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ABSTRACT

This dissertation is written based on six published papers. First study focuses
on the comparison of methods based on the XRD patterns for calculating the crystal
size. In this case, XRD peaks of hydroxyapatite (HA) obtained from cow, pig, and
chicken bones were presented, and crystallite size values were gained from the
methods based on XRD. The Monshi—Scherrer method, out of all methods, provided
a simple calculation and a reduction in error by applying least squares to the linear
plot, and it gave crystallite size values of 60, 60, and 57 nm for cow, pig, and
chicken, respectively. In the second study, a new method for obtaining Young's
modulus of crystallite materials is presented. In this method, the Young's modulus of
crystallite materials is obtained by X-ray diffraction. In this study, Young's modulus
values were gained through the arbitrary planes, such as random (hkl) in the
research. Young's modulus is calculated from the relationship between the elastic
compliances, the geometry of the crystal lattice and the planar density of each
diffracted plane by X-ray diffraction. This method is introduced with planar density
values as the X-axis and the Young's modulus values as the Y-axis that the intercept
coul register Young's modulus with high accuracy. In addition, sodium chloride
(NaCl) with the FCC crystal lattice was selected as an example, and the Young's
modulus value of NaCl was measured to be 35.68 GPa. In the third study, this
method 1s used for the Perovskite lattice (CaTiOs), and the Young's modulus of unit
cell, super cells (2x2%2) and symmetry cells were calculated. The extracted Young's
modulus values were recorded as 162.62, 151.71, and 152.21 GPa for the unit cell,
super cells (2x2x2), and symmetry cells tandemly. Moreover, the calculated
Young's modulus value of the symmetry cells agreed well with the experimental
methods and data from the literature. In the fourth study, this method was used for
HA as a hexagonal example of unit cell and super cells (2x2x2). The Young's
modulus values extracted by this method were 108.15 and 121.17 GP for unit cell
and super cells (2x2x2), respectively. In the fifth study, the hair band was chosen as
a new approach to prepare big and open porosities of a nanocomposite that consisted
of Ag/HA/PVTMS, because these porosities are the best sites for blood cells
nucleation and growth. The physical, mechanical, and bioactive properties of the
prepared nanocomposites were investigated, and the maximum value of compressive
strength was measured to be 15.71 MPa at a strain of ~0.77. In the sixth study, a
nanocomposite consisting of 5 mol% crystalline Cul-doped HA was prepared for the
first time by a simple chemical method and calcined at different temperatures, such
as 300 °C, 500 °C, 700 °C, and 900 °C, respectively. In this study, HA played a role
of the matrix, and Cul was the reinforcement. Furthermore, the mechanical
properties of these nanocomposites were fully discussed extensively by using the
ASTM-E9 standard, and Cul (5 mol%)/HA, calcined at 900 °C, was in a better range
than the other compounds, and the oy and hardness values were reported to be 7.32
Mpa and 40.81 HV, respectively.
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1.INTRODUCTION

Hydroxyapatite (HA) is a diverse material complex that is a candidate for
being utilized in the fabrication of bio composites. HA is a ceramic, and there are
several methods to prepare artificial HA, such as a solid state reaction,
mechanochemistry, sonochemistry, hydrothermal, sol-gel, and precipitation. The
chemical formula of HA is (Caio(PO4)s(OH),), and recently, HA has been
considered by the researchers as a potential adsorbent for heavy metals due to its
large specific surface area, high thermal and chemical stability, and high ion
exchange capacity. There are two crystal structures of HA, i.e., 1) hexagonal
structure and 2) monoclinic structure. In order to improve the properties of HA, the
researchers replaced the Ca®" ions with other metal ions. The structure of HA
consists of a quasi-compact packing of phosphate groups with two types of Ca**
ions, such as tunnel and parallel positions. One of the main characteristics of the HA
structure is the ability of a large number of substitutions, which does not change the
basis of the crystallographic structure. HA has a hexagonal system with a P63;/m
space group and little deviation from the stoichiometry. Different approaches have
been extensively explored to improve the mechanical properties of HA ceramics,
such as making composites and controlling microstructures through the novel
sintering techniques or using nanostructured powders. Moreover, the most and
emergent application of HA are attributed to the bone repairing, although being
biocompatible, due to its brittleness, and it does not meet the mechanical
requirements of a bone replacement; therefore, the attention to the mechanical
properties and structural geometry of HA can be helpful in a research as well as in
the industrial applications. Understanding the mechanical properties of HA during
the crystallization and growth stages of the synthesis processes is important, because
the Young’s modulus affects the growth of HA crystal in mechanically strained
environments directly. Paying attention to the details of the structural geometry of
HA is essential for employing easy, cost-effective, and reliable method to determine
the Young's modulus. Furthermore, for the investigation of structural geometry of
HA, the study of X-ray diffraction is essential.

XRD profile analysis is a convenient and powerful method to investigate
crystallite size, lattice strain, and mechanical properties. Furthermore, X-ray
diffraction is a conventional procedure to analyze materials. Moreover, X-ray
diffraction can determine the crystalline size, stress, strain, and density energy of
materials. Utilizing X-ray patterns and crystallography are the easy ways for
calculating the size of nanocrystallites.

Young’s modulus can be defined as the ratio of stress to strain. The elastic
constants are specific to the reaction of the lattice crystal against forces, as
determined by the bulk modulus, shear modulus, Young’s modulus, and Poisson’s
ratio. The elastic constants play a role in determining the strength of the materials.
Furthermore, elastic constant values have a correlation with the planar density
values due to the bonding characteristic between adjacent atomic planes and the
anisotropic character of the bonding and structural stability. Moreover, elastic

12



constants are related to stress and strain and depend on the configuration of the
crystal lattice; therefore, the elastic constants derive from the planes in the crystal
lattice, and the crystallographic planes that are equivalent have similar atomic planar
densities. Planar density is the fraction of the total crystallographic plane area that is
occupied by atoms. The planar density is a significant parameter of a crystal
structure, and it is specified as a number of atoms per unit area on a plane. X-ray
diffraction is the only technique that allows determining both the mechanical and
microstructural states of each diffracted plane. Diffracted planes are utilized as a
strain gauge to measure Young’s modulus in one or several planes/directions of the
diffraction vector. Nowadays, X-ray diffraction is a conventional technique for the
study of crystal structures and atomic spacing. X-ray diffraction is based on the
constructive interference of monochromatic X-rays and a crystalline sample.
Hanabusa et al. presented a new method for measuring the elastic constant of
cementite phase in steel, but the restriction of this method was related to utilization
of high-angle region only, and it was not capable to detect in low-angle regions. In
contrast, Williamson—Hall (W-H) method corresponded to calculating and
estimating strain well. The lattice strain (g), lattice stress (o), and lattice strain
energy density (u) can be extracted with the W—H method. The elastic constants are
specified from the lattice crystal deformation against force. These elastic moduli are
the following: Young’s modulus, shear modulus, and volumetric modulus. These
modules are registered via inherent elastic properties of materials and their
resistance to deformation due to the loading. The elastic behavior of materials is
described by models, such as Cauchy elastic, hypo-elastic, and hyper-elastic. A
hyper-elastic is a constitutive model for ideally elastic material that responds to
stress gain from a strain energy density function, while for hypo-elastic material,
their governing equation is independent from finite strain quantity, except in the
linearized state. The elastic properties are intimately connected to the crystal
structure, the intrinsic character of bonding between the atoms and the anisotropic
nature of materials; therefore, the elastic constants can be derived from the crystal
lattice calculations. In this study, a new method and a technique for calculating and
measuring the crystallite size and Young's modulus are presented. NaCl (FCC),
CaTiOs (SC), and HA (HCP) are given as examples. In addition, the synthesis,
physical and mechanical properties of two composites consisting of Cul/HA and
Ag/PVTMS/HA are discussed in detail.

The aim of this work is the synthesis and investigation of mechanical
properties of natural and artificial hydroxyaoatite (HA) and nanocomposites based
on HA with establishing a new comprehensive technique to analyze the nanocrystal
size, Young's modulus with high accuracy, and performance in all crystallite
components and applying research results for bioengineering.

In order to achieve the aim of this work, the following objectives have been
formulated:
1)Comparison of all extracted methods from the X-ray diffraction for calculating the

nanocrystal size of natural HA.
2)Investigation of the nanocrystal size of natural HA by X-ray diffraction.
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3)Evaluation of a new technique for measuring Young's modulus as a function of
planar density in the unit cell and super cells of crystal lattices. For example, the
study of Young's modulus and planar density of unit cell, super cells (2x2x2),
and symmetry cells of cubic crystal lattices, such as sodium chloride (NaCl) and
Perovskite (CaTiOs3).

4)Evaluation of stress-strain of unit cell and super cells (2x2x2) of HA as hexagonal
lattice and W—H method in uniform stress deformation model (USDM) that
derived from the X-ray diffraction.

5)Preparation of a new bioactive nanocomposite composed of Ag-doped HA and
polyvinyl-trimethoxysilane (PVTMS) and investigation of the mechanical
properties and in vitro bioactivity of nanocomposite Ag-doped HA/PVTMS.

6)Evaluation of the effect of calcination temperature on the mechanical properties of
a new nanocomposite, consisting of HA/copper iodide (Cul).

Research methods and equipment

First, the natural bones of cow, pig, and chicken were boiled in hot water for
two hours to eliminate meats and fats on the surface of the bones. Then, the bones
were cleaned and dried at 110 °C for two hours. Finally, thermal treatment of
hydroxyapatite was performed in a furnace at 950 °C for two hours to allow
diffusion of proteins, such as collagens, from inside of the bones to the surface, and
burning at high temperatures. The model of the furnace was ESCK-AA1-302 (Snol
6.7/1300). In this study, a Bruker D8 ADVANCE X-ray diffractometer with Cukq
radiation was used. A white and clean hydroxyapatite was obtained. The product
was grinded in a rotary ball mill with some volume ratios of fired grogs, steel balls,
and empty space. The model of ball mill was planetary Fritsch Pulverisette-5. The
particle sizes were micron scale, while the crystal sizes inside the particles were
nano size, as it is known in literature. The powder X-ray diffraction was taken at 40
kV and 40 mA and recorded from 20 to 50 degrees for 26 at a scanning speed of 2.5
degrees/minute and a step size of 0.02 degrees. The resulting patterns were studied
by High Score X’Pert software analysis, which uses the fundamental parameter
procedure implemented in ASC suffix files. In addition, the specific surface area of
samples was measured by desorption isotherms of nitrogen (N:) gas by using
Brunauer Emmett Teller (BET) apparatus Gemini V analyzer, micrometrics GmbH,
Germany. For thin layers of samples, the transmission electron microscopy (TEM)
CM 10-Philips with acceleration voltage between 50-80 KV was used. A pulse echo
method was used for the measurement of sound velocity for both transverse and
longitudinal ultrasonic waves, and a specimen with a thickness of ~2 cm was
fabricated. The model pulser receiver was Panametrics Co. (Waltham), and the
oscilloscope was an Iwatsu model (100 MHz). The resonant frequencies were
considered as 10 and 5 MHz for the longitudinal and transverse waves, respectively.
Furthermore, the three-dimensional (3D) geometry of crystal structures was
designed by Crystal Maker, Version 10.2.2 software. In addition, for investigating
the mechanical properties, SANTAM STM-50 and H-25KT were used; additionally,
the samples were prepared according to the ASTM-E9 standard. Moreover, for
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measuring hardness, the model of device LECO M-400 was used, and the ASTM-
E384 standard was considered. Electronic speckle pattern interferometry (ESPI)
system PRISM (MM-SIC, high tech) and PRISM VIZ (DAQ-Version 1.2.0)
software were utilized for investigating the imperfections on the surface of
specimens.

Statements for the defence

1. The crystallite size can be calculated by X-ray diffraction and the modified
Scherrer equation with high accuracy.

2. Young's modulus has a relationship with planar density directly.

3. Young's modulus values can be calculated by X-ray diffraction and least squares
method with high accuracy.

4. NaCl, CaTiO3, and HA are examples of calculation of Young's modulus using X-
ray diffraction and least squares method in this dissertation.

5. A new approach to create porosities >100 microns and improve the mechanical
properties of the composites composed of HA /Ag/PVTMS is presented.

6. The effect of calcination temperatures on the mechanical properties of new
composites composed of HA /Cul is investigated.

Scientific novelty

The novelty of this work is to present and compare all methods for calculating
the size of nanocrystals by X-ray diffraction and introduce a new method with high
accuracy. Furthermore, a new technique is introduced to obtain the Young’s
modulus, corresponding to any crystallite lattice, such as the cubic and/or hexagonal
lattice. In addition, the preparation and investigation of bioactivity and mechanical
properties of a new nanocomposite consisting of Ag-doped HA and
polyvinyltrimethoxysilane (PVTMS) are presented. Moreover, the preparation and
evaluation of the effects of calcination temperatures on the mechanical properties of
a new nanocomposite, consisting of HA/copper iodide (Cul) are presented in detail
below.

1)Natural, artificial HA, scaffold containing Ag-doped HA and PVTMS as
reinforcement, and composites containing HA as matrix doped with copper
iodide (5 mol%) as reinforcement were synthesized and characterized.

2)X-ray diffraction and the relationship between Young's modulus and planar
density can be used to measure the size of nanocrystals and their mechanical
properties with high accuracy.

3)The new technique for measuring mechanical parameters using X-ray
diffraction was confirmed by ultrasonic pulse-echo test.

4)The mechanical properties based on the new technique for measuring the
Young's modulus of NaCl and CaTiO3, as an example of cubic lattice, and
HA, as an example of hexagonal lattice, were studied.

5)As a novelty, the hair band was used as a scaffold for the creation of
porosities, since porosities are the best places for the nucleation and growth
of blood cells.
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6)A new bioactive Ag-doped HA + PVTMS composite was prepared where HA
played the role of a matrix and Ag and PVTMS were reinforcements.

7)The mechanical properties of copper iodide (5 mol%) doped HA was
investigated, and it has been shown that the mechanical properties can be
improved when the calcination temperature is increased (900 °C).

