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In the domain of bone tissue engineering, the quest for suitable bone replacement
materials that circumvent the limitations of metallic orthopedic implants is of paramount
importance. Metallic implants, despite their wide application and success in orthopedic
surgery, are often compromised by inadequate osteoconductive properties and risks of
surface corrosion and infection, which can lead to tissue damage and fractures with
consequent residual distortion. This study introduces novel bio-nano composite scaffolds
fabricated utilizing nanosized fillers—8 mol% CaO-PSZ (partially stabilized zirconia)
and TiOz (titanium dioxide)—embedded within an HDPE (high-density polyethylene)
matrix for potential orthopedic applications. The bio-nano composites were formed under
varying compression pressures (29, 114 MPa) and a constant temperature of 150°C for a
duration of 15 minutes, resulting in disk-shaped specimens with a diameter of 14.7 mm
and heights ranging from 7 to 10 mm. The aim was to determine the optimal thermal and
physical properties of these hybrid composites (TiO2-CaO-PSZ/HDPE) for their use as
bone substitutes. Characterization of the scaffolds was conducted via three distinct
imaging modalities: Fourier transform infrared spectroscopy (FTIR) for chemical
structure elucidation, atomic force microscopy (AFM) for topographical analysis, and
differential scanning calorimetry (DSC) for thermal property assessment. The analysis
confirmed that the incorporation of nanoparticle fillers into the HDPE matrix resulted in
enhanced structural stability and mechanical interlocking at the atomic level.
Furthermore, improvements in thermal behavior and crystallization degree were
observed in direct correlation with the applied hot-press pressure and the presence of
ceramic fillers.

1. INTRODUCTION

protects metal implants from substantial corrosion, but
mechanical stress may surpass this layer's protective ability,

Orthopedic injuries and related diseases are a major public
health concern, affecting an estimated 1.71 billion people
worldwide [1]. The aging population, obesity, and low
physical activity have led to a rise in bone problems, requiring
bone repair-medicine research [2, 3]. When bone discase
approaches a crucial size defect (>5 cm), it requires
therapeutic therapy [3]. Orthopedic damage often requires
surgery and the use of permanent, temporary, or biodegradable
medical implants containing natural or synthetic biomaterials.
Device design, the functional properties of the biomaterials,
and bioresponse are a few examples of the factors that affect
an intervention's clinical effectiveness. [4] Biomaterials are
tested for biocompatibility, safety, and effectiveness for
clinical use. The ideal material for replacing bodily tissue is
one that is comparable or identical to the original. Advances
in composite technology have led to the development of novel
composites that resemble human tissues, potentially
addressing issues with standard implant materials [5].
Materials used to make bone substitutes include polymers,
ceramics, metals, and composites. [6] A surface-oxide layer
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resulting in the discharge of hazardous metallic particles. [7]
When they reach the joint space, periprosthetic bone, adjacent
soft tissues, and distal tissues [8, 9], they induce aseptic
implant loosening [10], severe local tissue responses, and/or
systemic toxicity [11, 12]. Some ceramics and polymers have
been employed as hard-tissue replacement materials (bone
substitutes) for many decades. Several of these materials have
gained clinical success owing to their unique properties.
Several materials from these two groups may be mixed to
create composites, which are used in a variety of medical
applications. Where Polymers are the most common of these
materials because their capacity can be shaped in the desired
pattern [13]. Because of its inexpensive cost, excellent
strength, and simplicity of production. High-density
polyethylene (HDPE) is a polyolefin that is extensively
employed in a variety of applications, including biomedicine,
owing to its bioinert properties [14]. However, the lives of
polyethylene implants are limited owing to wear issues, and
PE discharged into the periprosthetic environment causes
osteolysis, which leads to implant loosening [15, 16]. Many
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studies have looked at the usage of HDPE as bone substitutes
in biological applications such as orthopedic prostheses and
substitutes [17, 18]. The research [19] tried to investigate the
histological and histomorphological responses of porous
HDPE by evaluating the tissues histologically and
histomorphologically. There was no sign of an initial
inflammatory reaction to HDPE with pores, which revealed
appropriate osteoconductive qualities. Moreover, the holes
were adequate in size and properly linked, allowing for the
growth of new tissue. Ceramics and polymer-matrix
composites (PMC) allow for physical property tailoring using
various types of fillers [20], and TiO, nanoparticles are inert,
non-toxic, and inexpensive, with inherent self-cleaning
mechanisms [21], and are widely used in orthopedics and
dentistry, as it is a well-known antibacterial and bone-
repairing material with high fracture resistance, ductility,
weight-to-strength ratio [22], corrosion resistance [23], and
chemical stability [24]. Polymer-based TiO,-composites of
various types have been investigated in the literature,
including polyamide/nano-TiO, and high-impact polystyrene
(HIPS)/nano-TiO,-composites [25]. Zirconia is a polymorphic
structure with three crystal forms: monoclinic (M), cubic (C),
and tetragonal (T). Adding oxides like CaO, MgO, and Y»0;
(Yttrium) to pure zirconia was shown to make the C-phase
more stable. This created a multiphase material called partly
stabilized zirconia (PSZ) [26]. Zirconia is a bioceramic
substance. They have been employed for bone repair because
of wvarious benefits, including nontoxicity and great
biocompatibility [27]. Also used as artificial bone fillers to
treat bone defects, orthopedic implants, thin films and coatings
on various metallic implants, porous bone scaffolds and
alternative materials, and bone cements. [28], owing to their
superior chemical and electrical resistance, refractory

