
forces is necessary. Considering the disordered network of glassy phase, 
it must introduce an empty space for interfacial contact with ceramic 
structure in a larger area. Accordingly, the height of this area in the 
balanced state was considered to be about 12A◦. Then, the second phase 
(ceramic structure) was added at the end of the designed space using the 
Build tool. According to Fig. 4, both layers were imported in the Build 
Layers > Defined Layers section and the final arrangement was created. 
This set must be examined spatially and energetically in the next step. 
Therefore, the Forcite module and the Geometry Optimization and En
ergy subprograms were used. In all stabilization stages, the Universal or 
COMPASSIII force field is used. Also, the quality of this simulation was 
set to Medium and Fine to prevent any errors in the simulation [32]. 
According to the Logfile data, the system’s initial energy before stabi
lization was about 44171748.555437 kcal/mol, which reached 
− 260527.133720 kcal/mol after equilibrium. The latter indicates a 
decrease in energy and proves the system’s stability. After the set is 
stabilized, the molecular dynamics stage of this interface is examined. 
The molecular dynamics process specifications were selected according 

to the following path in the Forcite module to reach the system’s equi
librium at ambient temperature.

Forcte > Setup > Task > Dynamics > More > Forcite Dynamics >
Dynamics > Ensemble > NPT.

By selecting the NPT ensemble, the Nosé thermostat and Anderson 
barostat are chosen to keep the temperature and pressure conditions 
constant during the MD simulation.

In addition, the Ewald and atom-based method was used for the 
summation of the electrostatic and van der Waals forces. Also, the cutoff 
distance was set to 12.5 A◦, and the buffer and spline widths were set to 
2 A◦ and 1 A◦, respectively [33]. By performing repeated simulations, 
the initial temperature was selected to be 300 K, and the simulation time 
was 100 ps. Afterward, the system’s energy decreased to − 618098.007 
kcal/mol, indicating the equilibrium establization at ambient 
temperature.

ForciteDynamics > Dynamics > Ensemble > NPT.
According to previous studies and based on trial and error exami

nations, it was found that a time of 1000 ps and a temperature of 1000 K 
can provide suitable thermal conditions for simulation [34,35]. In other 
words, the tendency to form a composite and the interaction between 
two materials usually requires activation energy, which can be provided 
by increasing the temperature. It is worth noting that the timestep is 
equal to 1fs in all these steps, so the simulation has sufficient accuracy. 
As a result, the system’s energy reaches the value of − 127277.874 
kcal/mol, indicating the increase in atomic fluctuations due to a slight 
temperature rise. Furthermore, the temperature was considered much 
lower than the glass melting temperature, which was about 4000K, 
based on a previous study to prevent any phase change or melting in 
both phases [33].

2.6. Calculation of density and molar weight of borate glass

In this study, the density of borate glass was calculated using Eq (3), 
and the final density value was calculated using the weight percentage 
of each component in the glass. 

ρglass =
100
∑ wi

ρi

Eq (3) 

In this equation, wi and ρi are the weight percent and density of each 
oxide in the glass, respectively. Eq (4) was also used to calculate the 
molar weight of the glass. In this formula, Mi is the molar weight of each 
oxide in the final glass. 

Fig. 4. Simulation of composite interface via molecular dynamics.
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Mglass =
100
∑ wi

Mi

Eq (4) 

2.7. Method for calculation of crystalinity index (CI%)

The Crystallinity Index (CI) represents the ratio of regular (crystal
line) to irregular (amorphous) parts in a material. One of the most ac
curate methods for calculating this index is to use the X-ray diffraction 
(XRD) pattern and analyze it using the peak deconvolution or area 
method. Unlike the simple Segal method, which uses only one peak and 
one amorphous point, this method considers the entire pattern. As a 
result, the results are more reliable [36]. In this regard, the XRD pattern 
of the sample was plotted within the appropriate angular range (in this 
study, 0–80◦) using OriginPro 2024 (version: 10.1.0.178) software or a 
similar fitting software. After entering the data and plotting the curve in 
the software, baseline correction can be performed to reduce back
ground noise. Next, the peaks are decomposed using the deconvolution 
operation. The angular region corresponding to the main peaks of the 
material is selected based on previous phase determinations and refer
ence XRD codes. It is noteworthy that the main peaks of the hydroxy
apatite phase were identified in the selected samples. The percentage of 
total crystallinity relative to the total material and other phases (if 
present) was then calculated. After this step, the fitting of the patterns 
was performed using mathematical functions, such as the Gaussian 
function. The area range of each peak was also selected with the smallest 
width to increase accuracy. Then the area under the determined peaks 
was calculated. The total area of the determined peaks is divided by the 
total area under the curve and multiplied by 100. The resulting number 
is the crystallinity index [37,38].

2.8. Characterizations

The samples were analyzed using an EXPLORER G.N.R. S.r.l (GNR) 
(Novara, Italy) X-ray diffractometer to investigate the crystalline phases. 
Cu-Kα radiation (λ = 1/540598 Å) was used at a voltage of 40 kV, in the 
2θ range from 15 to 80◦ at room temperature and a scan step of 0.05◦. To 
understand the morphology and microstructure of the samples, a TES
CAN BRNO-Mira3 LMU FESEM microscope with an accelerating voltage 
of 15 kV, coupled with energy dispersive X-ray spectroscopy (EDX), was 
used for the purpose, as well. To obtain the most accurate results, the 
FESEM samples were subjected to gold plasma coating for 15 min to 
allow observation of the microstructure in non-conductive ceramic 
systems. Particle size analysis was performed using a Vasco3 COR
DOUAN device to determine the particle dimensions. In the particle size 
evaluation, 0.01 g of each sample powder was dispersed in ethanol and 
then placed in an ultrasonic bath for 30 min to achieve maximum par
ticle distribution. A LEO 912AB transmission electron microscope (TEM) 