Practical significance

1. To develop and explore a new method of calculating the crystallite size by
affordable methods, such as X-ray diffraction;

2. To develop mechanical properties and discuss the relationship between Young’s
modulus and planar density in detail;

3. Low firing point of pieces, such as hair bands, can be used to create porosity
without collapse;

4. Increasing the calcination temperature to the optimum point can improve the
mechanical properties of HA/Cul composite.
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2.LITERATURE REVIEW

There is a need to replace the bone lost due to the traumatic or non-traumatic
events. The lost bone can be replaced by endogenous or exogenous bone tissue,
which is associated with various problems. The use of endogenous bone substance is
associated with an additional surgical procedure [1]. Moreover, the endogenous
bone is only available in limited quantities. The main disadvantage of exogenous
bone implants is that they can be rejected by the human body, the diseases can be
transmitted with the implant, and the clinical performance of exogenous bone is
significantly inferior to fresh endogenous graft material [2]. For these reasons, there
is a growing need for the fabrication of artificial hard tissue replacement implants.
The biomaterials industry generates $2.3 billion in annual sales worldwide in hard
tissue repair and replacement ($12 billion in total) [2]. Currently, biomaterials in
clinical applications are projected to grow at the annual rate of 7-12%. Although the
biomaterials sector is expanding, the volume of materials that are required is never
expected to exceed tens of tons, in contrast to thousands of tons in other developing
technical markets. The metals are used extensively for important weight-bearing
orthopedic applications. However, there are several problems associated with
metallic materials in the human body due to corrosion, wear, and/or adverse tissue
reactions [3]. Almost all metallic implants are encased in dense fibrous tissue, which
prevents proper distribution of loads and may lead to loosening of the implant.
Therefore, various ceramic materials have been used clinically [4]. Among them,
Z10; and AL;O; have high mechanical strength and good biocompatibility, but like
metals, they belong to bioinert materials. The types of implant-tissue reaction
according to Hench are as follows [4]: if the material is toxic, the surrounding tissue
dies; if the material is nontoxic and biologically inactive (bioinert), a fibrous tissue
of varying thickness forms; if the material is nontoxic and biologically active
(bioactive), an interfacial bond forms. However, calcium phosphates and bioactive
glasses exhibit high bioactivity and biocompatibility. Biocompatibility generally
refers to the acceptance of the implant at the tissue surface. This broad term as well
includes nontoxicity, noncarcinogenity, chemical inertness, and stability of material
in the living body. Similar phenomena have been described in several reviews, e.g.,
[5, 6]. Unfortunately, their mechanical properties are relatively poor, which limits
their application to small, unloaded implants, powders, coatings, and low-loaded
porous implants [7]. Ti-alloy hip replacements with ceramic (alumina or zirconia)
heads are used worldwide. Approximately half a million of such hip replacements
have been implanted, and their numbers are increasing by 100,000 annually.
However, in the United Kingdom alone, from 40,000 hip replacements performed
annually, 18% are revision surgeries [4]. The problems appear due to the loosening
of implant because of its bioinertness5 and/or stress concentration due to the higher
stiffness of implant compared to the natural bone. Therefore, there is a real need for
the development of "second generation" bioactive implants that promote
regeneration of the surrounding tissue. Such materials could be used for hip-
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replacement prostheses as well as other artificial bones or artificial tooth roots. The
clinical success of the implant requires simultaneous achievement of a stable
interface with a connective tissue and a match between the mechanical behavior of
the implant and the tissue that is being replaced. Suitable hard tissue replacement
implants should be bioactive (i.e., establish a chemical bond at the bone-implant
interface), have a modulus equivalent to that bone, and even be tougher than bone
[8]. In case of trauma, bone should fracture rather than the implant. Unlike bone, the
implant would not heal naturally, and it would be very difficult to remove it from the
body [8]. Furthermore, if only the requirements for sufficient strength can be met, an
ideal implant material should biodegrade over time and be replaced with natural host
tissue. The organic components of the bone (mainly collagen) would behave like a
compliant material with high toughness, low modulus, and other properties that are
characteristic to polymers. Inorganic constituents, i.e., HA crystals, impart adequate
stiffness to the bone. As a ceramic-organic composite, the bone exhibits high
toughness and relatively high modulus. The high toughness is not only related to the
presence of collagen, but to the complicated fibrous microstructure as well. It should
be noted that bone is a tough material at low strain rates, but fractures more like a
brittle material at high strain rates [9]. Bone exhibits excellent toughness (at low
strain rates), mainly due to its hierarchical structure, which stops cracks after only a
small amount of propagation. The most important toughness mechanisms appear to
be microcracks occurring in the plastic region of the stress-strain curve, crack
deflection, and pullout effects [2].

The mechanical properties of bone depend largely on moisture, type of load,
direction of load, and kind of bone. As the degree of mineralization of bone
increases, the strength increases, and the elongation at fracture decreases. In
addition, the strength and other mechanical properties of bone depend on the
orientation of the collagen fibers, bone density and porosity, and the molecular
structure and arrangement of the apatite crystals that make up the bone within its
collagen matrix. Finally, both the strength and volume of human bone decrease
dramatically with age [10]. Various techniques have been used for the preparation of
HA powders, which have been described in several papers [11, 12, 13, 14]. Two
main methods for the preparation of HA powders are wet process and solid state
reactions. In the preparation of HA, wet processes [15, 2] can be divided into three
groups: precipitation hydrothermal processes [16] and hydrolysis of other calcium
phosphates [17]. Depending on the process, materials with different morphology,
stoichiometry, and level of crystallinity can be obtained. Solid-state reactions [18]
usually give a stoichiometric and well-crystallized product, but require relatively
high temperatures and long heat-treatment times. In addition, the sinterability of
such powders is usually low. In the case of precipitation, where the temperature does
not exceed 100 °C, crystals in the nanometer range can be prepared. They have the
form of sheets, needles, rods, or equiaxed particles. Their crystallinity and their Ca/P
ratio depend strongly on the conditions of preparation and are in many cases lower
than those of well-crystallized stoichiometric hydroxyapatite. The hydrothermal
technique usually results in HA materials with a high degree of crystallinity and a
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Ca/P ratio close to the stoichiometric value. Their crystal size is in the range of
nanometers to millimeters. The hydrolysis of tricalcium phosphate, monetite,
brushite, or octacalcium phosphate requires low temperatures (usually below 100
°C) and results in HA needles or sheets with a size of micrometers [19]. Synthetic
hydroxyapatite has become one of the most important bone graft substitutes in
orthopedics and dentistry in recent decades due to its chemical and biological
similarity to the mineral phase of human bone [20]. A remarkable property of
synthetic hydroxyapatite is its bioactivity, especially its ability to form a chemical
bond with the surrounding hard tissue after implantation, for example, [4, 21].
However, most synthetic apatites are formed by high-temperature processes (e.g.,
sintering), resulting in a well-crystallized structure that has little or no activity for
bioresorption. This is in contrast to nanocrystalline or biocrystalline apatites, which
are generally non-stoichiometric and usually have a much higher degree of
bioactivity. Recently, the use of sol-gel processes for the synthesis of HA has
become an important research goal [22]. The formation and fusion of apatite crystals
at low temperatures is the main advantage of the sol—gel process compared to the
conventional methods. For example, temperatures of more than 1000 °C are usually
required to sinter the fine apatite crystals produced by wet precipitation, while
several hundred degrees Celsius less are required for the densification of sol—gel HA
[23]. Moreover, sol-gel HA processing usually results in a fine-grained
microstructure with a mixture of crystals in the nano- to submicron range, which is
better accepted by the host tissue. Recently, a novel water-based sol—gel process for
low-temperature HA synthesis was developed using triethyl phosphite and calcium
nitrate as P and Ca precursors, respectively [22]. It was has been shown that the
apatitic phase can be formed at a temperature as low as 350 °C. When used for
coatings, the process results in a dense, fine-grained, firmly adherent apatite film (on
a titanium alloy substrate) after consolidation in the air at temperatures <400 °C. A
two-step procedure was used for the synthesis of HA, i.e., the phosphite was first
hydrolyzed with water for 24 h, and then aqueous nitrate solution was added. In the
recent communication by Schrotter et al. [24], the structural changes of the
phosphite precursor (P(OC,Hs)s) were described by observing the analyses during
hydrolysis. They indicated that the phosphite immediately reacted with water to
form (HPO(OC:Hs);) and then formed a mixture of HPO(OC,Hs)(OH) and
HPO(OH),. It took several days for the hydrolysis reaction to complete, i.e., for
HPO(OH); to form.

Sol-gel technique has attracted much attention recently due to its well-known
inherent advantages to generate glass, glass—ceramic, and ceramics powders. These
include homogeneous molecular mixing, low processing temperature, the ability to
generate sized particles, the tremendous flexibility to generate nanocrystalline
powders, bulk amorphous monolithic solids, and thin films. The sol-gel process is
easily applicable to surface coating, and it allows the preparation of high-quality HA
thin films on metal substrates [25]. Thus, the sol—gel process can be usefully utilized
to synthesize both HA powders and HA films under significantly mild conditions.
The versatility of the sol-gel method opens a great opportunity to form thin film
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coatings in a rather simple process, an alternative to thermal spraying, which is
currently widely used for biomedical applications [26]. The sol-gel product is
characterized by nano-size dimension of the primary particles. This small domain is
a very important parameter for the improvement of the contact reaction and the
stability at the artificial/natural bone interface. Moreover, the high reactivity of the
sol—gel powder allows a reduction of processing temperature and any degradation
phenomena that are occurring during sintering [22]. The major limitation of the sol—
gel technique application is linked to the possible hydrolysis of phosphates and the
high cost of raw materials [22]. Both these problems were solved in the proposed
method of the present paper. However, most of the sol—gel processes require a strict
pH control, vigorous agitation, and a long time for hydrolysis. In this paper, a simple
technique to generate the gel by non-alkoxide-based sol-gel approach, using
inexpensive precursors, has been described. More importantly, gel formation has
been achieved without using any catalyst. The sol-gel approach provides
significantly milder conditions for the synthesis of HA films. This results in a much
better structural integrity, whereas the defects that originated from the plasma
spraying can be largely avoided [27]. Furthermore, the lower temperature synthesis
particularly benefits the metal substrates where the mechanical degradation or phase
transition of the underlying Ti or Ti alloy (i.e., o— phase transition, occurring at
883 and 960 °C, respectively) can be prevented. However, thermal treatment of HA
sol—gel films under vacuum environment is frequently required to avoid metal
oxidation. This leads to structural instability of the HA coating (i.e., evolution of
structural water under vacuum environment) during thermal treatment. Therefore,
from both economic and practical points of view, thermal treatment of the HA
coating should be performed in the air and below the transition temperature of the
substrate. In order to minimize oxidation of the underlying substrate, thermal
treatment temperature should be selected at the minimum level, which still assures
sufficient quality of HA film, in terms of crystallinity, film integrity, and adhesion to
the substrate. At temperatures below ~500 °C, the oxidation of the underlying Ti or
Ti alloy is negligible due to the presence of a natural, dense oxide layer on
commercial titanium implants [28]. Therefore, the primary focus of this preliminary
study is a search for a sol—gel process that leads to a high-quality HA coating after
the heat treatment at temperatures below 500 °C.

HA occurs in the form of nanocrystals with dimensions of about 4 x 50 x 50
nm. The minerals are indirectly bound to collagen via non-collagenous proteins,
such as osteocalcin, osteopontin, or osteonectin, which constitute about 3-5% of
bone and represent active sites for biomineralization as well as cell attachment [29].
Natural HA and synthetic HA may differ in their chemical composition and
behavior. In contrast, human bones do not have a pure or stoichiometric HA. Human
bones contain other ions, mainly CDEE_ and traces of Na*, Mg?*, Fe**, CI', F". The
molar ratio of Ca/P in bones is less than 1.67, compared with a molar ratio of Ca/P
in synthetic HA [30]. Calcium deficiency HA is of greater biological interest,
because the mineral fraction of hard tissue consists primarily of carbonate-
substituted calcium deficiency HA [31] with a Ca/P ratio of about 1.5, which is
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chemically and compositionally similar to tricalcium phosphate but structurally
similar to stoichiometric hydroxyapatite [32]. Bone-related diseases derive from
skeletal diseases, infections, trauma, which can lead to permanent damage to many
patients and make the treatment of bone-related disease a clinical challenge [33].
Commonly used bone repair materials mainly include polymeric materials, inorganic
materials, metals and their composites [34]. Among polymeric materials, poly (lactic
acid) (PLA) [35], polycaprolactone (PCL) [36], poly(lactide-co-glycolide) (PLGA)
[37], poly(l-lactic acid) (PLLA) [38], and their composites have attracted much
attention because of their excellent biodegradability and biocompatibility. These
polymers are not toxic to human body and approved by the U.S. Food and Drug
Administration (FDA). They can degrade within body gradually with no residue, no
stimulation, and no toxic side effects on the tissues. Moreover, by adjusting the
molecular weight and choosing different polymerization and molding processes, the
degradation rate and mechanical properties of these biodegradable polymers can be
controlled and adapted to different clinical requirements. However, there are some
polymers that have the disadvantage of low mechanical strength, no biological
activity, and the degraded acid products are not conducive to cell and tissue growth
[33]. In order to solve the above mentioned problems, the addition of bioceramic
components to polyester can greatly improve its mechanical strength and bioactivity
and regulate the acidic microenvironment, created by the acidic degradation
products of polyesters, to induce bone formation and prevent inflammatory reactions
[39]. In recent years, the effect of various additives on HA coatings to improve
compactness, purity, homogeneity, and adhesion to the substrate has been
intensively researched. Zhiwei Zhou et al. prepared a polydopamine/HA hybrid
coating on AZ31 Mg alloy with a hydrothermal process [40]. They prepared a thick
and dense coating using polydopamine as the inner layer and hydroxyapatite as the
outer layer. Polydopamine enhanced the corrosion protection properties due to its
catechol functional groups, binding to metal ions, and absorption of Ca*' ions.
Zomorodian et al. studied the corrosion and cell proliferation properties of a
composite coating consisting of a polycaprolactone matrix modified with nano HA
and applied to AZ31-Mg alloys [41]. The magnesium alloy was pretreated with
hydrofluoric acid, and since the polycaprolactone does not adhere to the Mg
substrate, a thin inner layer of polyetherimide was applied to the Mg surface as an
adhesion promoter.

Taking into account the existence of Calcium Phosphates (CaPs) in the body,
nowadays, the researchers have considered CaPs for the replacement and repair of
injured bones. One of the most desirable and well-known CaPs groups is associated
with hydroxyapatite (HA) [42, 43]. One of the main characteristics of the HA
structure is the ability of a large number of substitutions, which does not change the
basis of the crystallographic structure. Fig. 2.1 shows a sketch of a unit cell of
hexagonal HA and a cif file of synthesized HA through heat treatment method.
There are two different situations of calcium ions, and in total, 18 ions are closely
packed to create the hexagonal structure. At each hexagonal corner, a calcium ion is
restricted by 12 calcium ions shared with 3 hexagons. Void spaces between two
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hexagons are filled with three phosphates tetrahedral per unit cell. Ions in HA can be
interchangeably replaced with biologically useful ions due to the inherent versatility
of this crystal structure and can be referred to as doping. In addition, the substitution
of calcium, phosphate, and/or hydroxyl ions is possible [44]. Notably, the specific
feature of HA is related to the OH" ions forming inner channels along the ¢ axis.

This property plays an important role in mechanical and physical properties [45].
b)
@Ca

byt
q"*b

Fig. 2.1. Schematic representation of (a) HA unit cell and (b) HA structure extracted
by cif file [8]

One of the challenges for using HA as a bioactive component is related to the
likelihood of infection; therefore, the use of antibacterial materials is the best way to
solve this problem [46]. However, the studies have proven that silver (Ag) has
antibacterial properties [47, 48]. Moreover, one of the best elements for
biocompatibility is Ag, since it is related to the high value of the antibacterial
coefficient (100%) [49, 50]. However, the biocompatibility properties of Ag are
directly dependent on the strength, density, and the manufactured final phase of
bioactive composites. There are several mechanisms that involve Ag in the
interaction with biological macromolecules [51]. In addition, the Ag" has been
shown to bind to protein functional groups, leading to protein denaturation [52].

Polyvinyltrimethoxysilane (PVTMS) has a functional group like silanol (Si-O-
H), which can help in bonding; therefore, it is useful for preventing the
decomposition of composites [53]. PVIMS is a type of component-based on
polysiloxane that is of particular interest due to its dense structure of siloxane cross-
linked with polymeric groups; in addition, PVTMS is bioactive and enhances
mechanical properties by providing a stable Si-O-Si framework [54].