characteristics, thermal stability, corrosion and wear resistance,

low friction, high mechanical strength, and relatively high
thermal expansion coefficients [28-30]. Kohal et al. [31-33] In
three rat femur studies conducted in 2009, 2013, and 2016,
zirconia was compared against titanium. In 2009, they
concluded that all tested zirconia and titanium implant
surfaces were biocompatible and osseoconductive and that the
proposed surface modification of zirconia implants produced
no difference in histological or biomechanical results when
compared to an established -electrochemically modified
titanium implant surface [31].

A hot-pressing method is used in this study to lessen the
effects of thermal deformations and the highest tensile residual
stresses that are made normal to the fracture axes when
standard polymer fabrication methods are used. This article's
main goal is to investigate what happens to nanocomposite
polymer matrix systems (TiO,-CaO-PSZ/HDPE) when
different amounts of titanium dioxide and partially stabilized
zirconia (PSZ) nanoceramic fillers are added along with a
range of compression pressures and reaction temperatures.
The thermal properties of these systems are also changed. The
goal is to make bioactive biomaterials that can be used for
bone repair. Nonisothermal differential scanning calorimetry
(DSC) investigations were utilized to investigate the thermal
transition parameters of HDPE matrices with low-melting-
point (130°C) material and high-melting-point nanoceramic
fillers. The surface morphology of the samples was looked at
with an atomic force microscope (AFM), and the surface
roughness and its effect were measured with an atomic force
meter to get bone substitutes and were studied in more detail.
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2. EXPERIMENTAL
2.1 Materials

The pure materials (High-density polyethylene, Zirconium
Oxide (ZrO;) stabilized with 8mol% Calcia), Titanium
Dioxide) that are wused to produce the hybrid
nanobiocomposite, as shown in Figure 1. Powder with particle
size of (5 um) and real density of (0.941-0.959 g/cm?) supplied
by Right Fortune Industrial Limited (Shanghai, China) was
used as a matrix for the composite material. Zirconium Oxide
(ZrOy) stabilized with 8mol% Calcia powder with average
particle size of 40 nm and real density of (6.0-6.1 g/cm?®)
supplied by M K Impex Corp. (Canada) was used filler.
Titanium Dioxide (TiO,) powder with average particle size of
50 nm and real density of (3,9 g/ml) supplied by M K Impex
Corp. (Canada) was used filler in this study.