with an operating voltage of 120 kV was used to examine nanoparticle 
size, shape, dispersion, and structures in the optimized composite 
powders. For sample preparation, 0.01 g of powder was mixed with 30 
mL of pure alcohol and sonicated (using FR USC 22 LQ, 400 W, 20 % 
Taiwan) for 10 min. After that, a drop of the resulting suspension was 
applied to a standard carbon-coated copper mesh for TEM analysis. Also, 
several microscopic images were recorded using an optical microscope 
to examine the surface of the composite tablets obtained from SPS and 
observe the phases present on the sample surface. A microhardness 
tester (Matsuzawa, MHT2-Japan) was used to measure the hardness 
index in the pressed samples accurately. In this regard, at least 16 in
dentations were considered to have an average microhardness value for 
each composite sample. Also, a Thermo Nicolet AVATAR 370 FT-IR in
strument, a reliable Fourier transform infrared (FT-IR) analyzer, was 
used to identify the functional groups produced during the initial syn
thesis and SBF immersion processes. The analysis consisted of 32 scans, 
performed throughout 40s, with a resolution of 4 cm− 1 and a pressure of 
8 GPa. The particles were created by grinding approximately 1–2 % of 
the powders with KBr solution in the 400-4000 cm− 1 range. The ratio of 
KBr to synthesized powder for FTIR analysis was approximately 99:1. In 
addition, atomic force microscopy (AFM) was used to analyze the tab
lets’ surfaces after dry conditions and 28 days of immersion. The tech
nique employed was phase imaging, which detects cantilever phase 
changes for topographic mapping and material differentiation. This 
method is beneficial for studying polymers, composites, and surface 
coatings. Images were acquired using a FlexV5+ Scanhead with a 
controller operating in phase imaging mode at 158.614 kHz, and a vi
bration amplitude of 1.5 V. Image analysis was performed using 
Mountain Maps software.

2.9. Characterizations after exposure to simulated body fluid (SBF)

Initially, simulated body fluid was prepared to investigate the bio
logical behavior of the tablets according to the formula introduced by 
Kokubu [39]. Table 2 shows the SBF ion concentration in comparison to 
blood plasma. Afterward, the composites were divided into smaller parts 
of equal weight and placed in a certain amount of SBF solution. These 
samples containing solutions were kept in a shaking incubator for pe
riods of 3 h (3h), 1 day (1D), 3 days (3D), 7 days (7D), 14 days (14D), 21 
days (21D) and 28 days (28D). After the desired periods, the samples 
were removed from the solution and washed with ethanol to prevent any 
biological reaction after leaving the SBF. Also, they were dried at room 
temperature. ICP-OES (inductively coupled plasma optical emission 
spectroscopy) analysis used an Arcos Spectra device to examine the 
release rate and ion-exchanged during immersion. To investigate the 
mechanical properties of the obtained tablets, diametral tensile strength 
(DTS) test was used. Then, each sample was examined for both dry 
conditions and 28-day immersion in SBF to ensure the impact of the 
environment on DTS values. This test was performed at a test speed of 
about 0.2 mm/min and a gage length of 150 mm. These parameters were 
selected based on previous studies to enhance accuracy and mitigate the 
effects of rapid loading rates on synthesized HA/BG tablets [40–42]. The 
objective was to enhance measurement repeatability and to better 
control the test’s dynamic aspects. After testing, the following equation 
(Eq (5)) was used to calculate the diagonal tensile stress (σt) from the 
measured fracture force (P): 

σt =
2P

πDL
Eq (5) 

This formula is standard in Brazilian tensile test studies for brittle or 
semi-brittle materials. Here, σt is the diagonal tensile stress (MPa), P is 
the fracture force (N), D is the specimen diameter (mm), and L is the 
specimen thickness (mm) [43].”

Table 2 
Nominal ion concentrations of SBF in comparison with those in human blood 
plasma [39].

Ion Ion concentration (mM)

Blood plasma SBF

Na+ 142.0 142.0
K+ 5.0 5.0
Mg2+ 1.5 1.5
Ca2+ 2.5 2.5
Cl− 103.0 147.8
HCO3

− 27.0 4.2
HPO4

2- 1.0 1.0
SO4

2- 0.5 0.5
pH 7.2–7.4 7.40
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3. Results and discussion

3.1. Thermodynamics calculation

Thermodynamic calculations play a crucial role in understanding the 
influence of various effective parameters on chemical reactions. In so
lution combustion synthesis, a key aspect is calculating the adiabatic 
temperature (Tad) using thermodynamic principles, as highlighted in Eq 
(6). Tad is a theoretical index calculated assuming a closed chamber 
(adiabatic conditions) [44]. 

− ΔH0
f =

∫ Tad

T0

∑
CP(products)dt Eq (6) 

Accordingly, CP is the specific heat at constant pressure, and − ΔH0
f is the 

standard enthalpy of the reaction.
Furthermore, Table 3 represented the adiabatic temperature (Tad) in 

different HA: BG weight ratios. Based on calculations, the adiabatic 
temperature for pure HA was about 1315.5 K. Adding different wt.% of 
BG to the HA initial solution could also affect Tad (via method I). Ac
cording to the results, Tad has decreased with increasing BG content. 
The temperature decreasing trend continued up to 200 K in the 20 %HA- 
I-P sample. This significant decrease in temperature prevented the 
complete synthesis of HA in the presence of BG particles. Besides, Tad is 
about 1166.5 K for pure BG. Adding the different wt.% of HA in the 
initial BG solution decreased Tad by about 30 K, which could be tangible 
compared to method I. Therefore, the effect of the BG as secondary 
phase has been more significant. As derived from calculations, the molar 
weight of BG is about 67.13 g/mol, and it is about 502.31 g/mol for HA. 
Hence, this difference can be attributed to fewer HA moles than BG in a 

specific weight. Notably, higher molar weight caused less reactive and 
more uniform heat distribution in the system [45].

3.2. Powders characterizations

3.2.1. XRD results of pure hydroxyapatite and borate glass powders
Fig. 5 illustrates the X-ray diffraction patterns for pure HA and BG 

powder. Due to the glass’s amorphous nature, the XRD pattern of 100 % 
BG-P demonstrated no characteristic peaks [46]. In other words, the lack 
of lattice order leads to non-uniform X-ray diffraction [47]. Unlike 100 
%BG-P, the prominent characteristic peaks in 100 %HA-P are visible (2θ 
= 25.9◦, 31.8◦, 32.7◦ and etc) identified as Ca5(PO4)3OH (ICDD card 
00-034-0010). Additionally, the crystallinity index (CI) of 100 %HA-P is 
about 91 % due to the formation of some amorphous (undeveloped) 
phases in the low-angle region of the diffraction pattern [48].