The research on copper iodide (Cul) is very interesting, because it has several
advantages, such as a wide large band gap, photosensitivity, diamagnetism behavior,
as a dye in solar cells, and superionic conductor [55, 56]. Several metals, e.g., Ag',
Sr?*, Mn?', and Fe**, with different weight percentages have been used for doping in
HA by different methods, and the evaluations of properties have been brought in
[57, 58, 59, 60]. Moreover, the Cu**-doped HA was prepared by the sol-gel method
in the research of Renaudin et al. [61]. According to the experimental observations,
it was undeniable that the Cu**-doped HA structure leads to bonding, and Cu?*
cations are placed along the crystallographic hydroxyl sites through the formation of
linear O-Cu-O units. Subsequent studies involving copper have shown significant
similarities and revealed specific behaviors. Moreover, a higher doping level can be
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achieved with a reduction of Cu** to Cu®, but this requires a higher sintering
temperature [62, 63, 64].

Uwe Holzwarth and Neil Gibson announced that the Scherrer equation is
related to a sharp peak of X-ray diffraction. The equation was introduced with the
subscript (hkl), because it is related to the one peak only. It is important to note that
the Scherrer equation can only be utilized for average sizes up to around 100 nm. It
depends on the instrument as well as the relationship between signal and sample to
criterion noise, because when the crystallite size increases, the diffraction peak
broadening decreases. It can be very hard to provide separation and distinguishing of
broadening through the crystallite size from the broadening due to the other
parameters and factors. The errors exist always, and successful calculation methods
are those that can decrease the errors in the best possible way to yield more accurate
data. The calculation of nanoparticle size extracted by the XRD patterns is not
possible because a particle has several nanoscale or microscale crystals. An X-ray
can penetrate through the crystal size to provide information; therefore, the
calculation of size is not related to the particles and is related to the crystals. The
Scherrer equation relates to the diffraction peak submitted in Equation 2.1 [65],
where L is the nanocrystal size, K is the shape factor, usually taken as 0.89 for
ceramic materials, A is the wavelength of radiation in nanometer (Agyg,= 0.15405
nm), O is the diffracted angle of the pea, B is the full width at half maximum
(FWHM) of the peak in radians. In addition, the broadening in peaks is related to the
physical broadening and instrumental broadening [66, 67].

KL 1
B B_ "cosl

[67]. (2.1)

In order to decrease this error of the instrument, Equation 2.2 can be used:
B3 =B - B2 [67]. 2.2)

In this formula, Bn is the measured broadening, [; is the instrumental
broadening, and P4 is introduced as the corrected broadening responsible for the
crystal size. The instrumental broadening and the physical broadening of the sample
measured via the full width at half maximum (FWHM) and the correction of the
physical broadening allow the crystal size to be calculated with the Scherrer
equation as described in Ref [68, 69]. There are several publications that used the
calculation of Scherrer equation for the sharpest peak only, and they were not
considering the calculations of all peaks.

Hooke's law is shown in Equation 2.3: the stress corresponds to the strain for
small displacements. It is the basic form that this symmetry can be converted to the
six items of ¢ and € [70].
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Additionally, Hooke's law can be written as (Equation (2.4)):

Oxx = Cr18pn T CraEyy + Cra€an T CraEyn + Cig 8oy + CraExy
Oy = Cop8xx t CZZEW + Cozggp t CZ-’}Eyz + Coggax + CZSExy
Ozz = G318+ CSZEW + Cazgzy t CEI-’}Eyz + CagEzx + Cae (2.4)
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Ozx = G518t CSZEW + G538, + CE4E}’Z + G5z t CSEExy

O, = Cﬁl Eyx + CE:E}’}’ + CE-E Exz + C&;E},z + CESEZJ{ + CEEE

The elastic stiffness determines the response of crystal to an externally applied
stress or strain and provides information about the bonding characteristics,
mechanical and structural stability [71]. The HA system has five elastic constants
(Equation (2.5)). Therefore, the values of five independent (elastic stiffness constant
Cij), can be named C11, C12, C13, C33, Cua.

Cy €G- C3 O 0 0
G- €y Gz O 0 0
Ciz €3 Cgz3 O 0 0
Hydroxyapatite matrix| 0 0 D C4 O 0 (2.5)
0 0 0 0 Cy 0
c 0 0 0 © é{tcll —Cyz)

For conventional hexagonal systems, such as HA, the relationship between C;;

and elastic compliances 5;; is introduced in Equations (2.6-2.16) [72, 72].

g o 1 ( Caz . 1 )
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(2.6)
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% 2 \Caa(Cyy + C13) — 2(C1a)? €y —Cyy (2.7)
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According to the Equations (2.6-2.10), in order to obtain S values, C values
are needed. The complete set of five values: Cii, Ci2, Ci3, C33, and Ca4 of samples,
was found from ultrasonic measurements of the phase velocity anisotropy. In these

equations, p and V are the density of the sample and velocity [73, 74, 75].

Cn= PVf,.rl, Co=pVZ,_ (2.11)

Cos = pVi, = PV::..rl, Css = pr,,.-E': pVé:..rl (2.12)

l - ., - o -
Ci= \,I' (€1 +Cee — 2F'VI:I.--l J(Caz + Cee — EPVI:;--PJ — Ces (2.13)
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Cau= p‘if;f-:,; pVgi,ﬂ (2.14)

I - - ~ ]
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Cy = pngll.-s (2.16)

For measuring the velocities, the standard ultrasonic pulse-echo ASTM
E797/E797-M-15 was accomplished according to Ref [76]. Accordingly, the shear
modulus is proportional to the Burgers vector and the Young's modulus; in addition,
dislocation density is in agreement with the Young's modulus [77, 78]. In the
ultrasonic method, longitudinal and transverse waves were used for measuring the
Young's modulus value [79, 80]. According to this method (Equation (2.17)), based
on the velocity of ultrasound waves and density of the sample, the Young’s modulus
value was determined.

pn:'f[BI:al]':—-i]
E= I___El 2 (2 17)
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In Equation 2.17, p, ¢, and c, are density, velocity of longitudinal and
transverse ultrasound waves tandemly. Furthermore, according to Equation 2.18, the
velocity of longitudinal and transverse waves can be registered by determining the
length of the specimen and the differences between two echoes (t = t,—t;) in the
signals [81].

=2, (2.18)

t

where, L is the length of the sample, and t is the difference between two
echoes, and the density of the sample can be detected by measuring the mass and
volume of the sample [36]. Additionally, with the substitution of Equations 2.17 and
2.18, the main equation for the calculation of Young's modulus is introduced as the
Equation 2.19 [82].

"‘L(:.- = -
_ 4.:-|_E} (313 —4e)

(2.19)
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3. REVIEW OF THE PROVIDED ARTICLES AND DISCUSSION

3.1. Comparing Methods for Calculating Nano Crystal Size of Natural
Hydroxyapatite Using X-Ray Diffraction (Scientific Publication No. 1, Q1, 67
Quotations)

This chapter is based on the paper published in Nanomaterials, 2020, 10, 1-21
[83]. 1) Femur bones of cow, pig, and chicken were prepared. First, bovine bones
were separated and boiled in hot water and then immersed in acetone for 2 h to
remove collagen and fat (step 1, Fig. 3.1). In step 2, the bones were washed with
distilled water and dried two times. Then, the bones were placed in separate steps in
the furnace under ambient conditions, and the rate of increasing temperature was 10
°C/minute. Finally, the bones were fired at 950 °C for 2 h, and they were cooled in
the furnace very slowly. Following this process, the first black fired bones (due to
the carbon release) turned into a white granular bulk. Furthermore, the bones were
transformed to fully crystallized HA at 950 °C (step 3) [84]. The HA extracted from
cow, pig, and chicken bones was placed into a planetary ball mill device involving a
bowl (tungsten carbide) and balls to fabricate fine particles after heat-treating. The
feed ratio was 30 g powder to 300 g of balls (1 to 10 weight ratio), the speed was
fixed at 250 rpm, and the milling time was adjusted at 2 h with pause and reverse
mode (step 4), according to the procedure described in literature [85, 86]. The
images of the production route of HA are presented in Fig. 3.1.
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Fig. 3.1. Images of the production route of HA obtained from cow, pig, and chicken
bones (steps 1-4)

The phase composition and purity of the materials were determined by X-ray
diffraction. The XRD patterns of the HA white powder produced after milling are
presented in Fig. 3.2. The XRD patterns were investigated completely through the
X’Pert software, and the patterns were confirmed via standard XRD peaks of HA
based on ICDD 9-432. Similar observations have been reported by Bahrololoom and
Shahabi [87, 88]. In addition, crystallographic parameters of each individual XRD
pattern are presented in Table 3.1, respectively. Moreover, crystallographic
parameters related to the structures resulting from X’Pert software analysis could be
seen in Table 3.2. The unit cell parameters were in good agreement with the results
by other researchers for the fabrication of HA [89, 44].

According to the XRD patterns (Fig. 3.2), it has been observed that the
crystallization of HA samples was nearly similar. The pattern of XRD is shown at
angles between 20° < 20 < 50° The largest peaks have been observed,
corresponding to crystalline HA, at around 31.96°, 32.04°, and 32.03° for cow, pig,
and chicken, respectively. Based on the pattern, the strong diffraction peaks at 20
values are attributed to the HA structure, whose hkl values of exact HA peaks are
related to 002, 102, 210, 211, 112, 300, and 202, respectively [90]. In addition, the
values of FWHM of the peaks (B) in radians were recorded in the range from
0.00174 to 0.00348, 0.00226 to 0.00313, and 0.00244 to 0.00313 for HA obtained
from cow, pig, and chicken bones, respectively (Table 3.1). Furthermore, the
maximum intensity of samples was not different, and the count was in the range of
~250 counts. The reason is related to the same generation and nature of the HA
samples.
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Table 3.2. Crystallographic parameters related to the HA structure resulting via
X’Pert software

Bone Crystal a c c/a Cell Volume | Crystal Density
System &) A) A) (A% (g/em’)
Cow Hexagonal | 9.4000 | 6.9300 | 0.7340 530.30 3.14
Pig Hexagonal | 9.4210 | 6.8930 | 0.7316 529.83 3.14
Chicken | Hexagonal | 9.4210 | 6.8800 | 0.7302 528.83 3.18

The Scherrer equation (Equation 3.1) systematically shows increased values of
nanocrystallite size as the distance of diffracted planes (d) values decreases and 26
values increase, since .cosf cannot be maintained as constant. Furthermore, the
modified Scherrer equation can provide advantages when decreasing the errors or
T (+AInB)?to give a more accurate value of L from all or some of the different
peaks [91].

LnB=Ln () +Ln (=) 3.1)

Thus, the linear plot of Ln B (B in radians) versus Ln (?139) (degree) can be a

linear plot for all or some of the chosen peaks; the least squares statistical method 1s

used to decrease the sources of errors. After estabhshlng the most accurate linear
KA

from which a single Value of L is obtained from all of the available peaks. LnB
versus In(1/cos©) is demonstrated in the plots of Fig. 3.3 together with the equations
of the linear least squares method, obtained from the linear regression of data in the
plots. According to the Monshi—Scherrer equation, in order to find the size of the
crystals, Equation 3.2 is employed. When using X’Pert software, it is better for
making and using the ASC file of peaks data (with suffix ASC) and obtain the peak
list, including FWHM, which is related to the fit profile icon (right click on the peak
and select fit profile in X’ Pert software) to create a full fitting in finding f (FWHM).

Ki

T — E‘" intercept) (32)

Linear equations of HA obtained from cow, pig, and chicken recorded y =
2.7055x — 6.0921, y = 1.5815x — 6.0826, and y = 2.7184x — 6.0285, respectively,
and intercept values were —6.0921 for cow, —6.0826 for pig, and —6.0285 for
chicken tandemly. Nevertheless, the intercepts were calculated as e 2D = (.00227,

Ki Ki

e(60826 = (0.00228, and %925 = 0.00240, respectively. Therefore, - = 0.00227, —
Ki

= 0.00228, and F 0.00240 for cow, pig, and chicken tandemly. After the

calculations, the values of crystal sizes were obtained equal to 60, 60, and 57 nm for
cow, pig, and chicken, respectively.
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Fig. 3.3. Linear plots of the modified Scherrer equation and gained intercepts for
different HA obtained from (a) cow, (b) pig, and (¢) chicken bones

Monshi—Scherrer is the only method according to the methods employed in
this research that provides a checkpoint for the evaluation of the validity of results.
The linear plot must have a slope of one. Therefore, if it deviates from one, some of
the points can be eliminated. In this study, the points for all of the methods were
kept the same for the proper comparison between methods. However, when using
the Monshi—Scherrer method, the elimination of some peaks is advisable to get a
slope nearer to one. This decreases sources of errors and gives a more accurate
crystal size. This checkpoint can only be assessed in this method. In all other
methods, the results should be accepted without any judgement on the validity of the
obtained data.

The most widely used technique for estimating a specific surface area is the
brunauer-emmett-teller (BET) method. Under normal atmospheric pressure and at
the boiling temperature of liquid nitrogen, the amount of nitrogen adsorbed in
relationship with pressure gives specific surface area of the powder. The
observations are interpreted following the model of BET method. The samples were
degassed at 200 °C under reduced pressure (13x1077 atmosphere) for around 15 to
20 h before each measurement. The reported surface area for a bone-derived HA is
much lower, and the value is around 0.1 m?/g [71]. However, one synthetic HA (not
sintered or deproteinized bone) is 17 to 82 m?/g [72]. The theoretical particle size
can be calculated from the adsorption specific surface area data by using Equation
3.3.
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&
D= o (3.3)

In this formula, p is the density of the sample, and S refers to the specific
surface area of the sample, obtained from the BET method [92]. The BET specific
surface area of HA particles that have been obtained from cow, pig, and chicken
were 34.36 + 0.01, 36.95 + 0.01, and 43.39 + 0.01 m?/g. As explained, a theoretical
particle size can be calculated from these data, and the values of crystal size for HA
calcined at 950 °C obtained from cow, pig, and chicken were 56, 52, and 49 nm,
respectively.

Fig. 3.4 shows transmission electron microscopy (TEM) images and
stoichiometric composition of HA nanocrystal powders of cow, pig, and chicken
bones after the ball milling process. Based on the energy dispersive X-ray
spectroscopy (EDX) signatures, the values of ratio Ca/P for HA obtained from cow,
pig, and chicken bones were found to be 1.81, 1.79, and 1.68, respectively. A
particle may be made of several different crystallites. In addition, the TEM i1mages
show agglomerated nanosize of crystals, and it is very clear that the TEM images
exhibited the particle size, and between all the particles, there are crystals. TEM size
often matches grain size, and in this case, it is apparent that some of the powder
particles have nanosized, and the size values are less than 100 nm (width and
diameters). One single particle of about 50 nm can be observed clearly in chicken
bone in Fig. 3.4 c. Furthermore, the images seem to have an irregular spherical
morphology, and such morphologies were cited and confirmed in [75]. The results
that have been obtained from the methods and models are summarized in Table 3.3.
In general, knowledge of the size of crystals can help to improve the physical and
mechanical properties of materials, especially composites.

b) c)

a] P Ca
(Weight %) | (Weight %) | (Weight %) | %
HA obtained from cow bone 17.58 f 2933 53.08 1.81
HA obtained from pig bone 19.32 2894 51.73 1.79
HA obtained from chicken bone 16.87 31.01 52.11 1.68

Fig. 3.4. TEM images and stoichiometric composition of HA nanocrystals obtained
from (a) cow, (b) pig, and (c) chicken bones
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Table 3.3. Nanosize of HA crystallites obtained from cow, pig, and chicken bones
extracted with some calculation methods and experimental methods (BET, TEM) in
this study

Scherrer Williamson—Hall
Size of (All Peaks/New Monshi— (UDM/USDM/UDEDM) HW | SSP | BET | TEM
Crystals Model/Average Scherrer
Model)
Lcow 1371/60/56 60 65/60/62 4 43 56 ~50
(nm)
Lpig 457/60/58 60 62/62/62 4 62 52 ~50
(nm)
Lechicken 196/53/52 57 65/62/65 4 57 49 ~50
(nm)

3.2. Measurement Modulus of Elasticity Related to the Atomic Density of
Planes in Unit Cell of Crystal Lattices (Scientific Publication No. 2, Q1, 11
Quotation)

This chapter is based on the paper published in Journal of Materials, 2020, 13,
1-17 [93]. This chapter serves as an example of an introduction of a new technique
for measuring the Young's modulus for crystallite structures, such as NaCl (FCC).

