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ABSTRACT: Outstanding biodegradability and biocompatibility
are attributes associated with particular polyester substances that
make this group useful in specific biomedical fields. To assess the
potential as a biomaterial, a novel composite consisting of
hydroxyapatite (HAp) and unsaturated polyester resin (UPR)
was developed in this work. Using a hand-lay-up technique, various
percentages (50, 40, 30, 20, and 10%) of HAp were reinforced into
the UPR matrix to fabricate composite materials out of glass sheets.
Prior to processing of the composite samples, hydroxyapatite was
chemically synthesized in a wet chemical manner. Using a universal
testing machine (UTM), Fourier transform infrared (FTIR)
spectroscopy, scanning electron microscopy (SEM), and thermo-
gravimetric analysis (TGA), the fabricated samples were charac-
terized. The crystallographic parameters of synthesized hydroxyapatite (HAp) were also estimated through a range of formulas. The
optimal amount for hydroxyapatite was 40% according to the findings of the tensile strength (TS), tensile modulus (TM),
percentage of elongation at break (EB), bending strength (BS), and bending modulus (BM). Improvements in TS, TM, BS, and BM
for the ideal combination were 39.39, 9.21, 912.05, and 259.96%, in each case, over the controlled one. Thermogravimetric analysis
(TGA) has been implemented to determine the degradation temperature of the fabricated composites up to 600 °C.

■ INTRODUCTION
The materials that originate from living things or utilized in
body-related treatments have been referred to as “biomaterials”
in different contexts.1−3 The discipline of polymer research was
initially founded on the application of polymers in
biomaterials.4,5 Large-scale arterial transplants,6 synthetic
bones,7 hip gadgets,8 and other long-lasting artificial body
parts all depend on polymers.9,10 Analysis is still being done to
maximize the reliability and effectiveness of those substances.11

The demands of polymers look more favorable and better
adapted to the physiological requirements of the comparatively
recent discipline of tissue science and engineering, where
polymers are implemented to support the rebuilding of
multifaceted organs.12,13 A polymeric substance has to be
considered “biocompatible” in order to serve as a substance in
biomaterial applications. When the implantation of a polymeric
substance inside an organ fails to result in an unfavorable
response, it could easily be deemed “biocompatible”.14−16

Composite materials can be produced by combining polymers
with other materials.17,18 Hand-lay-up technique is one of the
simplest ways to fabricate composite materials. During the
hand-lay-up process, reinforcement and matrix are physically
placed down on glass or metal sheets as blending layers.19