3.2.2. XRD results of composite powders
The XRD diffraction patterns of the composite powders synthesized 

by method I (adding BG particles into the HA solution) and II (adding HA 
particles into the BG solution) are illustrated in Fig. 6(a) to 6(e), 
respectively. Based on the shown spectra, the percentage of the glass 
phase gradually increased with decreasing HA content. The character
istic peaks of hydroxyapatite (ICDD 00-034-0010) are identifiable as the 
predominant formed phase in both groups of samples. As shown in Fig. 6
(a), the characteristic peaks of Ca5(PO4)OH (ICDD card 00-034-0010) 
are evident in both the 80 %HA-I-P and 75 %HA-I-P samples, indi
cating the primary crystallized phase. The stronger characteristic peaks 
in the 75 %-I-P compared to the 75 %-II-P, suggest a greater tendency to 
form HA as showed in Fig. 6(c). Moreover, the slightly uneven back
ground is attributed to the presence of the minor glass content [49]. The 
observations indicate that the increasing in the BG content in samples of 
20 % HA-I-P, 25 % HA-I-P, and 50 % HA-I-P caused an amorphous trend 
with several crystallized phases. These phases include Ca2P2O7 (ICDD 
00-003-0605), KH2PO4 (ICDD 01-072-1021), and Na(PO3)3 (ICDD 
00-001-0653). Based on the thermodynamic calculations, the presence 
of BG leads to a reduction in Tad (Table 3). This reduction caused a 
decrease in solution homogenity via easier ion diffusion [13]. This 
reduction in solution homogeneity could change the 
calcium-to-phosphorus ratio and cause the formation of additional 
phases. Consequently, the incomplete synthesis of the HA phase 
occurred in samples with higher BG content. As mentioned earlier, the 
crystallinity index of pure HA was about 91 %. Hence, the absence of HA 
characteristic peaks can be attributed to the formation of amorphous 
hydroxyapatite. Only the samples with crystalized HA were studied to 
investigate the crystallization index (CI) further via method I. As a 
result, the crystallinity index was calculated to be 63 % and 68 % for the 
two samples, 80 %HA-I-P and 75 %HA-I-P, respectively in Table 4. In 
this regard, the 75 %HA-I-P sample was selected as optimal for subse
quent analyses due to the coordination of the same calculated and 
experimental crystallinity levels. Unlike the previous method, the 
diffraction patterns of method II demonstrate the HA crystalization, as 
illustrated in Fig. 6(b). Via method II, HA particles disperse in the BG 
solution that prevent the solution ions to be correlated. This is due to the 
ability of HA particles to absorb heat, which reduces the rate of 
exothermic reactions and delays the synthesis duration [50]. Moreover, 
the similar ions between BG and HA could cause ion exchange. Hence, 
several characteristic peaks related to the crystallization of secondary 
phases, including β-TCP (ICDD 00-009-0348), CaHPO4 (ICDD 
01-071-1760), KNO3 (ICDD 01-074-1198), and a minor presence of 
boric acid (H3BO3, ICDD 00-030-0620) are also evident. For example in 
Fig. 6(d), the presence of additional and two-branches peaks in 75 % 
HA-II-P indicate possible undesirable phases formed during method II, 
compared to 75 %HA-I-P that proved the latter criteria. In the 75 % 
HA-II-P sample, and more generally in method II, pre-prepared hy
droxyapatite (HA) particles are added to the 13–93B3 bioactive glass 
(BG) synthesis solution, so the BG phase forms while HA is present. As 

Table 3 
Calculations of the adiabatic temperatures for the reactions conducted.

Sample code Tad (K) Sample code Tad (K)

100 %BG-P 1166.5 100 %HA-P 1315.5
20 %HA-II-P 1163.3 80 %HA-I-P 1261.3
25 %HA-II-P 1162.5 75 %HA-I-P 1245
50 %HA-II-P 1155.5 50 %HA-I-P 1149
75 %HA-II-P 1141.3 25 %HA-I-P 1112
80 %HA-II-P 1136.7 20 %HA-I-P 1109.4

Fig. 5. XRD results obtained from pure powders of hydroxyapatite (HA) and 
borate glass (BG).
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mentioned earlier, method II can lead to side phases due to ionic 
displacement, the heat absorption of the HA phase, and the lower sta
bility of the BG solution when HA particles are present. Earlier studies 
have shown that increasing the solution temperature can activate the HA 
phase, allowing scattered ions to replace those in the (002) crystal plane 
of HA, which has a characteristic diffraction angle at 25.9◦ [51,52]. The 
(002) plane refers to a specific orientation in the HA crystal lattice. If 

smaller ions take their place, the distance between these planes (called 
d-spacing) gets smaller. According to the Bragg’s equation (nλ = 2dsinθ, 
where λ is the wavelength of the X-rays, d is the spacing between planes, 
and θ is the diffraction angle), a smaller plane distance means the angle θ 
gets larger, so the peak moves to higher angles [53,54]. The observed 
peak shift in a certain plane and angle suggests that the HA phase 

Fig. 6. XRD analysis of composite powders in both (a) methods I & (b) method II, (c) and (e) the comparison of 80 %HA and 75 %HA in two methods, (d) both 
optimal samples.

Table 4 
Comparison of the crystallization index (HA phase) using computational and 
experimental methods in samples of method I.

Samples (Method I) Crystallization Index (hydroxyapatite phase) (%)

Computational Experimental

80 %HA-I-P 91 % × 80 % = 72.8 ~63
75 %HA-I-P 91 % × 75 % = 68.25 ~68

Table 5 
Crystallization Index in composite samples from synthesis method II determined 
by experimental methods excluding HA.

Samples (Method II) Crystallization Index (excluding hydroxyapatite) (%)

80 %HA-II-P ~8
75 %HA-II-P ~5
50 %HA-II-P ~19
25 %HA-II-P ~18
20 %HA-II-P ~17
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remains stable even with BG solution, indicating that there is only a 
small amount of doping with the new ion, and the original HA crystal 
structure is preserved. As mentioned earlier, the crystallization of HA in 
all samples via method II leads to a crystallization index that should 
meet or exceed calculated values. Therefore, Table 5 compares the 
crystallinity index of secondary phases (except HA). Furthermore, Fig. 6
(e) indicates that the presence of undesirable phases was reduced in the 
sample 75 %HA-II-P. Due to the resulting data, the 75 %HA-II-P sample 
has the lowest impurity phase (5 %) that was selected as the optimal 
sample.