In this chapter, combining X-ray diffraction of crystallite materials with the
planar density of each diffracted plane was performed. It is possible to determine the
Young’s modulus value of each crystallite solid material accurately. The schematic
XRD pattern was chosen for compound x (powder/crystal sample) (Fig. 3.5). These
crystallites are assumed to be randomly oriented to one another. In addition, if the
powder is placed in the path of a monochromatic X-ray beam, the diffraction will
occur from the planes in those crystallites that are oriented at the correct angle to
fulfill the Bragg condition. According to Fig. 3.5, five planes consisting of (hy kyly),
(hzk;ly), (hiksls), (heksls), and (hsksls) were diffracted, and the diffracted beams
were taken at an angle of 20 for each plane with the incident beam. As a result,
extracted by the X’Pert software, the lattice parameter (a), index of planes (hkl), and
lattice type (seven crystal systems) of compound will be recognized. In order to
follow the gaining Young’s modulus value with high accuracy, the elastic stiffness
constant values (Cj) and elastic compliance values (S;) are needed.

(hk 1) Compound x

100 4

@
o
L

(-]
o
L

Intensity, (%)

‘hﬁkllﬁj

&
(=]

{h ik|l|]

(5]
o

(h.k,1,) (hekly)
35 40 45 50 S5 60 65 70 75 80 85
20 (degree)

Fig. 3.5. X-ray diffraction of compound x
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In most cases, elastic constant values of materials are tabulated in the literature
[94, 95]. Furthermore, the Young’s modulus of each plane (Enq) can be expressed
for cubic and hexagonal crystals as Equations 3.4 and 3.5, respectively.

For cubic:
h%k*+ k*1%+ 1°h*”
ﬁ—&_l —2['[311 Sp]——S-H] [ (b2 K54 19) ] (3.4)
For hexagonal:
E [h: 1h+:k|:+|r‘g'}=:|"
Rk (e 2k ;. (3.5)
5'_'_(h: ﬁ:‘ +553|,ru} +(25, 3+5M]I|h +—h+"hI :u:“:}

The type of crystal lattice of compound x must be determined according to the
X-ray diffraction file. In this case, it is presumed that compound x has a cubic
crystal structure. According to Equations 3.6-3.16, the elastic compliance values of
compound x were calculated as Sy, S;5, and S4; therefore, Young’s modulus
values of diffracted planes (Fig. 3.6) were registered by Equation 3.4. The values of
Young’s modulus of diffracted planes of compound x are named as
El:h-_k-_l-__‘.l p E(h:l—::l:} ; Elfhgl{glg} JEI:h4k4l4} and E':hslislsl" In addition, the planar density
(PD) values of diffracted planes were calculated as PDy, k1,5, PDmgkalys
PDin.k.1.0> PDingkgyy» and PDg, . Applying the least squares method for the
line between the values extracted from Young’s modulus and planar density of
diffracted planes can give the average Young’s modulus value of compound x with
high accuracy. In this method, Young’s modulus values of diffracted planes play a
role as the y axis and the x axis is the planar density. The Young’s modules values

extracted from each plane of compound x versus the planar density are presented in
Fig. 3.6.

-4 | O Compound x
-l B — Fitting
Wly=ax+bh
@
o value of Young's modulus
=
= -4
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P
©
2 {hak 1)
R 3'3
E O
-]
°
£ /
o
'g, 4
ER (h,k,1,) (h kss) (h kQI‘)
> ()
1

Planar density

Fig. 3.6. Young’s modulus extracted from planes of compound x versus planar
density

In this method, the unit of Young's modulus depends on the unit of the elastic
stiffness constant and elastic compliance values, and in this case, it is GPa.
Moreover, planar density does not always have a unit, and the value of planar
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density is always less than 1. Furthermore, the values of the planar density depend
on the situation of the planes. For example, in this curve (Fig. 3.6) for compound x,
PDksts) = PDmakals) = PDbckat )™ PDinakats) > PPk, Furthermore, it is
possible that two or more planes have similar planar density values.

In this method, the empty planes in one-unit cell are not considered in the
calculations. However, if there is no atom in the plane inside the unit cell, they will
appear when the plane is extended to the adjacent cells, and the atoms will appear,
and the unit cell will be converted to super cells; then, calculating planar density of
two or more adjacent unit cells or super cells will be possible.

For example, the X-ray diffraction of sodium chloride (NaCl) is presented in
Fig. 3.7. The characterization peaks of NaCl are very close to the corresponding
report in [96]. NaCl has ionic bonds and the ionic radius of Na" and ClI" is 0.97 and
1.81 A, respectively. The crystal of NaCl is FCC, and the location of the atom of CI

introduces (000) and Na at (- - -) position. According to the X’Pert analysis, the

lattice parameter has gained 5. 640 A, and it is in good agreement with the values
reported in [97]. In addition, crystallographic parameters of NaCl resulting from
X’Pert are submitted in Table 3.4.

\
- e
(200) < TR NaCl (FCC)
T LT
= !__l, Sodium chloride
T“ TS (ICSD Ref. #96-900-6377)
. ot |
S
o =9 ) a= B= y=90°

a=b=c=5.64A
p=2.14grfem?

Intensity, (arbitary unit)

(420)

(222) (a22)
(111) (400)
1‘\ (311) (331) (511)

10 20 30 40 50 60 70 80 Q0
20 (degree)

Fig. 3.7. X-ray diffraction of NaCl powder sample

Table 3.4. Crystallographic parameters of the NaCl (FCC) structure resulting from
the X’Pert software

NaCl
Crystal System a ¢ Cell Crystal Density | Space Group
A) (&) Volume (g/em®)
AP
FCC 5.640 | 5.640 181.511 2.141 Fm-3m

According to Fig. 3.7, 10 planes have shown diffraction. According to the
discussed method in this study for gaining planar density values of each diffracted
plane, the schematic geometry of planes, the situation of diffracted planes, and the
location of atoms in the diffracted planes in the unit cell are shown. For illustration,
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the situation of diffracted planes and atoms of NaCl and the calculation of the planar
density values of diffracted planes (111) and (200) are presented in Fig. 3.8.

a) 4
Nacl (Fcc) /zg\ .
J
Qcr
o N ol |© b

Y

i
C - x
ayz
for NaClpcg: (ionic radius) ry,+ = 0.97 A re-= 181 A a=5644
(ay2)?= (h)%(%)? — 5 (795=(h)? + (397> — > h=6.88
T)

height xwidth _ (W) x avZ _ 6.88%x7.95
2

area of the plane (111): S = =27.34

2
number of atoms in the plane (111) x area of each atom in the plane (111) :[(3 Né) % (3 K%]

xw(rory, )Zz[[s x g] xm (181)2 + {3 x ;) X (1.31)2]= 2057

number of atoms in the plane (111) x areaof each atomin the plane (111) _ 20.57

planer density = area of the plane (111) 2734 0.75
b)
Za
a
o °l O
O = Y

area of the plane (200): § =a? = 31.80
number of atoms m the plane (200) x area of each atom m the plane (200) =

[ ¢ (s )+ (¢ () )+ (1 o )7)] -

[((4 x ) xw(097)?) + (4x2xmw(181)?) + (A xn (0.97)2)] —2.95+2057+2.95=2647
number of atoms in the plane (200} area of each atom in the plane (200) _ 26.47

area of the plane (200) 3180 Lo

planer density =

Fig. 3.8. Geometry and the situation of involved atoms in diffracted planes
(a) (111) and (b) (200)

According to Equations 3.6-3.16 and 3.4 (because NaCl has an FCC
structure), the values of elastic compliances (S) were substituted, and Epyy values of
each diffracted plane were calculated as 34.72, 44.24, 36.69, 39.18, 34.72, 36.10,
39.09, 36.69, and 41.83 GPa for planes (111), (200), (220), (311), (222), (331),
(420), (422) and (511), respectively. In addition, there is no atom in (400) (as it was
discussed above); therefore, this plane is not considered in the calculations. The
Young’s modulus of each plane of NaCl extracted by XRD patterns versus planar
density is presented in Fig. 3.9. The linear equations of NaCl recorded y = 6.85x +
33.57 (Bartels et al.), y = 6.88x + 33.53 (Barsch et al.), y = 5.19x + 37.24 (Charles et
al.), y = 6.79x + 33.85 (Anderson et al.), and y = 5.70x + 35.68 (this study).
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Nevertheless, the intercepts were calculated as 33.57, 33.53, 37.24, 33.85, and 35.68
GPa, respectively, and the values of intercepts (Young’s modulus) are tabulated in
Table 3.5.

y = 6.85x + 33.57 O Bartelsetal

vy = 6.88x + 33.53 O Barschetal

vy =5.19x + 37.24 A charles etal
Loy y=6.79x + 33.85 Anderson et al
- 46| Y=570x+35.68 This study

— Fitting a
=
s

> 32+ (222)

00 01 02 03 04 05 06 07 038
Planar density

Fig. 3.9. Young’s modulus of each plane of NaCl extracted by the XRD patterns
versus planar density

Table 3.5. Young’s modulus values of NaCl

Study Young’s Modulus (E), (Gpa)
in This Method
(Intercept Value)

Expt. by (Bartels et al.) 33.57
Expt. by (Barsch et al.) 33.53
Expt. by (Charles et al.) 37.24
Theory by (Anderson et al.) 33.85
This study 35.68

For a more realistic NaCl crystal system, the anisotropic nature of Young’s
modulus is considered [98]. The generalization of Hook’s law states that the strain
(¢) and stress (o) are in a linear relationship with the constant of proportionality,
being simply Young’s modulus. In this method, for the NaCl structure, Hooke’s law
was performed for strain and stress, taking into account the linear proportionality.
The exact parameters resulting from X-ray diffraction are given in Table 3.6.

According to the W—H method in the USDM model, : S:]e (degree/GPa) played a

role as the X axis, and B (radian).cos© (degree) played a role as the Y axis (Fig.
3.10). According to Fig. 3.10, the slope values are related to the stress (o). The
values of stress and strain have gained negative values. The positive values of
intrinsic strain and stress can be provided by the tensile strain and stress, and if the
values are negative, such as in Table 3.7, they will be related to the compressive
stress and strain. Moreover, the stress (o) and strain (g) values extracted by the
modified W-H method in the USDM model, shear modulus (u), poisson’s ratio (v},
and bulk modulus (B) of NaCl are reported in Table 3.7. The values of mechanical
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properties were in good agreement with the values tabulated in [99]. Overall, this
technique can lead to an improvement in mechanical properties with knowing the
relationship between planar density and Young's modulus. Moreover, this method

can be applied for research as well as industrial applications.
Table 3.6 Crystallographic parameters of each individual XRD pattern related to NaCl

NaCl
20 B= (8] cosO 1/cos© Ln(1/cos©) B= Lnp 4sin® | f(Radian).cos© | hkl
(Degree) | FWHM | (Degree) | (Degree) | (Degree) (Degree) FWHM | (Radian) | (Degree) (Degree)
(Degree) (Radian)
27.01 0.70 13.50 0.97 1.03093 0.03046 0.01218 | —4.40796 0.92 0.01181 111
3091 0.90 15.45 0.96 1.04167 0.04082 0.01566 | —4.15665 1.04 0.01503 200
45.08 0.89 22.54 0.92 1.08696 0.08338 0.01549 | —4.16782 1.52 0.01425 220
53.70 0.91 26.85 0.89 1.1236 0.11653 0.01583 —4.1456 1.80 0.01409 311
56.79 0.90 28.39 0.87 1.14943 0.13926 0.01566 | —4.15665 1.88 0.01362 222
66.98 0.80 33.49 0.83 1.20482 0.18633 0.01392 | —4.27443 2.20 0.01155 400
72.99 0.10 36.49 0.80 1.25 0.22314 0.00174 | —6.35387 2.36 0.00139 331
76.05 0.70 38.02 0.78 1.28205 0.24846 0.01218 | —4.40796 2.44 0.0095 420
83.93 0.81 41.96 0.74 1.35135 0.30111 0.01409 | —4.26201 2.64 0.01043 422
92.60 0.10 46.30 0.69 1.44928 0.37106 0.00174 | —6.35387 2.88 0.0012 511
O Bartels etal
2 Barsch et al
Charles et al
‘0'01 81 Anderson et al
g 0.016 Thl_s study
E‘l m —— Fitting
% 0.014 - %
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Fig. 3.10. Modified (William—Hall, W—H) uniform stress deformation model

(USDM) plot of NaCl
Table 3.7. Values derived from the mechanical properties related to NaCl
Mechanical Properties
Study O(GPa) £ pn? (GPa) ub B ¢ (GPa)
Expt. by (Bartels et al.) —0.1757 | —0.00523 1491 0.24 24.71
Expt. by (Barsch et al.) —0.1754 | —0.00523 1490 | 0.24 24.73
Expt. by —0.1949 | -0.00523 16.10 0.23 25.13
(Charles et al.)
Theory by -0.1771 | —0.00523 14.93 0.25 25.30
(Anderson et al.)

This study —0.1867 | —0.00523 15.60 0.23 24.54
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H=2Csu+ Ci2—Cpy [100]

a)Shear modulus: p= Cys —-H[101];

C

b)Poisson’s ratio: v= T [100]

2(Cya+Cyy

¢)Bulk modulus: B = “+ € 1102].

3.3. Relationship between Young’s Modulus and Planar Density of Unit Cell,
Super Cells (2 x 2 x 2), Symmetry Cells of Perovskite (CaTiO3) Lattice
(Scientific Publication No. 3, Q1, 5 Quotation)

This chapter is based on the paper published in Journal of Materials, 2021, 14,
1-15 [81]. This chapter serves as an example of the introduction of a new technique
for measuring the Young's modulus for crystallite structures, such as CaTiOs (SC).