Some of the instances of synthetic polymer composites are
carbon fiber/epoxy resin,20 HAp/polyethylene,21 carbon fiber/
ultra-high-molecular-weight polyethylene,22 plant fiber/unsa-
turated polyester resin,23 etc. “Avital composite” refers to a
combination consisting of a reinforcement and an indispen-
sable matrix. Composite biomaterials that are slightly
resorbable, nonresorbable, and completely resorbable are
additional classifications of avital composites.24−26 The non-
resorbable combinations are not meant to break down within
the tissue’s surroundings.27 Extended use of implants including
substitutions of joints, bone grafts, spinal tubes, plates,
orthodontic care, tendons, and ligaments show the most
promise for them.28−30 A particular type of thermally and
mechanically stable polymer used in composite fabrication is
an unsaturated polyester resin, which mostly contains
unsaturated double bonds and ester bonds through a
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polycondensation reaction involving unsaturated dicarboxylic
acid and either saturated dicarboxylic acid or unsaturated
diol.31,32 An “unsaturated polyester resin (UPR)″ is frequently
reinforced with fiber materials for employment as composites.
Polyesters that contain either unsaturated dicarboxylic acid and
anhydride (often maleic anhydride) or saturated dicarboxylic
acid and anhydride (usually phthalic anhydride) are referred to
as unsaturated polyesters.33,34 When two organic acid
components combine with one or more alcohols, it forms a
large polyester chain.35 Many areas have reported the use of
UPR, including composites, timber coatings, gel paints, flat
layered panels, motor vehicles, washroom equipment, painting
pastes, additives, stone, and fabricated concrete.36−39 Re-
searchers, particularly those in nations with limited resources,
are currently reassessing the financial significance of polyester
resins for utilizing them in the biomedical field.40 Polyesters
are used in a variety of bioresorbable surgical products,
including tissue scaffolds, medication vehicles, and conven-
tional healthcare products. Polyesters are capable of being
manufactured to generate comfortable polymeric scaffolds that
can substitute elastic tissues in the fields of cardiology and
ophthalmology and have great physical characteristics as well
as being tailored to coincide with the original tissue.41,42 The
following has been observed in the research where the rat
myocardium was repaired using a polyester polymeric
material.43 Polyesters have some benefits compared to
conventional orthopedic biomaterials since they are more
flexible and lightweight compared to alternative biomaterials.
The fact is polyesters frequently possess little harmful effect
and minimizing immunological reaction is an additional benefit
of employing them.44,45 Synthesized HAp particles are
recommended for utilization in implantation and replacement
purposes because natively generated HAp particles fail to be
stoichiometric and carry an opportunity for pathogenic
progression. Though a number of synthesis processes are
available, there are process variables that could work well with
the wet chemical precipitation technique. Besides producing
water, this process also has the notable benefit of having
moderate reaction temperatures (<100 °C).46,47 With regard
to the functions of the human immune system, HAp is
environmentally friendly, nonvirulent, and bioresorbable. It
also possesses a remarkable capacity to stimulate bone growth
and restoration. As a result, HAp has significant uses in the
medical industry in areas including oral restoration, orthopedic
covering, and surgeries on the spine.48−50 While hydroxyapa-
tite (HAp) offers literally perfect advantages as a substance for
bone substitution and restoration, it also has drawbacks that
make it challenging to satisfy the demands of living and
medical applications due to its lack of strength, modest
hardness, tricky formation, and inadequate susceptibility to
fatigue in cellular conditions.51,52 The majority of polymers
lack sufficient mechanical strength and are not biocompatible.
On the contrary, due to low hardness, HAp presents a
challenge in making bioscaffolds by itself. So, the current study
aimed to develop a novel category of composites made of a
hydroxyapatite (HAp)-reinforced unsaturated polyester resin
(UPR) by using the hand-lay-up technique. The physical
characteristics of the resulting substances could benefit from
the efficient binding properties of the resin. Studies have also
been carried out to investigate a few vital characteristics of the
produced composites, and these hold significance for their
eventual use as biomaterials. It has been explored how the
inclusion of hydroxyapatite affected the mechanical properties,

morphology, thermal resistance, and water absorption
characteristics of the formed composite samples. Thermogravi-
metric analysis (TGA), Fourier transform infrared (FTIR),
universal testing machine (UTM), and scanning electron
microscopy (SEM) were used to characterize the obtained
materials.

■ MATERIALS AND METHODS
Materials. Commercial-grade CaCO3 (95%) was pur-

chased from Hatkhola, Dhaka, and the unsaturated polyester
resin (industrial grade, viscosity higher than 1.0 Pa·s), and its
hardener methyl ethyl ketone peroxide were purchased from
the nearest market located in Gulistan, Dhaka. Each of the
following chemicals seemed to be of laboratory grade and are
able to be utilized without any additional purification and were
purchased from E-Merck Germany: nitric acid (HNO3),
ammonium hydroxide (NH4OH), and orthophosphoric acid
(H3PO4) (85%). Deionized water (DI) was supplied by the
Glass Research Division (GRD) of IGCRT, BCSIR, Dhaka.

Methods. Synthesis of Hydroxyapatite (HAp). Wet
chemical synthesis of pure hydroxyapatite (HAp) has been
performed by utilizing commercial calcium carbonate
(CaCO3) and orthophosphoric acid, H3PO4 (85% w/w),
with a Ca/P proportion of 1.67. Equal volumes of 1.0 M
H3PO4 solution and 1.67 M suspended CaCO3 were utilized
for the generation of HAp using DI water.53 Based on specified
reaction parameters (pH-10, temperature −45 °C) and
constant stirring, acid was slowly introduced to the suspended
solution of calcium carbonate. Once the chemical reaction was
finished, the resulting product was subjected to drying at 110
°C in an oven to remove any remaining solvent. After that, the
sample was smashed into fine form by employing a hand-held
mortar and heated to 900 °C for 2 h.