3.2.3. PSA and TEM results of optimal composite powders
PSA and TEM analysis (as shown in Fig. 7) were used to investigate 

the particle size and morphology in the two optimized samples. Ac
cording to the data, the D50 index in the 75 % HA-I-P sample is about 68 
nm with an average particle size of 32 nm, and in the 75 % HA-II-P 
sample is about 89 nm with an average particle size of 49 nm. The 
observed difference can be attributed to the various adiabatic temper
atures. As previously mentioned, the Tad for the synthesis of 75 %HA-I-P 
was about 1245K, and it is 1141.3K for 75 %HA-II-P. In a study con
ducted by Sun et al. (2018) [55], the researchers investigated how the 
content of ceramic particles and the adiabatic temperature affected the 
porosity of composites during solution combustion synthesis process. 
The findings indicated that increasing the adiabatic temperature led to a 
reduction in the final particle size. Consequently, the increased Tad 
during the synthesis of 75 %HA-I-P results in a reduced particle size in 

comparison to that observed in the 75 %HA-II-P synthesis. Another 
aspect could be the types of the secondary phase (HA and BG phase) 
introduced into the initial synthesis solution through methods I and II. 
The initial HA powders, using method I, have an average particle size of 
about 68 nm, according to the experiments [56]. Therefore, the initial 
nuclei are considerably larger. This is primarily due to their enhanced 
stability, which reduces surface dissolution when exposed to the BG 
solution. However, this phenomenon differs from method II due to the 
higher energy level and a faster dissolution rate with BG particles (with 
an average particle size of 67 nm [13,14]). Therefore, crystal nuclei 
restrict nucleation to specific locations at a lower rate [57]. According to 
the TEM images in Fig. 7(b), two microstructures are observable. Based 
on the findings from FESEM analysis, it can be inferred that agglomer
ates exhibiting elevated surface roughness may be linked to hydroxy
apatite (HA) particles [58,59]. Besides, the BG phase appeared as 
discontinuous plates [60].

3.2.4. FESEM results of composite powders
The FESEM images of pure HA and BG powder are displayed in Fig. 8. 

The presence of pores in HA’s microstructure is likely due to gas release 
phenomen during the synthesis process [61]. The observation of inter
connected structures [56] in Fig. 8(a) primarily arises from HA’s crys
talline nature, which facilitates the arrangement and aggregation of 
particles cohesively [62]. Moreover, Fig. 8(b) shows several discontin
uous plates in the microstructure of BG, which occur due to its disor
dered nature.

Fig. 7. PSA and TEM results of the optimal samples.

Fig. 8. FESEM results of samples of a) pure hydroxyapatite (100 %HA-P) and b) pure borate glass (100 %BG-P).
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Fig. 9. FESEM results of composite samples containing borate glass powder/hydroxyapatite solution: a) 80 %HA-I-P, b) 75 %HA-I-P, c) 50 %HA-I-P, d) 25 %HA-I-P 
and e) 20 %HA-I-P.

Fig. 10. FESEM results of composite samples containing hydroxyapatite powder/borate glass solution: a) 80 %HA-II-P, b) 75 %HA-II-P, c) 50 %HA-II-P, d) 25 %HA- 
II-P and e) 20 %HA-II-P.
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Fig. 9 illustrates the FESEM results for the samples via method I. In 
high HA content samples, HA porous microstructure prevents the 
appearance of the BG phase [63]. The BG plates become more evident by 
reducing the HA content from Fig. 9(a)–(e). Due to the observed 
microstructure as Fig. 9(c), the pre-prepared BG phase is expected to act 
as the initial place for the nucleation of the HA solution. In other words, 
the HA phase is expected to grow from the surface of the BG phase. 
Finally, the sample 20 %HA-I-P consists entirely of BG plates with 

several points of HA’s agglomerates [14].
Fig. 10 shows the FESEM images of the composite powder via 

method II. From Fig. 10(a)–(e), the microstructure has transformed into 
discontinuous plates with increasing BG content. In lower BG content 
samples, the porous HA phase acts as the nuclei for the glass solution. 
Therefore, an interconnected glassy network will likely cover the HA 
agglomerates [59]. The mentioned network will vanish via reducing HA 
content and be transformed into BG plates.

3.2.5. Molecular dynamics simulation results
The results of the simulation (RDF results) are illustrated in Fig. 11. 

According to experimental procedure of simulation, the system’s total 
energy remains negative even after a slight increase in temperature. This 
stability of the system’s energy indicates equilibrium and the tendency 
of the two phases to mix with each other in control sample [32,34,35]. In 
addition, RDF analysis was used to investigate this tendency to combine. 
Radial distribution functions (RDFs) and coordination number (n) 
indicate the probability of distribution of selected particles in a spherical 
space around a given particle. They are usually used to describe the 
distribution of the system network and the degree of disorder. The 
corresponding calculation formula (Eq (7)) is shown below: 

g(r) =
V
N
.
n(r, dr)
4πr2dr

=

∑T
t=1

∑N
j=1ΔN(r→r + dr)

T × N
Eq (7) 

In this formula, V is the volume of system. N is the number of atoms, n(r, 
dr), ΔN refers to the number of atoms in the radius range from r to r + dr, 
and T is the simulation time [32].

According to Fig. 11, the total bulk at 300K tends to value of 1 after 
showing several peaks. In other words, no apparent order is far from the 
hypothetical atom. This proves the simultaneous order/amorphism of 
the resulting composite. In addition, the system shows more intense 
peaks with a slight increase in temperature. In other words, if the two 
powders are perfectly compatible, the atomic peaks at the interface will 
display a less-noisy pattern. Otherwise, the interface peaks will be small 
or absent if the interaction is weak. Intense peaks at certain distances 

Fig. 11. Radial distribution function (RDF) results of molecular dy
namics simulation.

Table 6 
Volume percentages of borate glass and hydroxyapatite phases in analyzed 
samples.

Samples (HA:BG) weight content Phase volume (%)

13–93B3 glass Hydroxyapatite

80 %HA:20 %BG ~23 ~77
75 %HA:25 %BG ~29 ~71
50 %HA:50 %BG ~55 ~45
25 %HA:75 %BG ~78 ~21
20 %HA:80 %BG ~83 ~17

Fig. 12. (a) The results of tablets XRD characterization after SPS procces, (b) The comparison of three optimal tablets.

Table 7 
The microhardness values of the three optimal tablets after SPS.