2.2 Hybrid bio-nano composites synthesis method

Hybrid-Bio-Nanocomposites were prepared by weighing
the composite powders by using precision balances, and then
mixed by using roll-ball-milling was used to produce
homogenous particles distribution within the composites. The
powder components were mixed with three ceramic balls with
a diameter range of (2.2 cm). The rotational speed of roll ball
milling was set at (11.09 Hz), which equals approximately
(665 rpm). The mixing time was 2 hours. All specimens
prepared using this mixing time. and then, using the method of
the hot-pressing-technique in this technique, the pressure and
temperature with each other are applied to the powder mould
for preparing the composite specimens. Heating is executed
externally using external heaters, and the pressure is applied
hydraulically by using (Instron 1195 Series Tension and
Compression Tester). To obtain a variety of values during the
manufacture of the specimens and cover all manufacturing
conditions, two pressures were chosen to produce the
specimens (29, 114 MPa) for each composite system.
Therefore, the total sum of specimens was (18), as shown in
Table 1. For each specimen, sets were fabricated under the
same conditions: the temperature degree, duration of heating,
and velocity of compression. The specimens were hot-pressed
under controlled temperature at (150°C) during (15 min) at
velocity (0.5 mm/min) followed by removing the pressure
gradually until the specimen cools down and takes the eventual
form. The composite specimen's final structure has a disk-
shaped diameter of (14.7) mm and (7-10) mm in high. These
steps are summarized in a chart, as shown in Figures 1 and 2.

00 n

HDPE T10 CaO-PSZ Final shape of the specimen

..l ﬁ

Mixing by Ball mill

Hot pressing system

Figure 1. Production of hybrid bio-nanocomposites
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Figure 2. Flow chart of experimental work

Table 1. The selected composition of specimens prepared in
this study

Specimens’ Composition Compression Pressure

(wt. %) (MPa)
90%HDPE - 5%TiO; - 5%Ca0-PSZ 2
859HDPE -5%Ti0; - 10%Ca0-PSZ o
80%HDPE -5%TiO; - 15%Ca0-PSZ >
80%HDPE -10%TiO; - 5%Ca0-PSZ >
80%HDPE -10%TiO; - 10%Ca0-PSZ o
80%HDPE -10%TiO; - 15%Ca0-PSZ o
80%HDPE -15%TiO; - 5%Ca0-PSZ >
750%HDPE -15%TiO; - 10%Ca0-PSZ >
70%HDPE -15%TiO; - 15%Ca0-PSZ 2

2.3 Materials characterization techniques

2.3.1 Fourier transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy is a commonly
used method for identifying functional groups in materials
(solid, liquid, or gas) using an infrared beam. Fourier-
transform infrared (FTIR) spectra were obtained with a
resolution of 0,5 cm™ across the range 4000-500 cm™'. Samples
were analyzed immediately, with no need to perform any
procedures normally used in powder-specimens.

2.3.2 Surface morphology

The morphological evaluations of hybrid bio-
nanocomposites  (TiO,-CaO-PSZ/HDPE) samples were
conducted using an atomic force microscope (AFM) (Ntegra
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NT-MDT, Russia) to investigate surface topography (surface
roughness and particle size). The tapping method was utilized
to administer the examinations.

2.3.3 Differential scanning calorimetry (DSC)

A heat-flux-plate with a thermopile and thermocouples
monitoring the heat flow to the reference- and sample-
containers are features of an isolated container called a DSC-
Furnace. The instrument utilized was a differential scanning
calorimeter (DSC-60, Shimadzu, Japan). The sample mass
(about 5 mg) was placed within aluminum pans and heated to
a continuous temperature of (25 to 180°C) at a rate of 5°C per
minute. The sample was then cooled at a rate of 10°C per
minute.