Fabrication of the Composite. Each and every composite
has been made using the hand-lay-up method. A casting was
initially fabricated by placing two glass sheets on the outside of
a table and covering it with a translucent and spotless plastic
sheet (milot paper).54,55 In a single plastic cup, hydroxyapatite
(HAp) was employed as the reinforcing material, and the
unsaturated polyester resin was employed as the matrix. HAp
was incorporated in accordance with the resin percentages,
which were adjusted to 50, 60, 70, 80, and 90% by weight in
the composites. The mixture was thoroughly mixed with the
aid of a glass rod to ensure that it was properly mixed. To make
the composites, a specific amount (2%) of methyl ethyl ketone
peroxide was introduced into the reinforcing and matrix
constituents and thoroughly mixed. After taking care to make
sure the blend contained absolutely no air bubbles, the
contents of the cup were carefully and slowly placed into the
milot paper, to ensure that the resin did not leak out. Next, a
second piece of neat and translucent milot paper was placed on
top of the blend. For 24 h, this blend was housed in glass
castings. Using a hacksaw, the samples were chopped to the
proper size for the mechanical, water uptake, and degradation
tests.

Mechanical Properties. A universal testing machine
(UTM) (M-500-30 KNCT) was used to measure the
materials’ tensile strength (TS), tensile modulus (TM),
percentage of elongation at break (% EB), bending strength
(BS), and bending modulus (BM). The starting clamp distance
was set to 20 mm, and the cross-head velocity was set to 10
mm/min. The specimens were chopped to the necessary sizes
(30 × 10 mm2) with a hacksaw. The inspection started as soon
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as the object being tested was fastened to the grip. Every test
result was taken to be the average of a minimum of three
samples.

X-ray Diffraction (XRD). Using a Rigaku SE XRD
instrument, the phase and crystallographic characteristics
were investigated. The operating conditions of the XRD
machine were maintained at 50 mA and 40 kV, while the
chiller was operated at 20−30 °C. A Cu exposure origin made
Cu Kα (λ = 1.5406 Å) energy, and the XRD equipment was
adjusted using an appropriate silicon reference before the
samples were examined. Over a 2Θ inspection limit of 5−70°,
XRD data were collected by keeping 0.01 steps when water
flow rate was maintained at 4.2−4.8 L min−1. Each approved
set of data has been evaluated in accordance with the
requirements of the ICDD database (# Card Number: 01-
074-0566).

FTIR. Through the use of an IR-Prestige 21 instrument with
an amplified comprehensive reflection arrangement, we
determined that the functional groups of the items were
determined. With a wavelength resolution of 4 cm−1, 30
inspections, and a transmittance foundation based on the
percentages, spectrum results ranged between 400 and 4000
cm−1. A hacksaw was used for preparing the samples. To
prepare the samples for FTIR analysis, they were first chopped
into appropriate small sizes and then crushed into a mortar.

Thermogravimetric Analysis (TGA). The degradation
properties of the produced samples was evaluated using
thermogravimetric analysis (TGA) at temperatures ranging
from 26.7 to 600 °C. The rate of temperature increase in TGA
was 10 °C/min, and the starting weight of the specimen ranged
from 500 to 800 mg. In order to keep the atmosphere inactive,
nitrogen gas (N2) was used.