No. Sample Microhardness values

1 75 %HA-I-T 68 ± 19 Hv
2 75 %HA-II-T 151 ± 39 Hv
3 75 %HA-III-T 143 ± 105 Hv
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indicate a strong bond at the interface. In contrast, if the interface is 
weak, the radial distribution function (g(r)) at small radii will immedi
ately approach the value 1, indicating a uniform density. Furthermore, 
the intensity of the peaks increases as the temperature rises. This in
dicates the inhibition of the selected temperature from forming un
wanted phases due to melting. It also shows that the system tends to be 

ordered with increasing atomic mobility [33,34,64]. For more valida
tion, the values extracted from RDF before and after simulation have 
been examined for two different bonds at the initial temperature and 
1000K. The first atomic bond is related to calcium and oxygen ions on 
the hydroxyapatite surface, whose peak radius is 2.83A◦ and 3.43A◦ at 
300K and 1000K, respectively. The second bond is related to calcium 
ions on the hydroxyapatite surface and oxygen ions on the glass 
cross-sectional surface, whose first peak radius is 5A◦ and 4.69A◦ at 
300K and 1000K, respectively. A reduction in the distance between 
oxygen ions from glass and calcium ions from hydroxyapatite, resulting 
from increased temperature, together with a greater separation between 
oxygen and calcium ions at the hydroxyapatite surface, suggests a pro
pensity for composite formation. In other words, the first peak RDF 
curves indicates the distance of the closest particle to the hypothetical 
particle. The lower this peak is located at x values, the shorter the dis
tance between the selected and secondary particles [34,64,65].

3.3. Tablets characterizations after SPS

In order to investigate the impact of the synthesis method on the final 
properties, an optimal amount of BG and HA powders were physically 
mixed and subjected to SPS technique (as sample 75 %HA-III-T). Since 
13–93B3 bioactive glass and hydroxyapatite have similar densities (2.59 
and 3.16 g/cm3) and comparable weight/volume percentages, the risk 
of phase separation is minimal. This supports the use of a straightfor
ward mixing approach for the control sample. Research shows that when 
phases have similar volume and weight, simple mixing methods, such as 
hand milling, yield a uniform distribution, making high-energy tech
niques unnecessary [9,10]. This is supported by the comparison of 
volume and weight percentages as illustrated in Table 6. While 
high-energy methods can improve mixing, they may also cause problems 
such as contamination or unintended changes in the material [66,67]. 
Considering the similar physical properties and these findings, a 
low-energy mixing method is both effective and preferable. Further
more, simulations were performed and confirmed the possibility of the 
two phases to form stable interfaces and supporting the use of simple 
mixing for the composite. As a result, the XRD patterns of the optimized 
composite (75 % HA) in powder and tablet form are shown in Fig. 12(a). 
The results indicate that the primary phases formed remained consis
tent, even following the SPS process. In other words, The visible result of 
XRD suggested that the SPS process was deemed only to enhance the 
existing peaks. Considering the lower glass proportion compared to HA 
content, there may be some minor phases from reactions between HA 
and BG. These may be present in the sub-limit of XRD measurements and 
could not be observed in the present data [26,68,69]. As shown in 
Fig. 12(b) samples 75 %HA-I-T and 75 %HA-II-T illustrated more intense 
peaks related to HA. It could be attributed to the synthesis of one phase 
in the presence of particles of another phase in method I and II. Also, due 
to the partial penetration of the graphite layer covering the powders in 
the SPS process, a visible peak corresponding to graphite (COD 
96-901-1578) at 2θ = 26.6◦ appeared after the SPS process. In the 
following, the microhardness values of the optimized tablets are pre
sented in Table 7. For the 75 %HA-III-T sample, the hardness value 
changes at a wider range, suggesting a heterogeneous surface, unlike the 
other two samples. This nonuniformity is attributed to the synthesizing 
method and the separate initial powders of BG and HA phases [1,
70–73]. According to the results, the average hardness values are 68 ±
19 Vickers for the 75 %HA-I-T sample, 151 ± 39 Vickers for the 75 % 
HA-II-T sample, and 143 ± 105 Vickers for the physically mixed sample. 
Additionally, the larger range of changes (±105 units) in control sample, 
indicating its lower homogeneity compared to the other two samples 
[74]. Accordingly, the difference in hardness values between the two 
in-situ synthesized samples can be due to the size of the initial composite 
powder. In other word, the increment in specific surface area via smaller 
particles in the SPS, the resulting weaker sites reduce surface hardness. 
Furthermore, Estey et al. [75] found that the average hardness range for 

Fig. 13. XRD patterns of samples after immersion in SBF: (a) 75 %HA-I-T, (b) 
75 %HA-II-T and (c) 75 %HA-III-T.
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the condensed parts of the bone is about 50–60 Vickers. Hence, the 75 % 
HA-I-T sample can be introduced as a proper substitution for damaged 
bone due to the hardness value.

3.4. Tablets characterizations after immersion in SBF

3.4.1. XRD results of SBF-immersed tablets
Fig. 13 represents the XRD patterns of composite tablets used to 

investigate the effect of immersion in the simulated body fluid (SBF) 
after different time intervals. While the samples showed intense, 
prominent characteristic peaks related to the HA phase (ICDD 00-034- 
0010), the others showed a reduction in the intensity of the HA char
acteristic peaks after immersion in SBF. In other words, the intensity of 
the HA characteristic peaks decreases as immersion time increases. The 
BG presence in the final composite affects the sample release rate in SBF 
and helps improve the biological performance of the sample [13,14,26]. 
Moreover, patterns showed a continuous trend of surface dissolution 
until the first or third day of immersion. At the same time, new phases 
formed on the sample surface, which can be crystalline or amorphous 
due to their formation rate [63]. According to previous studies, bone 
formation consists of two main processes-surface ion release and 
simultaneous precipitation of Ca2+ and PO4

3− that form a mineral layer 
on the sample [21,26,76]. Therefore, the formation of an initial hy
droxyapatite phase on the surface that is not entirely crystalline and 
requires time to crystallize is expected [77]. Besides, a characteristic 

peak related to the CaHPO4 (ICDD 01-071-1760) transform to HA phase 
over time [78]. Additionally, low-intensity graphite characteristic peaks 
emerged from the SPS process preparation.

In the following, a comparison is presented among three samples. As 
immersion time passes, 75 %HA-I-T and 75 %HA-II-T samples show 
rapid ion dissolution at the first stage. Then, the surface mineralization 
begins and continues until 28 days of immersion. However, the 75 %HA- 
III-T sample underwent a longer demineralization process. This is 
attributed to its initial synthesis method. In other words, the separate 
presence of pre-prepared powders of BG and HA caused the creation of 
individual islands, ultimately showing the heterogeneous dissolution in 
SBF [1,70,79]. Also, the 75 %HA-III-T pattern after 28 days of immer
sion is observed to have more intense HA peaks than the others. It could 
be considered a greater mineralization rate and a better biocompatible 
performance. In addition, the precipitated HA phase on the surface is 
initially amorphous and crystallizes upon prolonged exposure to the SBF 
[77]. Therefore, for a precise investigation from a microstructural 
perspective, the results of FESEM are demonstrated below.