3. RESULTS AND DISCUSSION

3.1 Radiological analysis by Fourier transform infrared
spectroscopy (FTIR) results

The FTIR spectrum of HDPE, TiO,, and ZrO, Nano powder
and as a composite in different ratios in the frequency range of
(4000 to 400 cm™) in the transmittance mode, are shown in
Figure 3. The molecular structure of HDPE's (CH,-CH») n-
repeating unit has been investigated using FTIR. All of the
basic modes of vibration have their frequencies assigned.
Their chemical structure is confirmed by the full vibrational
band assignment provided for both source and commercial
HDPE. The FTIR spectrum of HDPE showed the strong
asymmetrical (CH) stretching aromatic vibrations of the
methylene group present in the polymeric sample observed at
2848 cm! [34]. The appearance of the band in the region of
(1736.22, 1649.17, 1549.68, and 1515.14 cm™") corresponds to
(C=0) stretching vibrations. The bands occurring around
(1549.68 and 1514.14 cm™') are due to CH, wagging and CH»
twisting vibrations, respectively [35]. The same results were



previously reported in the works of Guermazi and Gugumus
[36-38]. FTIR spectra were used to analyze the various
functional groups in TiO, nanoparticles. Ti-O bending mode
and deformative vibration of Ti-OH stretching mode may be
observed from (666.73 to 1689.34 cm-') respectively. Only the
strong peaks lie between (4000 to 500 cm™) which has been
attributed to form TiO; nanoparticles the band at (1689.34 cm”
1) may be attributed to water adsorbed on the TiO; surface [39,
40]. The FTIR-spectrum clearly indicates that the finished
product contains Ti-O-Bonds and lacks OH- and Peroxo-
Groups [41]. The FTIR spectra of ZrO, nanocrystals were
recorded in the range of (300-4000 cm™). The dominant
absorption band centered at (446 cm’') is due to the
deformation mode of the Zr-O-Zr bond [42]. The peaks
centered at (1130 cm™") and (1380 cm") can be associated with
stretching vibrations of Zr-O terminal groups (O- meaning
non-bridging atom) [43]. The weak band centered at (1591 cm”
1) is assigned to the symmetric bending of H,O [44] and the
band at (2350 cm™) is due to stretching vibrations of C-O in
adsorbed CO; from the atmosphere. The wide band centered
at (3410 cm™") is ascribed to the stretching of the O-H group of
water [45]. It is evident from (TiO,-CaO-PSZ/HDPE) that
every sample exhibits every chemical group found in pure
HDPE, TiO,, and CaO-PSZ. Peak locations do not slightly
change when the compression pressure is increased for
samples with the same composition. This explains the strong
mechanical interlocking between atoms.
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Figure 3. FTIR spectrum results for (Ti0,-CaO-PSZ/HDPE)
hybrid bio-nanocomposites with different hot-press pressure
(29, 114) Mpa

3.2 Morphological analysis by Atomic Force Microscopy
(AFM)

An AFM was performed to study the surface topography of
the specimen. It gives a 3-dimensional image of the surface of
nanoparticles at an atomic level. and show the effect of hot-
press-pressure-difference during specimen-fabrication on the
specimen's surface topography and differences in the
roughness of the specimen's surface. In Figures 4 and 5 shows
3-D images for the surface roughness examination of (TiO,-
CaO-PSZ/HDPE) Bio-nanocomposites and their grainsize
distributions at different Hot-Press-Pressure (29,114) MPa.
The values of roughness were listed in Table 2. Atomic force
microscopy was used to evaluate the root mean square (RMS)
and surface roughness. The data were statistically analyzed to
determine the significance of the findings. Furthermore, the
specimens' surfaces have undergone fractal analysis. Based on
AFM-Topography-Pictures, the surface Roughness of each
Specimen has been calculated as the root mean square (RMS)
value Rq of the height distribution [46]. Additionally, the
Histogram Chart, which showed a uniform normal distribution,
demonstrated the consistency of the grain-like characteristics
throughout the specimens' surfaces. Grain-size-Distribution-
Histogram also shows that the surface of the feature is
uniformly distributed shows that the surface of the feature is
uniformly distributed across a larger range. Nevertheless, we
have a smaller grainsize dispersion and a more uniform,
smoother surface topography. Table 2 displays the maximum



particle size, Rq and Ra roughness of 41.05 nm, 5.33 nm, and
3.54 nm for the specimen at 114 MPa hot-press pressure, and
the lowest grain size, Rq and Ra of 4.21 nm, 0.96 nm, and 0.74
nm for the specimen at 29 MPa hot-press pressure. Greater
hot-press pressure causes greater surface roughness and larger
grain sizes, which are indicators of the impact of increasing
hot-press pressure on grain-height-uniformity on the surface.
The increase in differentiation and cell proliferation is
significantly influenced by the roughness of the sample
surface [47]. Also, these results demonstrate, that the good