Water Uptake. A hacksaw was used to cut the samples to
the required weights. A total of 15 specimens were put
together regarding the water absorbency analysis. After that, 15
tiny beakers were thoroughly washed, and all of them were
filled with a specific volume of deionized water (DI). By
employing a digital balance, the weight of the fragments was
determined, and the findings were recorded. It was the initial
weight of the dry samples. Next, all of the numbered samples
with the control one were placed in all of the beakers
containing DI water. The test fragments were immersed in DI
water for 33 days in order to measure their water absorption
capacity. The control and the 15 segments were taken out of
the beaker after regular time intervals. The wet samples were
wiped with the use of tissue paper and used to determine the
weights of the fragments after water absorption. Using the
weights of the dry and wet samples, the quantity and
percentage of water uptake were estimated from the following
equation56

= { }

×

percentage of water uptake

(final weight initial weight)/(initial weight)

100 (1)

Simulated Body Fluid (SBF). To ascertain the potential for
bioactivity of the composite samples, an appropriate weight of
the samples were immersed in 40 mL of SBF solution. To
make simulated body fluid solution (SBF solution), proper
quantities of CaCl2, KCl, NaCl, Na2SO4, NaHCO3, K2HPO4·
3H2O, and MgCl2·6H2O were mixed in double distilled water
and then used tris(hydroxymethyl)aminomethane and 1 M

HCl solution to fix the pH (7.4) of the solution at 36.5 °C.57

Since SBF is recognized as an unstable solution, laboratory
tests were conducted with it by maintaining at chilled
conditions.

Density. A density meter was used to determine the
densities of the composite samples. For every percentage of the
composites (50, 60, 70, 80, and 90%), two samples were
considered and the mean density was calculated by adding the
individual densities. Before the measurement got started, the
machine was calibrated from the follow up of an appropriate
procedure.

Temperature Effect. Twelve samples of the optimized
percentage (60%) were cut into the proper dimensions in
order to assess the stability of the composite samples at
different temperature ranges. The samples were placed in the
freezer and refrigerator for 4 h before the test, with the
temperatures kept there at −50 and 0 °C. To evaluate strength
at high temperatures, an incubator machine was also run at 50
°C for 4 h.

Effect of pH. The stability of the composite samples in
various pH ranges was evaluated by cutting three samples of
the optimized proportion (60%) into the appropriate sizes.
The specimens were immersed in three distinct solution types,
namely, pH-3, pH-7, and pH-11. Using a pH meter, nitric acid
(HNO3) and ammonium hydroxide solution (NH4OH) were
used to adjust the required solution’s pH. The weights of the
immersed samples were taken by using a digital balance after
regular interval of 7 days, 14 days, and 21 days.

Flame Retardancy. The purpose of fire resistance testing is
to evaluate how well elements execute their fire-separating
qualities. A Bunsen burner was used to test the flame
retardancy of the samples, and tweezers were utilized for
holding milligram amounts (50−70 mg) of each sample. A
stopwatch timer was employed to determine the average firing
time.

Scanning Electron Microscopy (SEM). Using Phenom Pro
SEM, the surface characteristics of the fabricated composites
were examined. Prior to examining surface properties, each of
the specimens had been coated with gold sequentially, and all
pictures were acquired at a 15 kV intensifying potential. The
obtained specimens were then placed on a dual-sided carbon
capped test container, covered in gold, and immersed in
ethanol.

■ RESULTS AND DISCUSSION
Phase Analysis of Synthesized Hydroxyapatite (HAp).

Crystallographic phases were verified by merging the samples
that were prepared with the standard ICDD (card no. 01-074-
0566) database after they underwent XRD analysis. The
unique peaks of pure HAp (Figure 1) were located at d-3.43 (0
0 2), d-2.81 (2 1 1), d-2.77 (1 1 2), d-2.71 (3 0 0), d-2.62 (2 0
2), d-2.26 (1 3 0), and d-2.14 (2 2 1), in line with the typical
HAp pattern. The formulas from (2) to (9) listed below can be
used to determine the crystallographic parameters of the
synthesized HAp, involving the lattice parameters, crystallite
size, crystallinity index, crystallinity degree, microstrain, relative
intensity, dislocation density, and preference growth.58,59

=D
K

crystallite size (using Scherrer formula),
cos (2)
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where D = crystallite size, K = shape factor having a value of
0.90, λ = wavelength, β = FWHM (full width at half-maxima)
in radian, and θ = diffraction angle (in degree).