3.4.2. FESEM results of SBF-immersed tablets
The FESEM results of the 14 and 28 days SBF immersed samples are 

shown in Fig. 14. According to these results, the influence of the syn
thesis method on the bioactivity of the samples could be observable. 
According to figures after 14 days of immersion, the two produced in- 
situ composites displayed several agglomerates in their morphology 

Fig. 14. FESEM imges of samples after immersion in SBF for different time intervals with the results of EDX after 28 days immersion.

N. Sami et al.                                                                                                                                                                                                                                    Ceramics International xxx (xxxx) xxx 

13 



that attributed to hydroxyapatite (HA) phase [21]. As mentioned earlier 
in XRD, the sample surface began to dissolve in the initial days of 
exposure to the SBF, accompanied by precipitation of new minerals. 
Over time, new precipitates became more stable [77]. Based on figures 
by day 28 of exposure to simulated body fluid (SBF), they had fully 
crystallized and formed final aggregates of new hydroxyapatite on the 
surface [56]. According to the samples, the 75 %HA-I-T sample has 
smaller final hydroxyapatite particles than 75 %HA-II-T, which can be 
attributed to the size of the initial powder synthesis via two different 
methods. Moreover, the formed precipitates in 75 %HA-III-T showed a 
plate-like morphology that differs from other’s pattern. Thus, relying 
only on XRD data may not fully capture the samples decomposition and 
precipitation behavior in SBF. Besides, the EDX analyses of the three 
composite samples after 28 days of exposure to SBF have been illus
trated. Based on EDX data measurements, the calcium-to-phosphorus 
ratio of the mineralized phase is approximately 1.76. This confirms 
the presence of precipitates that are enriched in calcium and 

phosphorus, exhibiting a Ca/P ratio that approaches that of stoichio
metric hydroxyapatite [80].

3.4.3. AFM results of SBF-immersed tablets
Fig. 15 shows the surface topography results obtained from AFM 

analysis. According to the images, the surface of 75 %HA-I-T sample in 
dry state showed less roughness than its 28-day state after immersion in 
the SBF solution. This is in agreement with the FESEM results. In other 
words, these protrusions could be the aggregations of new mineral phase 
deposited due to the dissolution of the initial composite and the inter
action of its resulting ions with the aqueous environment. These changes 
also occurred in the other two composite samples. In 75 %HA-II-T, the 
initial protrusions are similar to the previous sample. However, the 28 
days of immersion resulted in some differences when compared to the 
75 %HA-I-T-28D. Also, the 75 %HA-III-T has fewer elevations than the 
previous two. After 28 days of exposure to SBF, it shows a different 
morphology, similar to the results obtained from FESEM. This is related 
to the production method of this type of composite, which is done by 
physically mixing the glass and ceramic powders and applying the SPS 
process. Among the three samples, the 75 %HA-I-T demonstrates a more 
active surface both before and after contact with SBF. An active dry 
surface increases the likelihood of mineral phase formation, as shown by 
snapshots after 28 days of immersion. Besides, Table 8 reported the 
average roughness values (Ra) of the samples before and after SBF im
mersion. The results support the mechanism of surface mineralization 
that occurs after exposure to simulated body fluid (SBF). However, these 

Fig. 15. AFM analysis of the composites before and after immersion in SBF for 28 days in topographical mode.

Table 8 
Samples roghness values obtained from AFM analysis.

Sample Before exposure to SBF After 28 days of exposure to SBF

75 %HA-I-T Ra = 118.06 nm Ra = 88.91 nm
75 %HA-II-T Ra = 105.81 nm Ra = 81.25 nm
75 %HA-III-T Ra = 125.14 nm Ra = 87.30 nm
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values somehow decrease or slowly changes by forming a mineral layer 
on the sample surface. The gradual degradation of calcium and phos
phate from the surface has resulted in a slight reduction in surface 
roughness, indicating increased regularity and the formation of a bone 
layer [81,82].

3.4.4. ICP-OES results of SBF-immersed tablets
Fig. 16 shows the ion concentration resulting from the tablet’s 

dissolution in the SBF. The results represent borate ion (BO3
3− ) release 

from three composites in SBF. The 75 %HA-I-T sample continuously 
released borate ions, while the 75 %HA-II-T and 75 %HA-III-T samples 
initially absorbed them. By day 14, the behavior of the 75 %HA-I-T 

matched that of the 75 %HA-II-T. As a result, borate concentration 
increased until day 14 and then stabilized, while the 75 %HA-III-T 
sample continued the absorption for 28 days [13,14,83]. Besides, the 
initial Ca2+ concentration in SBF was 100 ppm. After immersion, 75 % 
HA-I-T and 75 %HA-II-T formed a calcium phosphate layer within 1–3 
days, while 75 %HA-III-T exhibited the same pattern by day 7, followed 
by calcium release by day 14. Furthermore, the 75 %HA-I-T had slower 
calcium release from 14 to 28 days, and 75 %HA-II-T showed higher 
adsorption due to a more active surface [62,83,84]. Moreover, the initial 
PO4

3− concentration in the SBF solution is about 31 ppm, leading to 
calcium phosphate precipitation on sample surfaces, as shown by FESEM 
results. The PO4

3− concentration remains stable over 28 days, indicating 

Fig. 16. ICP-OES analysis results of composite tablets in SBF.
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an adsorption process. Phosphate ions, essential for hydroxyapatite 
formation, are present in both the SBF and the samples. Eventually, 
these samples release and then adsorb calcium through phosphate ions, 
resulting in complete PO4

3− adsorption [62,83]. In the following, the 
initial concentration of K+ ions in the SBF solution is about 195 ppm. On 
the first day, all three samples adsorbed K+. From days 1–14, the 75 % 
HA-II-T and 75 %HA-I-T samples exhibited both adsorption and release 
of K+, with a greater release in the 75 %HA-II-T sample. The 75 % 
HA-III-T sample only released K+ ions initially, with no adsorption from 
days 7–14. Between days 14 and 28, all samples showed both adsorption 
and release of potassium ions. In addition, the initial concentration of 
Mg2+ ions in SBF is about 36 ppm. Both 75 % HA-III-T and 75 %HA-II-T 
samples initially release Mg2+ ions, with 75 %HA-II-T exhibiting a 
stronger trend. After three days, both samples begin to absorb Mg2+

ions. Between days 3 and 28, they alternate between releasing and 
reabsorbing Mg2+, with 75 %HA-III-T showing significant release in the 
first 7 days, followed by increased absorption. Throughout the duration, 
the changes observed in 75 %HA-I-T were relatively minor compared to 
others. Finally, the initial Na+ concentration in SBF is about 3264 ppm. 