Calcium titanate (CaTiOs) was synthesized by the solvothermal method as
another example of a cubic lattice. The XRD pattern of CaTiO:s is presented in Fig.
3.11. The characteristic peaks of CaTiOs correspond to the report in [103]. The
crystal structure of CaTiOs is cublc the atormc positions of Ti are at (000), Ca at

(f.. =, ,,) and O at (,,_ 0,0, (0 . 0), (0,0, ,,) According to X-ray powder diffraction

results, the lattice parameter is s 3.79 = 0.02 A, which is in good corresponds to the

recorded value in the [104].
a=b=e3.79A
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Fig. 3.11. X-ray diffraction of CaTiOs (powder sample)

For the evaluation of cells as results, the comprehensive calculations of planar
density of diffracted planes in the unit cell, super cells (2 x 2 x 2) and super cells (8
x 8 x 8) of CaTiOs lattice are presented, and for example, the geometry and

calculations of planar density values for (211) super cell (4 x 4 x 4) and (211) super
cell (8 x 8 x 8) are depicted in Fig. 3.12.
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{a) (211), super cell {4x4x4)
a2l fa @

| ' 9 @o

® o

4a

number of atoms in the plane (211) x area of each atom in the plane (211) =

[((2 X%+2 x%w& x%+5) XT[(pri4+)z)+ ((8 x%+4) XH(rozf)z)]+[(3X“(FCa+ )2)] -

[(8 x 7 (0.60)2) + (8 x 7 (1.40)2) + (8 x m (1)2)] = 83.44

. number of atoms in the plane (211)x area of each atom in the plane (211 83.44
planer density = plans Z11) plane (211) =0.25
area of the plane (211) 334.1

number of atoms in the plane (211) x area of each atom in the plane (211) =

[(exZ242x 22812 x4 25) xm (g )) + (16 x 2+ 24) xw (rge-) )|+ (32 x w (reas )| =

[(32 x 7 (0.60)%) + (32 X 7 (1.40)?) + (32 X 7 (1)?)] = 333.76

. number of atoms in the plane (211)x area of each atom in the plane (211 333.76
planer density = plage (211} plane (P11 - =0.25
area of the plane (211) 1335.24

Fig. 3.12. Geometry of planes and calculations of planar density of (a) (211) super
cell (4 x4 x4)and (b) (211) super cell (8 x 8 x 8)

Based on the Equations 3.6-3.16, 3.4, Fig. 3.13, and the measured velocity
according to Table 3.8, the stiffness constants values were obtained. Cjy 1is in
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agreement with the longitudinal distortion and longitudinal compression/tension;
thus, C;; can be described as hardness. Moreover, the transverse distortion is
connected to the C;5, and C;5 is obtained from the transverse expansion correlated
to the poisson’s ratio. Cyy 1s based on the shear modulus, and Cyy is in settlement
with C;y and C;> [105].

(a) 4.43 _|b) 002
_ ]
< c
= =)
> 7.44 = 15.77]
5 L 5
3 ; 3
2 ’r :
= =
= =
a
g £
L
¥ T v T v T v T v T 4 I = 1 * L » 1 " T - 1 ”
3 4 5 6 ra 8 9 10 " 12 13 14 15
Time, ps Time, pus

Fig. 3.13. Recorded signals extracted via (a) longitudinal waves and (b) transverse
waves of CaTiOs specimen

Table 3.8. Values of longitudinal and transverse velocity of the sample

Longitudinal Velocity Transverse Quasi Longitudinal or
(m/s) Velocity Quasi Transverse (m/s)
(m/s)
V1/1 = 9261.85 V2/3 = 4960.5 AV 12/12 = 4976.63
V,=28013.51 V 1,=4283.65

After substitution and calculation, Cii, Ci2, and Cas were registered at 330.89,
93.03, and 94.91 GPa, respectively. These values of CaTiO; were in good agreement
with the values submitted in [106, 107]. According to the results, t and t; values are
calculated as 5.75 and 3.01 pus, respectively. In addition, the density of the specimen

is recorded as 3857.30 E, and the length of the specimen after powder pressing
reached 11.21 mm. After calculation, Young’s modulus value of CaTiOs was 153.87
GPa. This value corresponds with the value reported by Ramajo et al. [108].
Furthermore, the planar density and Young’s modulus values related to the each
diffracted plane of the unit, super (2 x 2 x 2), symmetry and super (8 x 8 x 8) cells

of CaTiO:s lattice are tabulated in Table 3.9.
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Table 3.9. Planar density and Young’s modulus values of the unit cell,
super cells (2x2x2) and symmetry cells of CaTiOs

Index Planar Density | Planar Density Planar Density Planar Density Young's Modulus
of Unit Cell of Super Cell of Symmetry Cells | of Super Cell (8 x 8 x 8) (GPa)
2x2x2)
(100) 0.93 0.93 093in(2x2x2) 0.93 290.059
(110) 0.51 0.51 051in(2x2x2) 0.51 221.652
(111) 0.04 0.04 0.041in (2 %2 x 2) 0.04 179.354
(200) 0.64 0.64 0.641in (2x2x2) 0.64 290.059
(210) 0.41 0.41 0411in (2x2x2) 0.41 194.176
(211) 0.16 0.25 0.25in (2 x2x2) 0.25 150.612
(220) 0.6 0.6 0.6in (2x2x2) 0.6 129.810
(221) 0.46 0.29 0.311in (4 x4 x 4) 0.31 109.622
(310) 0.24 024 0.231n (4 x4 x 4) 023 186.471
(311) 0.04 0.03 0.02in (3 x 3 x3) 0.02 140.386
(222) 0.99 0.88 0.88in (3 x3x3) 0.88 83.615

In order to compare Young’s modulus values of CaTiOs in a unit cell, super
cells (2 x 2 x 2) and symmetry cells, the fitting of Young’s modulus values extracted
by each diffracted plane versus planar density values are presented in Fig. 3.14.
Further on, the results and the straight fitting line, Young’s modulus values of unit
cell, super cells (2 x 2 x 2) and symmetry cells were calculated as 162.62 + 0.4 GPa,
151.71 = 0.4 GPa, and 152.21 + 0.4 GPa, respectively. As expected, the Young’s
modulus value of symmetry cells of CaTiOs (152.21 £ 0.4 GPa) is in good
agreement with the experimental Young’s modulus value extracted via ultrasonic-
echo technique (153.87 £ 0.2 GPa). Moreover, Young’s modulus value of unit cell
(162.62 + 0.4 GPa) has a greater difference with experimental Young’s modulus
value, and as a result, the unit cell of CaTiOs cannot be represented as whole cells.
This is due to the fact that in a unit cell of CaTiOs crystallite, the defects are not
taken into account, and in particular, the deformation is controlled, and the
displacement of atoms in the planes is related to the dislocation networks [109].
Furthermore, a unit cell of CaTiOs is not involved in imperfections (such as
dislocations, Frenkel and Schottky defects) with respect to the super cell [110];
therefore, the slope line value of the unit cell is reported (37.23) to be less than the
slope line value of super cells (2 X 2 x 2) (63.67) and symmetry cells (62.41).
Consequently, the effect of imperfections in expanded cells (super cells) is very
impressive; thus, the unit cell of CaTiOs is considered the ideal lattice, while
symmetry cells, such as (8 x 8 x 8) of CaTiOs are real lattices [111]; this is
consistent with the experimental Young’s modulus. It is clear that each imperfection
will be caused by a decreasing Young’s modulus [112], and in Fig. 3.14, this matter
is confirmed when the Young’s modulus value (intercept) in the unit cell of CaTiOs
1s higher than in the super cells (2 x 2 x 2) and symmetry cells. Apparently, a unit
cell of CaTiO:s is represented by the volume of a real crystal; thus, the unit cell is
useful to acquire theoretical density. Nevertheless, the calculations of planar density
based on the unit cell were obtained, but with errors. Overall, the values obtained
with this technique can improve the mechanical properties due to the calculated
values of Young's modulus that derived from X-ray diffraction.
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Fig. 3.14. Young’s modulus versus planar density values of each diffracted plane
related to the (a) symmetry cells, (b) super cells (2 x 2 x 2), and
(c) unit cell of CaTiOs

3.4. X-ray Diffraction Analysis and Williamson—Hall Method in USDM Model
for Estimating More Accurate Values of Stress-Strain of Unit Cell and Super

Cells (2 x 2 x 2) of Hydroxyapatite, Confirmed by Ultrasonic Pulse-Echo Test
(Scientific Publication No. 4, Q1, 4 Quotations)

This chapter is based on the paper published in Journal of Materials, 2021, 14,
1-16 [113]. This chapter serves as an example of the introduction of a new
technique for measuring the Young's modulus for crystallite structures, such as HA
(Hexagonal).

The XRD pattern of synthesized HA powder is shown in Fig. 3.15. In addition,
the XRD pattern has shown several diffraction peaks in the range from 20° to 70°,
which can be described as hexagonal HA. The XRD pattern was evaluated based on
X'pert, and the pattern was in agreement with the standard XRD peaks of HA (ICDD
9-432). Similar observations were reported in [88, 87].

= HA obtained from cow
-t -
= 250 o,

3
b 200

Intensity,
g 3

@
o
1

o

20 70

Fig. 3.15. X-ray diffraction pattern of HA synthesized at 950 °C

According to the X-ray diffraction, the planar density values of each diffracted
plane in unit cell and super cells (2 x 2 x 2) of HA were calculated, and as an
example, the array geometries and calculations of unit cell (020) and super cell (020)
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are depicted in Fig. 3.16. In order to calculate the planar density values, diffracted
planes were selected from a low angle to a high angle in tandem. It is worth
mentioning that the matrix of all super cell lattices was considered to be 2 x 2 x 2.
According to the center of atoms, the planar density is calculated by the area of
atoms in the plane divided by the total area of that plane [114].

a) (020), Unit Cell

[number of atoms in plane(020)xarea of each atom in the plane(020)] 15171

area of the plane (020) 65.142 =0233

Planar density =

i @ center 2
3
i
-cenlérs: 9
<@

e
9 Beenter

@

[

[number of atoms in plane(020) X area of each atom in the plane (020)]  119.1299

area of the plane (020) T 260568 Wasz

Planar density =

Fig. 3.16. Array and position of the involved atoms, such as (a) (020) unit cell and
(b) (020) super cell of HA hexagonal

X-ray diffraction has provided data on diffracted planes and the location of
atoms in each plane. It is clear that the planar density of each diffracted plane was
calculated, and it could play an important role in the mechanical properties of each
plane. The Young’s modulus of each plane (Ew) of a HA lattice can be calculated
with this technique. Taking into account Equation 3.5, h, k, and 1 are the plane
indices; a and c are the lattice parameters; C and S are the elastic stiffness constant
and elastic compliance, respectively.

By using the least squares method between the Young's modulus and the
planar density of diffracted planes (based on the proposed method), the Young's
modulus value of HA was determined with high precision. Consequently, the
calculation of C and S parameters for crystallite materials is essential for the
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application of this technique. In order to show the feasibility and accuracy of the
proposed method for determining the Young's modulus, the values of Young's
modulus of each plane versus the planar density of the unit cell and super cells (2 x

2 x 2) are shown in Fig. 3.17.
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Fig. 3.17. Young's modulus of each plane (a) unit-cell (b) super cells (2 x 2 x 2) of
HA extracted by XRD patterns and planar density

According to the uncertainty measurement, the measurements were replicated
five times, and the Young's modulus value gained 113.08 + 0.14 GPa by ultrasonic
measurement. This value is in good agreement with the reported values of this study.
In this study, the difference between theory and experiment values for both unit cell
and super cells (2 x 2 x 2) were identical. This difference for unit cell and super
cells (2 x 2 x 2) are 10.47 GPa and 10.57 GPa, respectively. This means that the
theoretical calculation is valid, and by reducing it by about ~10 GPa, the
experimental values can be obtained. The Young’s modulus values of unit cell and
super cell (2 x 2 x 2) lattices of HA are tabulated in Table 3.10.
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Table 3.10. Young’s modulus values of unit cell and super cell lattices of HA

Young Modulus (E), (Gpa)
Study in This Method (Intercept Value)
Unit Cell Super Cells (2 x 2 x 2)
Theory (Ching et al.) 118.43 127.51
Theory (Leeuw et al.) 113.94 128.91
Experiment (Katz et al.) 109.54 117.52
Theory (This Study) 118.62 131.74
Experiment. (This Study) 108.15 121.17

It is noteworthy that the difference of Young’s modulus values in the unit cell
and super cells (2 x 2 X 2) is attributed to the locations of atoms. The calculated
slope is a negative value in super cells (2 x 2 x 2). In the first aspect, it is clear that
the slope depends on the planar density of the diffracted planes; thus, the fitting
based on the planar density of the super cells with a matrix of 8 unit cells might give
a better result for the intercept [115]. It is because 8 cells besides each other are
completed and have more symmetry than two cells (Fig. 3.18) [115]. In the second
aspect, the reason for the positive slope in the unit cell and the negative slope in the
super cells (2 x 2 x 2) is related to the defects (imperfections), including point
defects (vacancies, substitutional and interstitials), line defects (screw and edge
dislocation), surface defects (grain boundaries), and volume defects (lack of order of
atoms due to amorphous region in a very tiny area). The effect of these
imperfections is impressive in super cells (2 x 2 x 2), while the unit cell is more
ideal and less affected by these imperfections. This means that when the density of
atoms in the planes is increased, lower forces are required for the dislocation motion,
and the strength decreases. Consequently, the slope in super cells (2 x 2 x 2) is
negative. In the case of super cells, when the number of atoms increases, with the
increase of planar density, the effect of dislocation motion increases as well;
therefore, the strength and Young's modulus will decrease, and the slope will be
negative. The intercept of the fitting line is a value of Young's modulus, which can
show the Young's modulus of the plane with zero planar density as a plane without
any specific atom.

b)

@ Ca
@H
®o
Cp

”'(‘8><8x8 )

Fig. 3.18. (a) The un-symmetry of two unit cells and (b) symmetry of 8 unit cells of
HA
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Taking into account the W—-H method in the USDM model, Young's

modulus values are examined. It is clear that in Equation 3.6 and Fig. 3.19, the term
4zinb
of

Ehkl
individually.

is along the X-axis, and the term of [Byy.cos8 is along the Y-axis

KA ging
.c0sO = +4c
Phi ) -

[116]. (3.6)

In this model, the condition is performed to calculate the strain and the average
Young's modulus. The average Young's modulus value has been calculated in the
research and studies on using the W—H method, but it is subject to errors, because if
the average values of the Young's modulus are considered, the final value can be far
from the standard value of Young's modulus in each peak extracted by the X-ray
diffraction. In addition, in some studies, the Young's modulus value is considered a
value that is listed in the literature but is not associated with the prepared materials.
As an illustration, based on the study in [117], which refers to the use of the W—H
method to calculate the crystal size and Scherrer analysis of HA, the average value
of Young’s modulus has a larger deviation than the actual value of the Young’s
modulus of HA. According to Fig. 3.19, the slope values are associated with the
stress (c). The obtained values were positive, and the positive values of intrinsic
strain and stress can prove tensile stress and strain, and if the values were negative,
they would be associated with compressive stress and strain. Additionally, the
resulting values of ¢ and ¢ by utilizing the W—H method in the USDM model are
shown in Table 3.11. Additionally, the value of ¢ is in good agreement with the
values obtained from [118]. This technique can lead to an improvement in the
mechanical properties of composites composed of HA due to the relationship
between the Young's modulus and the planar density of unit cell and super cells (2 x
2 x 2) of HA.
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Fig. 3.19. The W—H in USDM model and plot of unit cell and super cells (2 x 2 x 2)
of HA
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Table 3.11. Mechanical properties values of unit cell and super cells (2 x 2 x 2) of

HA
Mechanical Properties
Structure o £ E?
(GPa) (GPa)
Unit cell 0.07413 0.00068 108.15
Super cells 0.08305 0.00068 121.17
(2x2x2)

a: experiments of Young’s modulus values (this study)

3.5. New Approach for Preparing Invitro Bioactive Scaffold Consisted of Ag-
Doped Hydroxyapatite + Polyvinyltrimethoxysilane (Scientific Publication No.
5, Q1, 2 Quotations)

This chapter is based on the paper published in Journal of Polymers, 2021, 13,
1-19 [119]. This article contains a prepared scaffold of Ag-doped HA+PVTMS for
the first time. In this study, a mechanochemical process was carried out to synthesize
Ag-doped HA. Taking into account the differential scanning calorimetry (DSC)
curve of a hair band and slurry, the final sintering temperature was chosen 350 °C,
and porous scaffold was fabricated. The porosities were opened, which can be
suitable to increase the ratio of biocompatibility. The doping mechanism, structural
evolution, morphological properties, mechanical properties, and bioactivity analysis
were fully studied by spectroscopic and microscopic techniques.