= + + +

d

h hk k
a

l
c

lattice parameter equation for hexagonal,
1

4
3

hkl

2

2 2

2

2

2

i
k
jjjjj

y
{
zzzzz

i
k
jjjj

y
{
zzzz

(3)

where dhkl = interplanar distance and a, b, c, h, k, and l = lattice
parameters.

=X
Ka

crystallinity degree, c

3i
k
jjjj

y
{
zzzz

(4)

where Ka is a constant and found as a value of 0.24 for most of
the HAp and β = FWHM (full width at half-maximum) in
degree.

= + +H H H
H

crystallinity index, Cl
(112) (300) (211)

(211)
(5)

where H = peak heights at corresponding planes.

=dislocation density,
1

(crystallite size)2 (6)

=microstrain,
FWHM
4tan( ) (7)

where FWHM is full width at half-maxima in radian and θ =
diffraction angle (in degree).

Another important parameter is preference growth,
determined from eq 9 by using the relative intensity of
relevant planes of the prepared and standard samples.
Preference growth was estimated by considering (202) with
respect to (211), (112) and (300) planes.

=
+ +

I

I I I
relative intensity, RI (202)

(211) (112) (300) (8)

=

Ppreference growth,
relative intensity relative intensity

relative intensity
sample standard

standard (9)

Table 1 provides the evidence that the crystallite size of HAp
is in the nanorange and that the computed lattice character-
istics closely match with those of pure HAp.53,60 The crystals
will exhibit tensile strength in relation to the internal strain of
the crystal planes because of the positive microstrain. One of
the most crucial crystallographic factors is preference growth,
which shows whether a plane is in a thermodynamically
favorable or unfavorable state. Table 1’s negative preference
growth indicates that the relevant plane is thermodynamically
unfavorable.60

Determination of Functional Groups. The functional
regions found in the HAp-reinforced unsaturated polyester
resin composite were determined by using the technique of
Fourier transform infrared spectroscopy (FTIR); the resulting
spectrum is displayed in Figure 2. The carbonyl (C�O)
sections in the HAp-reinforced UPR composites spectra
showed a clear peak at approximately 1715 cm−1, while C−
O−C is an additional interesting characteristic that appears at
about 1269 cm−1, and �C−H beyond plane bending was
attributed to a significant peak at 700 cm−1. These peaks are all
distinctive peaks of the unsaturated polyester resin. Therefore,
it is expected that the originally produced composite contained
C−O−C and C�O groups derived from the unsaturated
polyester resin. An almost identical spectrum was also
described in other literature.54,61 The sharp peak that was
observed at 2350 cm−1 is the cause of the production of carbon

Figure 1. X-ray diffraction pattern of synthesized pure HAp.

Table 1. Crystallographic Findings of Synthesized Pure HAp Nanocrystals

sample
crystal size

(nm) lattice parameters (Å)
crystallinity index

(CI)
crystallinity degree

(Xc)
microstrain

(∈)
dislocation density

(δ)
preference growth

(P)

pure HAp 53.39 a = b = 9.42, c = 6.85 2.20 3.71 0.0023 0.35 −0.41

Figure 2. FTIR spectrum of HAp-reinforced unsaturated polyester
resin composites.
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dioxide (CO2) for 50, 60, and 70% resin loading. The peak that
was seen at 2350 cm−1 is mainly the cause of naturally
occurring CO2 in the instrument during the analysis of the
samples. The most intense spectrum of the composite material
was obtained for 80% resin incorporation. The distinctive
carbonyl group peak, that is caused by the existence of
hydroxyapatite, is located at 1613 cm−1. The phosphate
stretching band P−O, one of the primary functional segments
for HAp, is linked to the peaks at 1119, 1033, and 952 cm−1.
Similarly, the bending mode P−O−P group is responsible for
the peaks at 600, 585, and 573 cm−1. In other literature studies,
FTIR spectra of bare HAp and bare UPR have been
discussed.54,62 Since no additional peak had been identified

along with the distinctive peaks of hydroxyapatite (HAp) and
the unsaturated polyester resin (UPR), there was no chemical
link likely formed within these two materials. The improved
physical characteristics were brought about by the engineered
link between HAp and UPR.