homogenous distribution within the polymeric matrix, which
in mechanical
characteristics, caused the values of surface roughness to
decrease with increases in the % content of fillers (CaO-PSZ
and TiO»). as it will demonstrate. Because there are more
grains per unit area, there is a reduction in the surface area of
the specimens. Other parameters were also impacted by grain
size, particularly mechanical qualities and fracture toughness,

explained the

subsequent

which is the most significant [48].
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0 Intensily [unwaightzc]
Count 9300 Min: 33
Mean: 106.834 Max: 208

SuDev 28518 Mode: 107 [138)

©

wl? Intansity

" Count 18564 Min:20
Mean: 86 848 Max: 232

SuiDer 35155 Mode: 651302)

-

Infensty (urwzipnted)
Count 15732 Wi 26
Wean 120927 Maw 243

StDey: 36418 Mode: 116 (203)

(a2) their granularity distribution

*(b1)85%HDPE - 5%TiO, - 10%Ca0-PSZ

(b2) their granularity distribution

(c1)85%HDPE-10%TiO,- 5%Ca0-PSZ

(a2) their granularity distribution

0 Intensity (unwziged)
Count 10706 Vi 23
zan 35,483 Ma: 218

StiDav 22812 Mede: 61 (243)

1ird
u

“

wl 0 Intznsity (urweighted)
u Count 12352 Min- 13
Mean: 64331 Mar: 12

9 sDen 2 MideTa(ny

m
e

[ |
Infensy (urwzipnted) 25

Count 3500 Wi 12

Mean TLE6t Max: 167

StiDev 25617 Mode 30 [65)

(d2) their granularity distribution

(e2) their granularity distribution

(f1)80%HDPE -15%TiO, - 5%Ca0-PSZ

(f2) their granularity distribution

Minc19
Max 182
WMode: 71 (161)

Count 11600
M2an79.237
bt StiDav: 25 661

n
7}

(91)75%HDPE-15%Ti0,.10%Ca0-PSZ

(g2) their granularity distribution

(h1)75%HDPE -10%TiO, -15%Ca0-PSZ

(h2) their granularity distribution

(i1)70%HDPE - 15%TiO, - 15%Ca0-PSZ

(i2) their granularity distribution

Figure 4. AFM 3D images and their granularity accumulation distribution for (TiO,-CaO-PSZ/HDPE) hybrid bio-nano
composites at hot-press pressure (29) MPa

0 Intzns % (unweigntze]
Count: 12625 Win: 33
Vean B3327 Har 178

StdDew: 21517 Mode 83(281)

w |0 Intensity (umnsighted) 755
w | comtano Wir:35

w | Meateen  wactes

w| swetssm  wersa

N ]
0 Intznisity (urwzighte ) !
Count 14136 Min 15
Vean: 77,382 Mac 205
StiDer 28767 Mot 77 (235)

(a2) their granularity distribution

(b2) their granularity distribution

(a2) their granularity distribution

0 Intans ey (unweigntad)
Count. B358 Nin: 56

Waan 131,683 Max 233
StoDey: 29 420 Mode 126 [136)

50 ] Intansity [unwsights
w | cout e Wir-3
Mean 95.148 Max 230

S1iDer 35070 Mode: 82 {246]

r

tansity (unweighted)
Count 11171 Min: 25
Wean; 81 987 Wax 203

StdDev 24 586 Moz 78 (284)

(d2) their granularity distribution

(e1)80%HDPE -10%TiO, -10%Ca0-PSZ

(e2) their granularity distribution

(f2) their granularity distribution

A

Intznsity ez 25
Count 4875 Min-33
Mean: 86 328 Wax: 225

SulDier 27.029 Wode: 77 (89}

A

w | 0 Intznsity (unwzightad) 285
Count 12285 Min 18
- Mean: 77,543 Max 226

SidDer 26728 Mode: 3 {200)