The 75 %HA-I-T adsorbs Na+ on the first day, while 75 %HA-II-T re
leases it significantly. The 75 %HA-III-T both adsorbs and releases Na+

over the same period, with similar trends across all samples from days 
3–28. In conclusion, borate glass is recognized for containing various 
ions in addition to phosphate and calcium ions. These ions have been 
studied due to the significant tendency of borate glass to dissipate. XRD 
analysis shows that when immersed in simulated body fluid (SBF), 
additional phases can appear alongside the intended phase. Further
more, changes in the concentration of these ions are linked to this 
phenomenon [13,14,62,83].

3.4.5. FTIR results
The results of the FTIR spectrum are shown in Fig. 17. According to 

the figure, the range of 500–700 cm− 1, which has two different bands, 
represents the bending vibrations of the PO4

3− groups. These vibrations 
are known as ν4. These vibrations arise due to the change in the P-O-P 
bond angle in the containing plane. Also, in the range of 800–1200 
cm− 1, an intense band of stretching and asymmetric vibrations of the P- 
O bond can be observed. In other words, one of the P-O bonds in the 
phosphate group is stretched, while the other three similar complexes 
will be closer together. As can be seen from the curves, both of the 
synthesized composite powders have these bands, which is proof of the 
high hydroxyapatite content in the initial structure of these composites. 
In addition, the presence of the bands above and a P-O band in the 1830 
cm− 1 range only in 28 days immersion-composites also indicates the 
formation of bone tissue in the competition between dissolution and 
mineralization of these samples in SBF [26,85–88]. Two bands at 960 
cm− 1and 1384 cm− 1 are also visible. These two bands belong to the C-O 
groups in CO3

2− . According to Ref. [26], it is claimed to be evidence of 
the initial formation of an amorphous hydroxyapatite layer that will be 
converted to pure hydroxyapatite upon further mineralization. Also, 
glass powder has been examined to prove the presence of boron-based 
bioactive glass in composites. The leading bands related to the B-O 
bond are presented below. In the range of 600–800 cm− 1, the bending 
vibrations of B-O-B in the BO3 and BO4 groups can be observed. Also, in 
the range of 800–1200 cm− 1, the stretching vibrations of the B-O bond in 
the tetragonal BO4 groups are observed as a broadband. Furthermore, 
B-O stretching vibrations in the trigonal BO3 group are also indicated in 
blue in the range of 1200–1600 cm− 1 [13,14]. As is evident from the 
spectrum, the bands of B-O have gradually disappeared with the in
crease in the SBF-immersion time. This is strongly consistent with the 
results of ICP, which indicate the release of borate boron in the envi
ronment. Also, the initial claim of this study that boron affects 
improving the mineralization process can be proven by these spectra. 
Finally, O-H groups from water absorption are also visible at 1630 cm− 1, 
2850 cm− 1, and 3400 cm− 1, which have higher intensity in glass 
structures due to their high water absorption [26,89–91]. In this 
research, the presence of the same background between 100 %HA-P and 
75 %HA-I-T can declare the role of HA and BG via method I. Hydroxy
apatite was a solution and covered the BG particles. The trend in 75 % 
HA-I-T is also in agreement with the mentioned criteria. After 7 and 28 
days of immersion in SBF, the intensity of the HA characteristic bands 
have been improved. These proved the effectiveness of in-vitro analysis 
for this sample. Moreover, sample 75 %HA-II-T is also shown. Unike the 
75 %HA-I-T, the glassy background with broad bands justified the ma
trix role of BG solution in method II. The increment in immersion time 
caused an intensification in the characteristic bands of HA. These bands 
are a sign of mineralization after the in-vitro test. In addition to these 
samples, the physical mixing one called 75 %HA-III-T has been incu
bated in SBF for 7 and 28 days. The HA characteristic bands have high 
strength in the sample after 28 days which could show the mineraliza
tion happens greatly in the mentioned sample as well.

3.4.6. Mechanical test results of SBF-immersed tablets
The diametral tensile strength (DTS) test results for the composite 

samples before and after exposure to simulated body fluid (SBF) are 

Fig. 17. FTIR results of dry and SBF contained samples in comparison to pure 
HA and BG.

Fig. 18. Results of diametral tensile strength tests of composite tablets after 
immersion in SBF.
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illustrated in Fig. 18. The 75 %HA-I-T sample has a tensile strength of 
2.9 ± 1.1 MPa, comparable to cancellous bone’s mechanical strength 
equal to 7.6 MPa [92]. Moreover, the mechanical behavior of samples 
was investigated after different time of SBF exposure. After 7 days of 
immersion, the strength of 75 %HA-I-T sample decreased to 1.1 ± 0.2 
MPa, which could imply sample decomposition and ion release. The 
sample showed reduced mechanical strength due to solution penetra
tion. However, 75 %HA-I-T sample maintained tensile stability, sug
gesting preserved mechanical properties [93]. Furthermore, the 75 % 
HA-II-T exhibits a strength of 2.6 ± 2.9 MPa in a dry state, consistent 
with the 75 %HA-I-T and similar to bone strength. However, its strength 
significantly decreased after 7 and 28 days immersion in simulated body 
fluid (SBF), contrasting with previous sample results. This discrepancy 
may be attributed to the coarser particle size of the initial powder, 
causing disruptions in internal compression during spark plasma sin
tering (SPS). Also, the hydroxyapatite phase used as the nucleator in 
method II possesses greater strength than BG due to its ceramic nature, 
indicating that a higher pressure may be required for pressing these 
particles compared to the 75 %HA-I-T [94]. Besides, the 75 %HA-III-T 
sample exhibits a dry strength of 3.2 ± 4.3 MPa and showed a higher 
range of variation than the other samples, indicating heterogeneity 
confirmed by previous analyses. After being immersed in SBF for 7 and 
28 days, the sample’s strength decreased with increased immersion 

time. Hence, higher phase homogeneity in other two methods caused an 
improvement in mechanical properties and maintetance over immersion 
time [74]. Finally, the 75 %HA-I-T sample exhibits superior mechanical 
properties due to the retaining of its strength even after immersing in 
simulated body fluid (SBF).