Analysis of Mechanical Properties. Perhaps the absolute
most crucial factor that determines a stuff’s optimal use is its
strength qualities. Due to the superior mechanical properties,
the use of unsaturated polyester resins is becoming more and
more common in consumer products. The tensile strength
(TS), tensile modulus (TM), elongation at break (EB),
bending strength (BS), and bending modulus (BM) of the
formed composite materials are taken into consideration as the

Figure 3. Variation of mechanical properties with the percentage of the unsaturated polyester resin. (a) Tensile strength, (b) tensile modulus, (c)
elongation at break, (d) bending strength, and (e) bending modulus.
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defining characteristics in this study. The results indicated that
gradually the tensile strength, tensile modulus, and breaking
elongation of the controlled sample are 15.28 MPa, 369.33
MPa, and 3.58%, respectively. In Figure 3a, fabricated
composites exhibited an enhancement of tensile strength to
60% of the resin content. Findings of the bending and tensile
measurements were gathered via the mean of three samples
using a universal testing machine (UTM). Tensile properties
are extremely important characteristics for any type of

composite material. Insufficient adherence between the resin
and HAp can lower the tensile strength of its composite. The
overall results of tensile strength are displayed in Figure 3a
where the data have been contrasted using the HAp-free
material known as the control sample, which offers just an
unsaturated polyester resin. The addition of HAp significantly
increased the tensile strength (TS). The mechanical features of
the materials consolidated with HAp exhibited an increase in
characteristics up to a predetermined threshold, specifically
40% HAp, after which the values declined. This might occur as
a result of the HAp particles’ interaction with the base material,
which reduced the resin’s vacuum and hence enhanced the
HAp and resin interaction. However, the interaction
progressively diminished after surpassing a particular threshold.
This results from a vacuum being filled in the resin substance’s
structure,23,54,61 which causes the HAp particles to interact
with one another. With regard to TM, the enhancement
persisted as much as 50 percent HAp incorporation after which
a progressive decline had been noted. Once more, the control
produced the least force (369.33 N/mm2), while the specimen
comprising 50% HAp showed the most favorable outcome.
Comparing the 50% resin-incorporating material to the
control, there was a 44.57% increase percentage. Figure 3b
illustrates details pertaining to the tensile modulus. In contrast,
whenever the resin had been loaded, the degree of breaking
elongation was upgraded. The composite material including
HAp that had the most significant value, 60% resin loaded
HAp, had an increase of 182.82% when compared with the
control sample. The data of elongation at break are displayed
in Figure 3c. The bending strength was increased by adding
HAp particles to an unsaturated polyester resin. Figure 3d
displays the results in a series of columns. That is clear
regarding the result that the materials with 70% resin loading
had the best bending strength (35.91 N/mm2), which was
786.53% larger than the control. Composite materials are
unable to get strong enough at minimal HAp amounts (10%),
and conveyance of stress becomes problematic at greater
percentages of the resin (90% and higher). Figure 3e shows the
effect of HAp on the bending modulus of the prepared
composites. The best bending modulus value was reported by
the 60% resin-based material, that was 259.91% bigger
compared to that of the control. When inorganic elements or
unused chicken feathers are added to the unsaturated polyester
resin, nearly same mechanical characteristics (TS, TM, BS, and
BM) have been observed.54,63

Thermogravimetric Analysis of the Composites. The
change of physical and chemical properties with temperature
has been assessed using the method of thermogravimetric
analysis (TGA). The initial reading was 26.7 °C at the
beginning and 600 °C at the end. Three samples for each
percentage were subjected toward the TGA evaluation. The
results of the experiments for which TGA plots have been
generated are shown in Figure 4. In other literature studies,
TGA graphs of bare HAp and bare UPR have been
shown.54,64,65 Employing a 500 mg composite in an operating
temperature that varies from 26.7 to 600 °C at a heating speed
of 10 °C/min, under an inactive nitrogen environment, the
process has been used to forecast materials’ thermal resistance.
The incorporation of a strengthening substance to the resin
matrix resulted in a reduction of its thermal stability; alongside
an identical effect was observed upon an inclusion of filler.54

Around 135 °C, composites are able to maintain 99% of their
integrity, and up to 350 °C, the percentage of weight loss was

Figure 4. Weight loss of the composite samples with temperature.