-

A

0 Intensity (urwzighted) 255
Count 4544 Min: 11
Maan 67141 Max 208

SD2c 29713 MedeiE4 (8T

(91)75%HDPE-15%Ti0,.10%Ca0-PSZ

(g2) their granularity distribution

(h1)75%HDPE -10%TiO, -15%Ca0-PSZ

(h2) their granularity distribution

(i1)70%HDPE - 15%TiO, - 15%Ca0-PSZ

(i2) their granularity distribution

Figure 5. AFM 3D images and their granularity accumulation distribution for (TiO,-CaO-PSZ/HDPE) hybrid bio-
nanocomposites at hot-press pressure (114) MPa

49




Table 2. AFM parameters with different compositions, for (TiO,-CaO-PSZ/HDPE) hybrid bio-nanocomposites at different hot-
press pressures (29, 114) Mpa

Specimens’ Composition Compression Pressure Avg. Grain Size RaRoughness Average RMS Roughness

(wt. %) (MPa) Diameter (nm) (nm) (nm)
90%HDPE - 5%TiO: - 29 9.25 1.97 2.49
5%Ca0O-PSZ 114 16.97 2.55 3.32
85%HDPE -5%TiOz - 29 8.61 1.67 2.20
10%CaO-PSZ 114 11.82 1.67 2.23
80%HDPE -5%TiOz - 29 6.54 1.04 1.34
15%Ca0O-PSZ 114 7.42 1.52 1.93
80%HDPE -10%TiO2 - 29 17.69 2.18 2.92
5%Ca0O-PSZ 114 41.05 3.54 5.33
80%HDPE -10%TiO2 - 29 6.45 1.00 1.27
10%CaO-PSZ 114 8.77 1.68 2.19
80%HDPE -10%TiOz - 29 8.71 1.50 1.93
15%Ca0O-PSZ 114 7.04 0.85 1.10
80%HDPE -15%TiOz - 29 4.21 0.74 0.96
5%Ca0O-PSZ 114 16.38 3.24 4.17
75%HDPE -15%TiO2 - 29 5.13 0.89 1.12
10%CaO-PSZ 114 13.59 2.39 322
70%HDPE -15%TiO2 - 29 7.47 1.40 1.84
15%Ca0O-PSZ 114 6.78 1.16 1.50

Table 3. The summary of thermal data for the DSC curves properties with various percentages (wt.%) of (TiO,-CaO-PSZ/HDPE)
hybrid bio-nanocomposites. Tm: The topmost temperature of melting, To: The temperature of onset, T.: Te temperature of endset,
AHp: The enthalpy of melting, T.: The topmost temperature of crystallization, AHc: The enthalpy of crystallization, and Xc: The

crystallinity degree
. Hot-Press Pressure Meltlr:g Stage AHm Coolu:g Stage AH. Xc
Specimen Group (MPa) (°O) /) (°O) W) (%)
(Tm) (To) (To) (To) (To) (Te)

90%HDPE - 5%TiO> - 5%CaO- 29 131 126 133 90 117 115 119 68 31
PSz 114 134 130 136 149 117 114 120 149 51

85%HDPE - 5%Ti0Oz - 10%CaO- 29 132 126 135 268 118 116 121 176 92
PSZ 114 132 126 135 224 118 115 120 155 77