3.4.7. FESEM results of SBF-immersed tablets after mechanical test
FESEM analysis of the fracture surface of composites after immersion 

in SBF is shown in Fig. 19. According to these images, all three samples 
have high structural integrity in the dry state. After 7 days of SBF im
mersion, cracks of different sizes have formed inside the samples. The 
mentioned microcracks could result from the structural weakness and 
inhomogenities produced during synthesis or manufacturing method 
and or during mechanical investigations [95]. Based on figures related 
to 28 days of immersion, the discontinuous microcracked structures 
were intensified. Based on Fig. 19(a), (b) and (c), the 75 %HA-I-T sample 
shows better mechanical properties and stability than the other two 
samples after 7 and 28 days. Although it lost some strength due to so
lution penetration, it still outperforms the others that is clearly illus
trated in Fig. 19(a).

Fig. 19. FESEM images of the fracture surface of biomaterials after DTS testing, a) 75 %HA-I-T, b) 75 %HA-II-T, and c) 75 %HA-III-T.
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4. Conclusion

In the present study, in situ 13–93B3 Borate glass (BG)/hydroxyap
atite (HA) composite powders were produced using two solution com
bustion synthesis methods with different weight ratios and mixing 
orders. The Method I used initially involved mixing solutions of HA with 
pre-prepared BG particles, while the second approach (Method II) star
ted with initial solutions of BG combined with pre-prepared HA parti
cles. The final mixtures were then prepared for solution combustion 
synthesis (SCS). In this regard, XRD results clearly showed the presence 
of the synthesized HA phase alongside the amorphous nature of the 
glassy phase. The composite tablets were then derived from powders 
through the spark plasma sintering, considering that the control samples 
consisted of pre-prepared HA and BG powders. The simulation results 
demonstrated a peak shift in RDF analysis and a decrease in ionic dis
tance between the phase interfaces, confirming the potential for 
composition in the control sample. The samples then underwent phys
ical, mechanical, and biological assessments. The XRD analysis identi
fied the optimal samples, which contain 75 % HA phase, characterized 
by the highest crystallinity index (68 % via Method I) and the lowest 
amount of unwanted phases (5 % undesirable phase via Method II). The 
PSA measurements also suggested an average particle size of 32 nm for 
the optimal sample via method I and 49 nm for method II. The results of 
FESEM and TEM of the optimized nanoparticles confirmed the presence 
of nonspherical and irregular shapes of amorphous BG near HA aggre
gates. The microhardness results of the optimally combined tablets 
showed that the optimized sample prepared via method I had a hardness 
of 68 Vickers, which is closer to the hardness of bone among other 
samples. Additionally, the control sample exhibited a larger range of 
changes (±105 units), indicating its lower homogeneity compared to the 
other two samples. Bioactivity was also examined by immersing samples 
in simulated body fluid (SBF) over time. The characterization results of 
SBF-immersed samples illustrated the formation of an HA mineral layer 
on the produced tablets after 28 days. The presence of a P-O band 
around 1830 cm− 1 in FTIR results prove the latter criterion. Addition
ally, the gradual degradation of Ca2+ and PO4

3− from the surface (via 
ICP-OES analysis) has resulted in a slight reduction in surface roughness, 
as determined by AFM analysis, indicating enhanced regularity and the 
formation of a bone layer. Additionally, the DTS and FESEM (after 
fracture) results of the optimal sample obtained via method I showed a 
slight change from 2.9 ± 1.1 MPa to 1.1 ± 0.2 MPa, indicating the po
tential to maintain mechanical properties over immersion. The results 
could indicate the improvement in mechanical properties while pre
serving biochemical characteristics with changing the synthesis method.
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trabecular bone, J. Biomech. 18 (1985) 723–727.

[93] J. Park, G. Kenner, Effect of electrical stimulation on the interfacial tensile strength 
and amount of bone formation, Biomaterials, medical devices, and artificial organs 
4 (1976) 225–233.

[94] A.M. Deliormanlı, M.N. Rahaman, Direct-write assembly of silicate and borate 
bioactive glass scaffolds for bone repair, J. Eur. Ceram. Soc. 32 (2012) 3637–3646.

[95] E. Medvedovski, Influence of corrosion and mechanical loads on advanced ceramic 
components, Ceram. Int. 39 (2013) 2723–2741.

N. Sami et al.                                                                                                                                                                                                                                    Ceramics International xxx (xxxx) xxx 

20 

http://refhub.elsevier.com/S0272-8842(25)04763-7/sref91
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref91
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref91
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref91
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref92
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref92
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref93
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref93
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref93
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref94
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref94
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref95
http://refhub.elsevier.com/S0272-8842(25)04763-7/sref95

	Synthesis and Biochemical/Biomechanical Characterization of Borate glass/Hydroxyapatite Composites: A Comparative Study on  ...
	1 Introduction
	2 Materials and method
	2.1 Preparation of hydroxyapatite powder
	2.2 Preparation of 13–93B3 bioactive glass powder
	2.3 Preparation of composites powder
	2.4 Preparation of composite tablets
	2.5 Simulation of composite interface via molecular dynamics
	2.6 Calculation of density and molar weight of borate glass
	2.7 Method for calculation of crystalinity index (CI%)
	2.8 Characterizations
	2.9 Characterizations after exposure to simulated body fluid (SBF)

	3 Results and discussion
	3.1 Thermodynamics calculation
	3.2 Powders characterizations
	3.2.1 XRD results of pure hydroxyapatite and borate glass powders
	3.2.2 XRD results of composite powders
	3.2.3 PSA and TEM results of optimal composite powders
	3.2.4 FESEM results of composite powders
	3.2.5 Molecular dynamics simulation results

	3.3 Tablets characterizations after SPS
	3.4 Tablets characterizations after immersion in SBF
	3.4.1 XRD results of SBF-immersed tablets
	3.4.2 FESEM results of SBF-immersed tablets
	3.4.3 AFM results of SBF-immersed tablets
	3.4.4 ICP-OES results of SBF-immersed tablets
	3.4.5 FTIR results
	3.4.6 Mechanical test results of SBF-immersed tablets
	3.4.7 FESEM results of SBF-immersed tablets after mechanical test


	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	References