Figure 5. Water absorbency percentage of HAp-reinforced composite
materials.

Figure 6. Absorption percentage of SBF solution for three different
weights of the composite sample.
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not too high. After that, there is a noticeable sharp decline that
lasts until 420 °C. After that, as an emergence of char was
occurred, fast loss has been noticed when temperatures ranged
between 360 and 420 °C. The following char, along with a
spotted 85% reduction in weight, has been triggered by the
unsaturated polyester resin rupturing, producing polyester and
polystyrene along with anhydride, CO, and CO2. 10−15
percent of the material’s weight was lost due to char
deterioration, which caused a modest decrease in weight
from 420 °C to the ultimate temperature.

Test for Water Uptake. Figure 5 displays the details of
water absorption insights for each of the produced. For the
purpose of assessing the water uptake, the composites, as well
as control objects, are submerged in deionized water. The
quantity of water picked up is calculated after a predetermined
amount of duration. For every combination, three evaluations
took place, while the mean percentages from each type were
recorded. Figure 5 presents the water absorption results toward
the amount of resin percentage at the ambient conditions.
Based on the aforementioned result, it appears that the
combination that underwent 90% resin treatment exhibited the
maximum water uptake, while the control sample demon-
strated the least amount of water uptake. The proportion of
liquid in the materials went up with time, reaching its highest
possible amounts in 4 weeks. The combinations exhibited a
variation in retention of water from 3.18 to 5.40% with the
variation of resin percentage, surpassing the value found in the

Figure 7. Illustration depicting the samples’ mean firing times.

Figure 8. Change of weight at different pH ranges: (a) pH = 3, (b)
pH = 7, and (c) pH = 11.

Figure 9. Density of hydroxyapatite-reinforced unsaturated polyester
resin-based composites.
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control item. The addition of HAp can boost the material’s
empty spaces, potentially leading to a greater uptake of water.66

As unsaturated polyester resins tend to be water-resistant,
there has been limited water absorbency. The development
associated with the UPR phase around the HAp particles in the
HAp−resin combination additionally showed modest water
uptake characteristics. The water got lodged through a number
of the spaces that were still present on the HAp and resin
boundaries, resulting in enhanced water uptake.

Simulated Body Fluid (SBF) Test. The SBF solution was
added to the optimized composite samples (60% resin), which
were then kept between 5 and 10 °C. After the specified
intervals of 3 days, 1 week, 2 weeks, 3 weeks, and 4 weeks, each
specimen was removed and allowed to dry for 3−4 h at room
temperature. Figure 6 displays how the weight in the SBF
solution changed due to the absorption of SBF after a time
period of 28 days.

Flame Retardancy Analysis. The flame retardancy
evaluation was performed for each percentage of composite,
and the results are shown in Figure 7. The sample treated with
10% HAp had the maximum firing time of 3.47 s, while the
composite sample treated with 50% HAp had the shortest
mean average firing time of 0.45 s. The addition of reinforcing
agents results in a reduction of mean firing duration.

Effect of pH. The effects of alkali and acid on
hydroxyapatite-reinforced unsaturated polyester resin-based
composites were investigated for 3 weeks using varying pH
levels. The results are demonstrated in Figure 8. Aqueous
solutions of sodium hydroxide (NaOH) and nitric acid
(HNO3) had been utilized for the alkali and acid tests,
respectively. In an acidic solution, the highest rate of reduction
in weight was observed to be roughly 0.91%, this could be the
result of degradation of some matrix from the composite
structure. The weight of the composite samples increases
slowly in the case of alkali and neutral medium after a certain
amount of time. Gradual amounts of weight growth could be
an indication of solution being trapped within the composites’
spaces.