85%HDPE -10%TiO2 - 5%CaO- 29 132 127 135 164 117 114 120 119 57
PSZ 114 134 126 137 184 118 113 120 153 63

80%HDPE -5%TiO:2 - 15%CaO- 29 133 127 136 162 117 114 120 125 56
PSZ 114 132 127 134 193 118 116 121 128 68

80%HDPE -10%TiO:2 -10%CaO- 29 133 127 137 155 118 114 121 137 53
PSZ 114 133 126 135 198 118 114 120 129 68

80%HDPE -15%TiO2 - 5%CaO- 29 133 130 136 173 118 113 122 132 60
PSZ 114 132 126 135 135 118 115 121 101 47

75%HDPE -15%TiO: -10%CaO- 29 131 125 133 154 119 115 121 98 53
PSZ 114 134 129 137 162 118 114 121 114 56

75%HDPE -10%TiO: -15%CaO- 29 133 126 135 165 118 115 121 105 57
PSZ 114 132 126 134 155 119 115 121 117 53

70%HDPE -15%Ti02-15%CaO- 29 133 126 137 157 118 112 122 136 54
PSZ 114 133 126 136 156 118 113 121 121 54

3.3 Thermal analysis by DSC

Thermal stability parameters have been investigated of
fabricated nanocomposites systems through measured and
calculated data from the area under the curves of temperature's
melting and crystallization enthalpies (AHm and AHc),
respectively based on onset of melting (To), melting peak
temperature  (Tm), Endset temperature (Te), and
crystallization peak temperature (Tc) values as obtained from
different heating and cooling conditions by differential
scanning calorimetry (DSC) using a single non-isothermal
method. The thermal behavior for the heat and cooling of
nanocomposites (Ti0,-CaO-PSZ/HDPE) are summarized in
Table 3 and shown in Figure 6. Heat of fusion (AH) is
computed by integrating the area under the DSC-endothermic
peak [49]. The melting temperature, Tm, was taken as the peak
temperature of the transition endothermic curve from the
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second heating scan, while the crystallization temperature, Tc,
was taken as the peak temperature of the transition exothermic
curve during the cooling scan [50]. Using the experimental
heat of fusion (AHm) and the published value of 100%
crystalline polymer material (AHOm m), the crystallinity of the
specimen was determined. According to published research,
PE's AHOm m is 290 J/g. The proportion of crystallinity (Xc)
was estimated using the following equation [49, 51]:

Xc = AHm/(AH°m) *100% (D)
where, Xc is the degree of crystallinity, AHm is the specific
enthalpy of melting, AHOm is the specific enthalpy of melting
for 100% crystalline PE. In terms of the effect of pressure or
filling percentage on crystallization, the results showed an
increase in the degree of crystallinity with increasing pressure
and increasing filling percentage in nanocomposite systems.



As the degree of crystallinity of a polymer increases, its
mechanical characteristics also rise dramatically [52]. The
melting point is unaffected or very slightly changed by
increasing pressure or filling percentage.
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Figure 6. DSC curves for (TiO»-CaO-PSZ/HDPE)) hybrid
bio-nanocomposites recorded with different hot-press
pressure (29, 114) MPa

4. CONCLUSIONS

Based on the results displayed in this study, we can
conclude the following points:

1- A good texture of the sample has been obtained
depending largely on the optimum choice method for mixing
ingredients (ball-mill with 2 mixing hours) and sample
synthesis method (hot-press technique with 150°C for 15 min).

2- The FTIR analysis indicated the existence of several
bonding types and functional groups in the biocomposite
samples. This explains why the composite structure is so stable
and adaptable. Increasing compression pressure for the same
composition specimens does not cause a slight shift in peak
location, explaining the strong mechanical interlocking of
atoms.

3- The atomic-force-microscopy (AFM) diagnosis of
homogeneous, good microstructure-granularity-distribution
for the various nano-composition samples revealed an
improvement in the roughness of the specimen surface as well
as interconnections between the filler-ceramic-nanoparticles
within the polymeric matrices. The sample with the highest
surface roughness was composed of 80% HDPE, 5% TiO,, and
15% CaO-PSZ. The percentage of Roughness increased with
increasing the percentage weight of Cao-SPZ compared to
TiO,; Additionally, increasing the hot-press-pressure (from 29
to 114 MPa) increased the roughness, which had an effect on
the increase in differentiation and cell proliferation; and
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surface roughness values decreased with increases in the
percentage content of ceramic nanoparticle fillers, due to the
excellent nanofiller-particle distribution within polymeric
matrices. This provided a nice description of characteristics.
4- Based on a thermal study, the DSC-techniques thermal
analysis revealed that in nanocomposite systems there is a rise
in the degree of crystallization with pressure and filling
percentage. This considerably improves the mechanical
characteristics of polymers. Increasing the filling % or the
pressure has no effect on the Melting Point, or only slight.
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