According to Fig. 3.20, artificial HA was synthesized by sol-gel method.
Taking into account the Ca/P ratio of HA, calcium nitrate tetrahydrate
(Ca(NO3),.4H,0) and phosphorus pentoxide (P.Os) were used in the molar ratio of
10:3. Tandemly, 1) Ca(NO3),.4H>O) and P,Os were dissolved in 10 ml of ethyl
alcohol (CoHsOH) and distillated water. 2) The product was stirred at 350 rpm for 2
h. 3) The gel was prepared at the bottom of the dish. 4) The gel was dried at 110 °C

in the air for 20 h. 5) Heat treatment at 850 °C for 15 h was considered for sintering.
850 °C-15hr

0.01 mol of % j@
Ca(N03)2-4H10 0.003 mol of 110 °C-20hr
ons
& E—=8 »
C,H;OH stirred
Fig. 3.20. The schematic flow diagram of the synthesis route of artificial HA
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Vinyltrimethoxysilane (VTMS) was polymerized to 20-mers. PVTMS with
tertiary butyl peroxide was an initiator under reflux for 2 h at 150 °C in flowing
nitrogen [120, 121]. In addition, the synthesis route of PVTMS is shown in Fig.
3.21.

—tCH——CH,5%
CH, == CHSi(OMe), (t-B,0), |

120 °C, 2h Si(OMe),

VIMS
PVTMS

Fig. 3.21. Synthesis route of PVTMS

In this study, silver nitrate (AgNO3) with 99% purity was used as the dopant.
The amount of replacement of Ca?" ions by Ag' corresponds to the formula
Ca; g—xAgx(PO4)s(OH)5_x . In this case, X =2, and 4 is represented as the x-
mole of OH-vacancy formed by doping X-mole of Ag in the HA lattice. Moreover,
the ratio of (Ca + Ag)/P was set to 1.67, while the degree of cationic substitution had
been changed. 1) The powders of HA and AgNOs were grounded by using a high-
energy planetary ball mill via a mechanochemical process for 4 h. In
mechanochemical process, hard chromium steel shells and balls with a diameter of
20 mm were used. This process was carried out at ambient atmosphere and the rate
of 500 rpm with a ball to powder ratio of 15:1. In addition, to prevent agglomeration
of particles, the machine was stopped after 45 minutes. 2) After the end of
mechanochemical process, the calcination was carried out at 900 °C at a rate of 10
°C per minute for degassing (90 min). 3) Taking into account the fact that HA 1is
very sensitive to temperature, transformation, and decomposition, the spark plasma
sintering (SPS) process was considered. In this process, the powder was placed in
the graphite mold (diameter = 20 mm), and pressure and temperature values were set
at 50 MPa and 600 °C for 10 minutes, respectively. The route of the fabricated Ag-
doped HA composite is shown in Fig. 3.22. 4) Components of a slurry, consisting of
Ag-doped HA (93 wt%)/PVTMS (5 wt%)/H20 (1 wt%)/CH;COOH (1 wt%), were
prepared. 5) In addition, a hair band (commercial) was chosen as a new approach to
obtain open porosities, 6) which was immersed in the slurry for 5 days at room
temperature. According to Fig. 3.22, the hair band was cut and opened, and the tape
was pulled out; the taped hair band was immersed in the slurry, and then, the tape
was rolled up. 7) Then, the product was placed in the furnace at 350 °C for 1 h,
according to the DSC curve, vinyl groups, and temperature of the burning hair band.
Finally, the porous scaffold consisting of Ag-doped HA + PVTMS was fabricated. It
is necessary to mention that HA is considered as a bioactive matrix due to the
presence of calcium phosphate groups. Moreover, Ag is the best metal for the
antibacterial environment. In addition, acetic acid (CH3COOH) has played an
important role as a dispersant for particles, especially for Ag, to prevent the
formation of colloidal particles and prepare small particles. PVTMS played an
important role as a drying control chemical additive (DCCA) to prevent cracking
and shrinkage of scaffold. Moreover, as shown in Fig. 3.21, the free radicals of
PVTMS structure can contribute to the flexibility of the scaffold through the
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bonding between C-C and siloxane (Si-O-Si). Furthermore, PVTMS has carbon
chains, and these chains can help to prevent the collapse of scaffold during the heat
treatment, leaving solvent and volatile materials and creating porosity without
damaging the scaffold. It should be noted that two different ways of synthesis were
used, since HA is very sensitive to the calcination temperature, and for doping and
maintaining the HA, the use of SPS was essential.

@
HA AgNO;
QD b o

PVTMS + H,0
+ CH;COOH

at 350 °C
forlh

PVTMS + H,0+

dried hair tie CH:COOH+HA:Ag

at 25 °C for 5 days |

immersed hair band rolled hair band (porous scaffold)

Fig. 3.22. The routes of fabricated Ag-doped HA + PVTMS scaffold

The scanning electron microscope (SEM) images of the Ag-doped HA +
PVTMS scaffold are shown with different magnification in Fig. 3.23. There is no
existence of an amorphous phase and agglomeration in the scaffold. The effect of
leakage (exit) of O, H, and C in the rolled hair bond during the heat treatment leads

50



to the creation of porosities. The porosity size (>100 microns), the amount of
porosity, and the open porosity are caused by a high coefficient of bioactivity,
because the porosities are the best place for bonding between calcium and phosphate
groups. According to Fig. 3.23, the uniformity of porosity is shown, and the average
porosity size is ~>200 microns: this value is suitable for the immigration of
osteoblasts in porosities [122]. The best advantage of this study is related to creating
porosity with high size without the collapse of a scaffold. Furthermore, according to
studies, the minimum porosity size for significant bone growth is 75-100 microns
with an optimal range from 100 to 135 microns [123, 124]. Therefore, in this study,
the porosity with a big size (higher than 200 microns) is produced. However, it is
important to identify the upper limits of the pore size, as large pores may be affected
by the mechanical properties of the scaffolds by increasing the pore volume [125].

100 um 00 pm 100 um

Fig. 3.23. The SEM images of Ag-doped HA + PVTMS scaffold

The stress-strain-compression curve of the Ag-doped HA + PVTMS scaffold
is shown in Fig. 3.24. The maximum value of compressive strength is measured to
be 15.71 MPa at a strain of ~0.77. According to Hooke's law, with the selection of
difference values of two points in the elastic region, the elastic coefficient was
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calculated ~3.86 MPa: this value is lower than the natural HA standard value, and it
1s associated with the porous scaffold, and specifically, the size of porosity is larger
due to the focus of bioactivity of this study [43, 126]. The value of the maximum
compressive strength was not predicted, according to the utilized hair band as a
mold. This value is valuable because of 1) the fabrication of scaffold through using
components, such as Ag-doped HA (93 wt%)/PVIMS (5 wt%)/H.O (1
wt%)/CH3COOH (1 wt%), without using metals with high concentration. 2) In this
case, the bioactivity characteristics and creating large size of porosities were the
main purpose, and taking into account the initial bioactivity of ingredients, the use
of high concentration metals, such as Mg, Zn, Pt, can improve the value of

compressive strength and mechanical properties.
16

— Ag-doped HA+PVTMS scaffold
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Fig. 3.24. The curve of stress-strain compression of Ag-doped HA + PVTMS
scaffold

Simulated body fluid (SBF) was prepared according to the method of Kokubo
et al. [127]. Taking into account the temperature at 37 °C, the materials were added
and dissolved according to Fig. 3.25. Afterwards, (CHOH);CNH; and HCIl were
added (dropwise) to achieve the pH to 7.40 (final pH); then, the temperature was
decreased (20 °C), and the distilled water was added [127]. In addition, the scaffold
was immersed in SBF (100 ml) and kept in the oven at 37 °C (similar to body
temperature). After 3, 5, 10, and 20 days, the scaffold was pulled out and washed
with distillated water; then, the analyses, such as XRD, FTIR, SEM and EDAX,
were performed.

52



[700 ml distillated water
[ 8.035 gr Nacl (99.5%)
0.355 gr NaHCO, (99.5%)
0.225 gr KCl (99.5%)
0.231 gr K,HPO,.3H,0 (99%)]
0.311 gr Mgcl,.6H,0 (98%) ]
[39 mlHCI (1 mclarl]

[0.292 gr cacl, (95%) ]
[0.072 gr Na,50, (99%) ]
[0-5 ml HCl (1 molar) J

6.057 gr C(CH,OH);NH,.HCl |

plastic dish

T=36.5 °C

Fig. 3.25. Synthesis of SBF [127], immersed scaffold in the SBF at 37 °C

According to the SEM images (Fig. 3.26) of pulled out scaffold (after
immersion), the synthesis of the viscose slurry as well as the existence of porosities
and utilizing hair band as a novelty were useful and effective. The rate of
precipitation of HA on the surface of the scaffold was very high when the porosities
were filled only after 3 days of immersion (Fig. 3.26 a). In addition, with this idea
(utilizing hair band as a mold), the diffusion of calcium and phosphor ions from SBF
into the porosities was increased. Nevertheless, needle-shaped morphology (initial
morphology) of HA [128] is converted to the sphere shapes. As mentioned in [129]
and [130], these porosities are applicable according to the size of blood cells and
requirements of the big porosities for siting the blood cells into the porosities and
increasing the ratio of bioactivity. Taking into account the mechanical properties of
porous scaffolds, whatever the amount and size of porosity are bigger, the ratio of
bioactivity will be increased [131]. According to Fig. 3.26, the precipitation of HA
increased over the time of immersed scaffold. Taking into account the mechanism of
precipitation and preparation of HA on the surface of the scaffold, the existence of
HCI in SBF is caused by increasing the precipitation of HA due to the increasing
numbers of polar groups on the surface of the scaffold and increasing the ratio of
absorbance [132, 133]. Furthermore, Fig. 3.26 shows the result of EDAX of
existence of HA on the surface during 3, 5, 10, and 20 days. The ratio of Ca/P was
1.71,2.07, 1.53, and 1.64 for immersed scaffold in SBF during 3, 5, 10, and 20 days,
respectively. It is clear that the Ca/P ratio reached 1.64 after 20 days of immersion,
and this value is closer to the ratio of Ca/P = 1.67 from natural HA [134].
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Element  Weight %

Element  Weight % m Element  Weight %
TETE T ¢ wa ¢ un
o 39.29 o 47.41 o 41.44 o]} 34.19
ca 19.18 Ca 18.99 ca 21.48 Ca 26.15
P 11.21 P 9.14 P 13.97 P 15.92
Ag 129 Ag 1.01 Ag 0.89 Ag 0.82

Si 0.83 si 0.79 Si 0.73 Si 0.69

Cu 2.09 cu 157 Cu 238 u 119

C

Fig. 3.26. SEM EDAX data of immersed scaffold in SBF after (a) 3 days, (b) 5 days,
(c) 10 days, and (d) 20 days

3.6. The Effect of Calcination Temperature on the Photophysical and
Mechanical Properties of Copper Iodide (5 mol%)-Doped Hydroxyapatite
(Scientific Publication No. 6, Q2, 2 Quotations)

This chapter is based on the paper published in Optical Materials Journal,
2021, 121, 1-12 [135]. In this study, the prepared composites, which consisted of
Cul (5 mol%)/HA, were very sensitive to the calcination temperature (from 25 to
900 °C). The main point of this work was to characterize Cul (5 mol%
concentration)-doped HA and improve the properties, especially mechanical
properties. Furthermore, the nanocomposite was prepared by an adapted method and
calcined at different temperatures. In this study, facile controlled route to prepare the
Cul (5 mol%)/HA nanocomposite was an advantage. The results confirmed that the
formation of Cul/HA at different calcination temperatures with controlled nanosize
of particles have the capability for applications in mechanical generations.

In this study, in order to achieve high uniformity and purity, copper (II) sulfate
(CuSO4) was coated on the clean quartz substrate by physical vapor deposition
(PVD) method as a source of copper. The summarized synthesis method of copper
1odide (Cul) particles is shown in Fig. 3.27. As shown in Fig. 3.27, first, the copper
substrate was immersed in acetone (C3HsO) and isopropyl alcohol (C3HsO); then,
the solution was etched and stirred with dilute aqueous chloroform (CHCl3) (10 mol
L") for 20 minutes. Second, 5 ml of C3HsO and hydrochloric acid (HCI) were added
to the solution under the vibrating ultrasound for 20 minutes; this procedure was
repeated and filtered three times with deionized water; then ,the quartz substrate was
removed. Third, 3 mmol solution of potassium iodide (KI) and 20 mL of deionized
water were added and sonicated for 30 minutes; then, the reaction was completed.
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Fourth, a gray precipitate was produced in the final step, and the product was
washed, filtered, and dried at room temperature for 4 days.

Fig. 3.27. Illustration of the synthesis method of Cul particles

The reagents were calcium nitrate tetrahydrate Ca(NO3),.4H>O as a calcium
ion source and diammonium hydrogen phosphate (NH4)HPO4) as a phosphorus
precursor. In addition, concentrated nitric acid (HNO3) and sodium hydroxide
(NaOH) were added, which played a role in the dispersion of particles, and copper
iodide (Cul) was used as a dopant to prepare the Cul (5 mol%)/HA composite. In
this procedure, nitric acid (HNOs3) and deionized water were added with the
indicated amount of Cul, until the particles were completely dissolved and then
heated until the crystallization occurred. The unique mole fraction of I, + 2Cu(NO3)»
was obtained, and after the dissolution of crystals, the mole fraction of Cul was 5
mol%. In the next step, according to the molar ratio of (Ca + Cul)/P = 1.67,
(NH4),HPO4 was added dropwise to the mixture of Ca(NOs3),.4H,O and I, +
2Cu(NOs3); (with stirring at 250 rpm), and pH of 14 was achieved by adding 2 mol.I"
! NaOH at room temperature. The product was dried at 100 °C and 0.76 bar
simultaneously, and after one day, the mixture was washed, filtered, and dried at 150
°C for 4 h. Finally, the compounds were calcined at 300 °C, 500 °C, 700 °C, and
900 °C for 2 h. The summary of the synthesis method of Cul (5 mol%)/HA is shown
in Fig. 3.28, and the synthesis routes of Cul and Cul (5 mol%)/HA are shown in Fig.
3.29.

. (NHy);HPO,
s M

I

Fig. 3.28. Illustration of the synthesis method of Cul (5 mol%)/HA nanoparticles
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Fig. 3.29. The synthesis routes of Cul and Cul (5 mol%)/HA

The compression test at room temperature was used to investigate the
mechanical properties. The relative rate of the jaw and the load cell values were 0.1
mm/min and 50 KN tandemly. The stress-strain curve of the composites and the
powder compression system are shown in Fig. 3.30, and the values obtained by the
mechanical test and the elasticity coefficient (slope of elastic surface) are listed in
Table 3.11. The function of the elasticity coefficient is calculated by Equation 3.7.