Density Measurement. The impact of hydroxyapatite
inclusion on the density of the materials is shown in Figure 9.
Since the typical density of hydroxyapatite is larger than that of
the unsaturated polyester resin, the density rises with an
increase in HAp addition, and identical issues with other
composites have been pointed out.67,68 The substance with no
HAp has a density of 1.28 g/cm3, and the product with 50%
HAp reinforcement has the maximum density, 1.5638 g/cm3.
HAp facilitates the mass per volume of the composite sample
by influencing the interaction between the matrix and the
reinforcing ingredient. However, as the manufactured product
contained voids, its measured density was somewhat lower
than its true density. The control sample showed nearly
identical results and the addition of reinforcement increased
densities.69

Effect of Temperature on Mechanical Properties.
Figure 10 shows the impact of various temperature environ-
ments (50, 0, and −50 °C) on the mechanical properties of the
specimens of composites. The optimized percentage of the
60% unsaturated polyester resin was taken into consideration
when conducting the test. The tensile modulus value climbed
to 293.25 MPa when the temperature of the materials was
lowered to −50 °C, but the percentage of elongation at break
reduced to 7.001%. The intermolecular entanglement force
intensified at temperatures below zero due to a substantial
decrease in the vibrational motions of the combined
components. At low temperatures, physical properties were
substantially enhanced, while the attraction effect climbed. The
tensile modulus experienced nearly 66% less at 50 °C
compared to that when measured at −50 °C. Under elevated
temperatures, the tensile modulus dropped as a consequence
of a rise in both the rotational and vibrational oscillation of
molecules caused by the change in temperature.

SEM Analysis. In order to examine the hydroxyapatite and
resin adherence in the composites, the fractured materials had
been picked up and their morphological concepts was
examined using a scanning electron microscope. Figure 11
shows electron microscopy photographs of the surface of
unsaturated polyester resin composites with 50, 30, and 10%
HAp reinforcement. According to the SEM pictures, several
empty spaces that resulted from the integration of the HAp
particles were observed. Numerous research publications have

Figure 10. Temperature effect on mechanical properties of the HAp-
unsaturated polyester resin composite. (a) Tensile strength (TS), (b)
tensile modulus (TM), and (c) elongation at break (EB).
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reported on these kinds of holes in SEM pictures.38,40 The fact
that the HAp and matrix were tightly linked together provides
convincing evidence that the composites’ physical character-
istics are only slightly better than those of the standard sample.
There were not as many vacant spaces at a low HAp loading
percentage of 10%. When 50% hydroxyapatite was added to
the composite, some of the holes were easily visible. Even
though there were consistently fewer vacuums in the 10% HAp
scenario, the discontinuous connection and HAp particles
clustering in the matrix appeared clearly in the SEM pictures.

■ CONCLUSIONS
An unsaturated polyester resin (UPR) and hydroxyapatite
(HAp) are capable of being combined to yield composite
materials that have a variety of applications as biomaterials.
When using the engineered unsaturated polyester resin as the
matrix, the 50% and 60% HAp-loaded composites performed
ahead of the remaining percentages. 50 and 60% hydrox-
yapatite-reinforced unsaturated polyester resins are recom-
mended to be utilized in place of other simply conventional
reinforcement-loaded unsaturated polyester resins for bio-
medical purposes whenever the substantial tensile strength and
bending strength of the composites need to be met. The

sample made of 60% resin content and 40% HAp is more
stable in comparison with other percentages, as it provides the
maximum amount of tensile strength (TS) and tensile modulus
(TM). For each case, the optimum combination (60%) has
developments in TS, TM, BS, and BM of 39.388, 9.21, 912.05,
and 259.96%, respectively, above the controlled one. The
tensile modulus experienced nearly 66% less at 50 °C
compared to when measured at −50 °C. FTIR and SEM
images did not reveal any information regarding the chemical
bonding. However, the empty areas visible in SEM images are
the cause of the modest absorption of water and SBF. The pH
impact indicates that the matrix from the sample’s surface is
degrading in an acidic condition. According to the TGA
assessment of the composite samples, composites can retain
99% of their integrity up to 135 °C and after 350 °C, there is a
distinct loss in integrity that continues until 420 °C. The
density of bioscaffolds increases significantly as a result of HAp
reinforcement.
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