Ao
E=—-[70] (3.7)

According to Equation 3.7, Ac and Ae were the difference values of two points
in the elastic region. Moreover, in order to calculate the hardness values, a force of
300 g newton was applied, and the hardness was measured at five points; the results
are shown in Table 3.12. The average value of micro hardness was in the range from
39.10 to 41.02 HV. The result of the compression test has shown that the calcination
temperature of 900 °C led to an improvement in the mechanical test. At low
calcination temperatures, the values of compression test and plasticity were
decreased, which is related to the crystal size of the compounds, because the crystal
size increased with increasing the intermetallic phase between Cu and I tandemly.
Moreover, the value of elasticity coefficient was calculated for all compounds, and
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the value was in the range from 3.11 to 4.68 GPa, and this range has more difference

with natural HA [136].

o2l

—25°C

{—300°C
—500°C
{ ——"700°C
——900°C

Stress (MPa)
o L. -4

S

1 T T T T T
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35

b)

Fig. 3.30. (a) Compressive stress-strain curves of samples and (b) pressing of
powder

Table 3.12. Values of oy, and ¢ extracted by compressive stress-strain curve of

compounds
Hardness E Fye gin
Compound (HV) (GPa) | (MPa) | Oy
(%)
25°C 39.54 4.68 435 | 1.29
300 °C 39.21 3.89 5.83 | 2.59
500 °C 41.02 3.11 6.29 | 1.76
700 °C 39.10 4.09 6.89 | 2.22
900 °C 40.81 3.95 7.32 | 1.63

Digital speckle interferometry is one of the best-known methods for studying
imperfections for nondestructive analysis. In this method, the application of force to
the sample generates strain and stress distributions (interferometric lines) that can be
interpreted. Typical strain values are often small in the range of micrometers.
Therefore, the quality of the samples after mechanical formation was analyzed by
utilizing the Speckle Pattern Interferometry (ESPI) (Fig. 3.31). In this measurement,
a green light laser (532 nm) with 20 mW power was used. In Fig. 3.31, the object
beam (3) illuminates the sample (5), and the scattered light is collected by the
camera (2), where it interferes with the reference beam and the speckle pattern
registered by the CCD sensor that is sent to the computer for further calculations.
The speckle patterns are analyzed and visualized with the software PRISM VIZ.
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Fig. 3.31. Schematic configuration of speckle interferometry; the electronic speckle
pattern interferometry system PRISM consists of: 1 — control block, 2 — video head,
3 — illumination head, 4 — monitor, 5 — specimen, 6 — holder

It 1s important to ensure the highest quality of samples, which depends on the
distribution of material by volume, internal cracks, or air bubbles. The resulted
images of the speckle pattern are shown in Fig. 3.32.

Fig. 3.32. Resulted speckle pattern interferometry images of specimens (a) Cul (5
mol%)/HA at 25 °C, calcined at (b) 300 °C, (c) 500 °C, (d) 700 °C, and (e) 900°C

According to Fig. 3.32, the samples deform uniformly under central loading,
and there are no defects, while parallel oblique lines indicate non central loading.
However, interferometric lines of the arbitrary shape can indicate the defects. These
changes in the response of the sample to central loading are caused by defects. For
example, air bubbles or cracks cause lower Young’s modulus of the sample in some
local zones. Therefore, concentric rings can be observed at these locations, which
means higher deformation. In fact, whatever the interferometric lines are neared
together and are denser, the size of the imperfection will increase [137, 138].
According to the interpretation and Fig. 3.32, the distances between the
interferometric lines of the samples were evaluated, and as a result: X, > Xq> Xe >
Xy > X; therefore, the compound consisting of Cul (5 mol%)/HA at 25 °C and
calcined at 700 °C has fewer imperfections than other compounds, and it is clear that
the compound at calcination temperature of 700 °C has similar distributions of stress
and strain as Cul (5 mol%)/HA at 25 °C. Nonetheless, this discussion relates directly
to the surface of the samples, and the speckle interferometry is entirely focused on
the surface. Furthermore, according to the speckle images, there are no significant
imperfections, such as holes or cracks on the surface of the samples.
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CONCLUSIONS

1. The new technique for calculating the crystallite size was introduced. HA
was selected, which was obtained from cow, pig, and chicken bones. A
comparison of different methods and models for calculating the nanocrystallite
size of these bones was performed along with BET and TEM studies. The size
of HA crystals in animal bones is of interest for both basic and applied
sciences, e.g., doping of metals, bioglass, polymers, and composites, especially
in the fabrication of implants. It has been found that:

1.1. The Modified Scherrer equation has the advantage of reducing errors and
providing a more accurate value of the crystallite size from all or some of the
different peaks.

1.2. The values of HA crystallite sizes were determined to be 60, 60, and 57
nm for cow, pig, and chicken, respectively.

1.3. The Modified Scherrer method is recommended for research and
industrial applications due to its ease of use, a control point, the use of the least
squares method for higher accuracy, and the setup of data with the
experimental BET results.

2. A new method for measuring accurate value of the Young's modulus of
crystalline materials is successfully presented, and it has been established that:
2.1. The planar density for the area of total atoms/ions in the plane divided by
the area of the plane is responsible for the Young's modulus of that plane.

2.2. The Young’s modulus of each plane (y-axis) is plotted against the planar
density of that plane (x-axis), using the least squares method to obtain the
Young's modulus of the materials at the intercept.

2.3. NaCl (commercially available) was chosen as an example to introduce a
new technique for measuring Young's modulus, and as a result, the calculated
value of Young's modulus agreed well with the value obtained by the
ultrasonic technique.

2.4. The W=H method in the USDM model can be used to minimize the errors
of the least squares method and obtain a correct Young's modulus, which is
much more accurate than the average value.

2.5. The limitation is that the XRD data is applicable to the calculation of the
uniform distribution of atoms in the crystal lattice with a unit cell; thus, the
method cannot be used for amorphous materials.

3. A new approach to explore reliable Young's modulus quantity based on
XRD is proposed for either single crystal or polycrystalline of CaTiO3 as an
example for cubic lattice. In this study, it should be noted that the discussion
of scales does not refer to the expanded cells, and it has been determined that:
3.1. The Young's modulus values of CaTiOs extracted by planar density and
least squares method were calculated to be 162.62 = 0.4, 151.71 £ 0.4 and
152.21 + 0.4 GPa for unit cell, super cells (2 x 2 x 2), and symmetry cells,
respectively.

3.2. The Young's modulus value of CaTiOs reported by symmetry cells is in
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good agreement with Young's modulus determined by the ultrasonic echo
technique and literature.

3.3. A unit cell of CaTiOs is not representative of the distribution of atoms on
the planes. In order to obtain the real value of planar density and find the
symmetry of distribution of atoms on the planes, the expanded cells and use of
symmetry cells are suggested.

3.4. The determination of the planar density values based on the unit cell or
every super cells, except for (8 x 8 x §), is an estimation.

3.5. The real value of Young's modulus of CaTiO; should be extracted from
symmetry cells or super cells (8 x 8 x §).

4. The W-H method in the USDM model for estimating more accurate values
of stress-strain of unit cell and super cells (2 x 2 x 2) of HA was investigated.
It has been found that:

4.1. According to this study, the slope of the elastic modules against planar
density in super cells (2 x 2 x 2) was negative. The reason was related to the
imperfections, and this means that when the density of atoms in the planes is
increased, lower forces are required for the dislocation motion.

4.2. As a result, a plane without an atom is more realistic in a smaller area of
the unit cell than a larger area of the super cells (2 x 2 x 2), and this means that
the intercept of the unit cell is closer to the real values of the Young's modulus
in the HA lattice.

4.3. Moreover, a comparison of the theoretical and experimental data of the
Young's modulus of HA showed that there is a small difference between the
values for both unit cell and super cells (2 x 2 x 2), namely 10.47 GPa and
10.57 GPa; this means that the theoretical calculation i1s valid, and the
experimental value can be obtained by reducing it by about 10 GPa.

4.4. The Young's modulus values of HA in the unit cell and super cells (2 x 2
x 2) were 108.15 and 121.17 GPa, respectively.

5. The mechanochemical process was carried out to synthesize Ag-doped HA.
Taking into account the DSC curve of the hair band and the slurry, the final
sintering temperature was set at 350 °C, and a porous scaffold was prepared.
The porosities were opened, which can be suitable to increase the ratio of
biocompatibility. The doping mechanism, structural evolution, morphological
properties, mechanical properties, and bioactivity analysis were studied by
spectroscopic and microscopic techniques. It has been determined that:

5.1. A new approach to fabricate a porous scaffold by using hair band was
carried out. In addition, the effects of Ag and PVIMS loading on the
morphology of HA, phase compositions, and structural features were
investigated.

5.2. The average porosity value was obtained at > 200 um; thus, these values
were suitable for sitting blood cells in these porosities, and the coefficient of
bioactivity was enhanced.

5.3. PVTMS prevented from cracking and shrinkage of the scaffold, and the
free radicals of PVTMS structure provided the flexibility of a scaffold by



bonding between C-C and siloxane (Si-O-Si); moreover, PVTMS prevented
the collapse via carbon chains during the heat treatment.

5.4. The maximum value of compressive strength reached 15.71 MPa, and this
value is valuable according to the Ag content and the absence of large amounts
of metals.

6. The prepared composites, consisting of Cul (5 mol%)/HA, were very
sensitive to the calcination temperature (from 25 °C to 900 °C). The main
point of this work was to characterize Cul (5 mol%)-doped HA and improve
the properties, especially mechanical properties. It has been determined that:
6.1. The stress-strain curves of the samples were depicted, and the maximum
value of oy. was 7.32 MPa. Moreover, according to the extracted images by
speckle interferometry analysis, the impressive imperfections were not
observed on the surface of the specimens.

6.2. Finally, most of the properties increased with increasing calcination
temperature, and the optimum point of calcination temperature reached 700
°C; furthermore, the Cul-doped HA was stabilized with almost no impurity
phases present in the samples.
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4. SANTRAUKA

Disertacija paraSyta remiantis SeSiais paskelbtais straipsniais. Pirmasis tyrimas
yra susijes su metody palyginimu remiantis XRD modeliais kristaly dydziui
apskaiGiuoti. Siuo atveju buvo pateiktos hidroksiapatito (HA), gauto i§ karviy,
kiauliy ir viSty kauly, XRD smailés, o kristality dydzio vertés buvo gautos XRD
pagristais metodais. Palyginus visus metodus, Monshi-Scherrer‘io metodas suteiké
paprasto skai¢iavimo galimybe ir sumazino paklaida, taikant maZiausius kvadratus
linijinése diagramose, taip pat davé 60 nm, 60 nm ir 57 nm kristality dydzius
atitinkamai karvés, kiaulés ir viStos kaulams. Antrajame tyrime pristatomas naujas
kristalitiniy medziagy Youngo modulio gavimo metodas. Dirbant pagal Sita metoda,
kristalitiniy medziagy Youngo modulis gaunamas taikant rentgeno spinduliy
difrakcija. Siame tyrime Youngo modulio vertés gautos per pasirinktines
plokStumas, tokias kaip atsitiktinés (4k7) tyrime. Youngo modulis apskai¢iuojamas
pagal santykj tarp tamprumo koeficienty, kristalinés gardelés geometrijos ir
kiekvienos rentgeno spinduliy difrakcijos plok§tumos plotinio tankio. Sitas metodas
jvestas naudojant plotinio tankio reikSmes kaip X a§j ir Youngo modulio reik§mes
kaip Y a$j, kad asSiné atkarpa galéty registruoti Youngo modulj dideliu tikslumu. Be
to, kaip pavyzdys buvo pasirinktas natrio chloridas (NaCl) su FCC kristalo gardele,
o Youngo NaCl modulio verté¢ buvo iSmatuota 35,68 GPa. TrecCiajame tyrime Sis
metodas taikomas perovskito gardelei (CaTiOs), apskaiciuotas elementariyjy
narveliy, supernarveliy (2x2x2) ir simetrijos narveliy Youngo modulis. ISskirtos
Youngo modulio vertés buvo uZzregistruotos kaip 162,62, 151,71 ir 152,21 GPa
elementariesiems narveliams, supernarveliams (2x2x2) ir simetrijos narveliams
atitinkamai. Be to, apskaiCiuota simetrijos narveliy Youngo modulio verté gerai
sutapo su eksperimentiniais metodais ir literattiros duomenimis. Ketvirtajame tyrime
Sis metodas buvo taikomas HA kaip SeSiakampis elementariyjy narveliy ir
supernarveliy (2x2x2) pavyzdys. Siuo metodu isskirtos Youngo modulio vertés
buvo atitinkamai 108,15 ir 121,17 GP clementariesiems narveliams ir
supernarveliams (2x2x2). Penktajame tyrime plauky raiStis buvo pasirinktas kaip
naujas budas paruoSti didelius ir atvirus nanokompozito, sudaryto i
Ag/HA/PVTMS, poringumus, nes §ios porétos vietos yra geriausios kraujo Iasteliy
branduoliy susidarymo ir augimo vietos. IStirtos paruosty nanokompozity fizinés,
mechaninés bei bioaktyviosios savybeés ir nustatyta maksimali gniuZdymo stiprio
verté 15,71 MPa esant ~0,77 deformacijai. Sestajame tyrime nanokompozitas,
sudarytas i§ 5 mol% kristaliniu Cul legiruoto HA, pirmg karta buvo paruostas
paprastu cheminiu metodu ir kalcinuotas skirtingos temperatiros aplinkoje, pvz.,
300 °C, 500 °C, 700 °C ir 900 oC atitinkamai. Siame tyrime HA atliko matricos
vaidmenj, o Cul buvo armatiira. Be to, $iy nanokompozity mechaninés savybeés
iSsamiai aptartos taikant ASTM-E9 standarta, o Cul (5 mol%)/HA, kalcinuoto
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900 -C temperatiiroje, diapazonas buvo geresnis nei kity junginiy, o oy ir kietumo
vertés buvo apibréztos kaip 7,32 MPa ir 40,81 HV atitinkamai.

4.1. IVADAS

Hidroksiapatitas (HA) yra jvairiy medZziagy kompleksas, kuris gali buti
naudojamas biokompozity gamybai. HA yra keramika, egzistuoja keletas dirbtinio
HA paruoSimo budy, tokiy kaip kietojo kino reakcijos, mechanocheminis,
sonocheminis, hidroterminis, zolio—gelio procesas ir nusodinimas. HA cheminé
formulé yra (Caio(POs)s(OH):), ir pastaruoju metu mokslininkai HA laiké
potencialiu sunkiyjy metaly adsorbentu dél didelio specifinio pavirSiaus ploto,
didelio terminio bei cheminio stabilumo ir didelés jony mainy galimybés. Yra dvi
HA kristalinés struktiiros: 1) SeSiakampé¢ struktiira ir 2) monoklininé struktiira.
Siekdami pagerinti HA savybes, mokslininkai Ca*" jonus pakeité kity metaly jonais.
HA struktiirg sudaro beveik kompaktiskas fosfaty grupiy paketas su dviejy tipy Ca**
jonais, su tokiomis kaip tuneliné ir lygiagreti padétimis. Viena i§ pagrindiniy HA
struktiiros savybiy yra daugybés pakeitimy galimybe, kuri nekeicia kristalografinés
strukturos pagrindo. HA turi SeSiakampe sistemg su P63/m erdvine grupe ir maZzai
nukrypsta nuo stechiometrijos. Siekiant pagerinti HA keramikos mechanines
savybes, placiai istirti jvairlis metodai, pvz., kompozity gamyba ir mikrostruktiiry
valdymas taikant naujus sukepinimo metodus arba naudojant nanostruktiirinius
miltelius. Labiausiai besivystanti HA pritaikymo sritis — kauly atktirimui; nors HA
biologiskai suderinamas, dél savo trapumo jis neatitinka mechaniniy reikalavimy
kaulo pakaitalui; tod¢l démesys HA mechaninéms savybéms ir struktiirinei
geometrijai gali biti naudingi moksliniams tyrimams, taip pat pramoniniam
pritaikymui. Svarbu suprasti HA mechanines savybes sintezés procesy
kristalizacijos ir augimo stadijose, nes Youngo modulis tiesiogiai veikia HA kristalo
augima mechaniskai jtemptose aplinkose. Taikant lengva, ekonomiska ir patikima
Youngo modulio nustatymo metodg, biitina atkreipti démesi i HA struktiirinés
geometrijos detales. Be to, tiriant HA struktiiring geometrijg, biitinas rentgeno
spinduliy difrakcijos tyrimas.

XRD profilio analizé yra patogus ir daug galimybiy suteikiantis kristalito
dydzio, gardelés deformacijos ir mechaniniy savybiy tyrimo metodas. Be to,
rentgeno spinduliy difrakcija yra jprasta medziagy analizés procedira. Taikant
rentgeno spinduliy difrakcijg galima nustatyti medziagy kristaly dydj, jtempj,
deformacijg ir tankio energijg. Rentgeno spinduliy modeliy ir kristalografijos
taikymas yra paprastas btidas nanokristality dydziui apskaiciuoti.

Youngo modulis gali biiti apibréztas kaip jtempio ir deformacijos santykis.
Tamprumo konstantos yra buidingos kristalinés gardelés reakcijai prie§ jégas,
nustatomai pagal thrinj modulj, Slyties modulj, Youngo modul; ir Puasono

63



koeficientg. Tamprumo konstantos atlieka svarby vaidmenj nustatant medziagy
stiprumg. Be to, tamprumo konstantos vertés koreliuoja su plotinio tankio vertémis
dél gretimy atominiy plokStumy rySio charakteristikos ir rySio bei struktiirinio
stabilumo anizotropinio pobiidzio. Be to, tamprumo konstantos yra susijusios su
jtempiais bei deformacijomis ir priklauso nuo kristalinés gardelés konfigtiracijos,
tod¢l tamprumo konstantos iSvedamos 1§ kristalinés gardelés plokStumy ir
lygiaverciy kristalografiniy plokStumy, kurios turi panasy atominj plotin} tankj.
Plotinis tankis yra viso kristalografinés plokStumos ploto dalis, kurig uZima atomai.
Tai svarbus kristaly struktiiros parametras, jis nurodomas kaip atomy skaicius ploto
vienete plokStumoje. Rentgeno spinduliy difrakcija yra vienintelis metodas,
leidziantis  nustatyti  kiekvienos difrakcijos plokStumos mechanines ir
mikrostruktiirines biisenas. Difrakcijos plokStumos naudojamos kaip deformacijos
matuoklis matuojant Youngo modulj vienoje ar keliose difrakcijos vektoriaus
plokstumose / kryptyse. Siais laikais rentgeno spinduliy difrakcija yra jprastas
kristaliniy struktiiry ir atomy tarpy tyrimo metodas. Rentgeno spinduliy difrakcija
pagrista monochrominiy rentgeno spinduliy ir kristalinio bandinio konstruktyvia
interferencija. Hanabusa ir kt. pristat¢ naujg plieno cementito fazés tamprumo
konstantos matavimo metoda, taCiau Sio metodo apribojimas susijes su tuo, kad ji
buvo galima taikyti tik aukstojo kampo srityse, o Zemojo kampo srityse jo pritaikyti
nepavyko. PrieSingai, Williamson-Hall (W—H) metodas gerai tiko deformacijos
skaiCiavimui ir vertinimui. W—H metodu galima nustatyti gardelés deformacija (e),
gardelés jtempi (o) ir gardelés deformacijos energijos tankj (x). Tamprumo
konstantos nurodomos pagal kristalinés gardelés deformacija veikiant jégai. Tokie
tamprumo moduliai yra: Youngo modulis, §lyties modulis ir tiirinis modulis. Sie
moduliai registruojami pagal biidinggsias medZiagy tamprumo savybes ir atsparumg
apkrovos deformacijai. Medziagy tamprumas apibtidinamas tokiais modeliais kaip
Kosi (Cauchy) tamprumas, hipotamprumas ir hipertamprumas. Hipertamprumas yra
konstitucinis modelis idealiai tampriai medZiagai, kuri reaguoja | jtempiy padidé¢jima
del deformacijos energijos tankio funkcijos, o hipotamprios medziagos pagrindiné
lygtis nepriklauso nuo baigtinio deformacijos kiekio, iSskyrus tiesing biisena.
Tamprumo savybés yra glaudziai susijusios su kristaly struktiira, vidiniu jungties
tarp atomy pobiidziu ir medziagy anizotropine prigimtimi; todél i§ kristalinés
gardelés skaiciavimy galima iSvesti tamprumo konstantas. Miisy tyrime pristatomas
naujas kristalito dydzio ir Youngo modulio skai¢iavimo bei matavimo metodas ir
technologija. NaCl (FCC), CaTiOs (SC) ir HA (HCP) pateikiami kaip pavyzdziai.
Be to, iSsamiai aptariama dviejy kompozity, sudaryty i§ Cul/HA ir Ag/PVTMS/HA,
sintez¢, fizinés ir mechaninés savybeés.

Sio darbo tikslas — natiiralaus ir dirbtinio hidroksiapatito (HA) ir HA pagrindu
pagaminty nanokompozity sintez¢ ir mechaniniy savybiy tyrimas, sukuriant nauja
64



visapusiSka nanokristaly dydzio analizés metodika, Youngo modulj, pasizymintj
dideliu tikslumu bei naSumu visuose kristalito komponentuose ir taikant tyrimy
rezultatus bioinZinerijoje.

Norint pasiekti darbo tiksla, suformuluojamos tokios uzduotys.

1) Visy rentgeno spinduliy difrakcijos metody, skirty natiralaus HA nanokristaly
dydziui apskaiciuoti, palyginimas.

2) Nattiralaus HA nanokristaly dydZio tyrimas taikant rentgeno spinduliy
difrakcija.

3) Naujo metodo, skirto matuoti Youngo modul; kaip plotinio tankio funkcijg
kristaliniy gardeliy elementariajame narvelyje ir supernarvelyje, jvertinimas.
Pavyzdziui, Youngo modulio ir elementariyjy narveliy, supernarveliy
(2x2x%2) 1r kubiniy kristaliniy gardeliy, tokiy kaip natrio chloridas (NaCl) ir
perovskitas (CaTiOs3), simetrijos narveliy tankio tyrimas.

4) HA kaip SeSiakampés gardelés elementariyjy narveliy ir supernarveliy jtempiy
deformacijy (2x2x2) jvertinimas ir W-H metodas vienody jtempiy
deformacijos modelyje (USDM), gautame 1S rentgeno spinduliy difrakcijos.

5) Naujo bioaktyviojo nanokompozito, sudaryto i§ Ag legiruoto HA ir
poliviniltrimetoksisilano (PVTMS), paruoSimas ir nanokompozito Ag
legiruoto HA/PVTMS mechaniniy savybiy bei bioaktyvumo in vitro tyrimas.

6) Kalcinavimo temperatiiros jtakos naujo nanokompozito, susidedancio i$
HA/vario jodido (Cul), mechaninéms savybéms jvertinimas.

4.2. LITERATUROS APZVALGA

Atsizvelgdami | tai, kad organizme yra kalcio fosfaty (CaP), mokslininkai Siais
laikais svarst¢ CaPs naudojimg paZeistiems kaulams pakeisti ir taisyti. Viena i$
labiausiai pageidaujamy ir Zinomiausiy CaP grupiy yra susijusi su hidroksiapatitu
(HA) [42], [43]. Viena 1S pagrindiniy HA struktiiros savybiy yra daugybés pakeitimy
galimybé, nekeiciant kristalografinés struktiiros pagrindo. 4.1 pav. parodyta
SeSiakampio HA elementariojo narvelio schema ir termiSkai apdorojant susintetinto
HA .cif failas. Yra dvi skirtingos kalcio jony situacijos, i§ viso 18 jony glaudziai
supakuoti, kad biity sukurta SeSiakampé struktura. Kiekviename SeSiakampio kampe
kalcio jona riboja 12 kalcio jony, bendry 3 SeSiakampiams. TuSCios erdveés tarp
dviejy SeSiakampiy yra uzpildytos trimis fosfaty tetraedrais viename
elementariajame narvelyje. HA esantys jonai gali biiti pakaitomis pakeisti
biologiskai naudingais jonais dé¢l biidingo Sios kristalinés struktiiros universalumo, ir
tai taip pat gali biiti vadinama legiravimu. Be to, galimas kalcio, fosfato ir (arba)
hidroksilo jony pakeitimas [44]. Pazymétina, kad specifiné HA savybé yra susijusi
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su OH™ jonais, formuojanciais vidinius kanalus iSilgai ¢ aSies. Si savybe atlieka
svarby vaidmenj mechaninése ir fizinése savybése [45].

4.1 pav. Scheminis (a) HA elementariojo narvelio ir (b) HA struktiiros, iSgautos
.cif failu, vaizdavimas [8]

vvvvv

infekcijos tikimybe; todel antibakteriniy medziagy naudojimas yra geriausias budas
18spresti $ig problema [46]. Kita vertus, tyrimais jrodyta, kad sidabras (Ag) turi
antibakteriniy savybiy [47], [48]. Be to, Ag yra vienas geriausig biologinj
suderinamumg turin¢iy elementy, nes jis susij¢s su didele antibakterinio koeficiento
verte (100 %) [49], [50]. Taciau Ag biologinio suderinamumo savybeés tiesiogiai
priklauso nuo bioaktyviyjy kompozity stiprumo, tankio ir pagamintos galutinés
fazés. Yra keletas mechanizmy, kurie jtraukia Ag j saveika su biologinémis
makromolekulémis [51]. Be to, jrodyta, kad Ag+ jungiasi su baltymy funkcinémis
grupémis, todél vyksta baltymy denatiiracija [52]. Poliviniltrimetoksisilanas
(PVTMYS) turi funkcing grupg, tokia kaip silanolis (Si-O-H), kuri gali padéti suristi;
todél jis naudingas siekiant uzkirsti kelig kompozity skilimui [53]. PVTMS yra risis
polisiloksano pagrindu pagaminty komponenty, kurie ypa¢ idomis dél savo tankios
siloksano struktiiros, susietos su polimerinémis grupémis, be to, PVTMS yra
biologiskai aktyvus ir pagerina mechanines savybes, suteikdamas stabily Si-O-Si
karkasg [54].

Vario jodido (Cul) tyrimai labai jdomts, nes turi keletg privalumy, susijusiy su
tokiomis savybémis kaip platus didelés juostos tarpas, jautrumas Sviesai,
diamagnetizmas, kaip daziklis saulés elementuose ir superjoninis laidininkas [55],
[56]. Keletas metaly, pvz., Ag", Sr**, Mn*" ir Fe** su skirtingais masés procentais
buvo naudojami HA legiravimui skirtingais metodais, o savybiy vertinimai pateikti
nuorodose [57], [58], [59], [60]. Be to, Renaudin ir kt. tyrimuose Cu?* legiruotas HA
buvo paruostas zolio—gelio metodu [61]. Remiantis eksperimentiniais stebéjimais,
neginc¢ijama, kad Cu?* legiruota HA struktiira sudaro rySius, o Cu?* katijonai yra
18destyti 1Silgai kristalografiniy hidroksilo viety, formuojant linijinius O-Cu-O
vienetus. Vélesni tyrimai su variu parodé¢ reikSmingus panasumus ir taip pat
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atskleide specifine elgseng. Be to, didesnj legiravimo lygj galima pasiekti redukavus
Cu?" iki Cu”, ta¢iau tam reikia aukStesnés sukepinimo temperatiiros [62], [63], [64].
Uwe Holzwarth ir Neil Gibson paskelbé, kad Scherrerio lygtis yra susijusi su
staigia rentgeno spinduliy difrakcijos smaile. Lygtyje buvo jvestas apatinis indeksas
(hkl), nes ji susijusi tik su viena smaile. Svarbu pazymeti, kad Scherrerio lygtis gali
biti naudojama tik vidutiniams dydziams iki mazdaug 100 nm. Tai priklauso nuo
instrumento, taip pat nuo signalo ir méginio rySio su kriterijaus triukSmu, nes,
didéjant kristalito dydziui, difrakcijos smailés iSplétimas mazéja. Gali biiti labai
sunku i8skirti ir atskirti i$siplétimg dél kristalito dydzio nuo iSsiplétimo dél kity
parametry ir veiksniy. Klaidy visada yra, o sékmingi skaiiavimo metodai gali
sumazinti klaidas geriausiu jmanomu biidu ir leidzia gauti tikslesnius duomenis.
Nanodaleliy, iSgauty XRD modeliais, dydzio apskaiciuoti nejmanoma, nes dalel¢je
yra keli nano- arba mikroskopinio dydZio kristalai. Rentgeno spinduliai gali
prasiskverbti per kristalg, kad blity gauta informacija, tod¢l dydzio apskaiciavimas
susijes ne su dalelémis, o su kristalais. Scherrerio lygtis yra susijusi su difrakcijos
smaile, pateikta 4.1 lygtyje [65]; Cia L — nanokristalo dydis; K— formos
koeficientas, paprastai laikomas 0,89 keraminéms medZiagoms; A — spinduliuotés
bangos ilgis nanometrais (Agyg,= 0,15405 nm); © — smailés difrakcinis kampas; S —

visas smailés plotis radianais ties puse maksimumo (FWHM). Be to, smailiy

iSplétimas yra susijes su fiziniu ir instrumentiniu i§plétimu [66], [67].
KA 1

2 “7omd 4.1).
Norint sumazinti §ig instrumento paklaida, galima naudoti 4.2 lygti:
Bd = B& - B (4.2).

Sioje formuléje B — i¥matuotas i¥plétimas, £ — instrumentinis i§plétimas, o S
jvedamas kaip pataisytas iSplétimas, atsakingas uz kristalo dydj. Instrumentinis
iSplétimas bei fizinis méginio iSplétimas, iSmatuotas per visa plotj iki pusés
maksimumo (FWHM), ir fizinio iSplétimo korekcija leidzia apskaiCiuoti kristalo
dydj pagal Scherrerio lygtj, kaip aprasyta [68], [69] nuorodoje. Yra keletas
publikacijy, kuriose Scherrerio lygtis buvo apskaiiuojama tik rySkiausiai smailei,
neatsizvelgiant j visy smailiy skai¢iavimus.

Huko désnis parodytas 4.3 lygtyje; jtempis atitinka deformacija esant maZziems
poslinkiams. Tai yra pagrindiné¢ forma, kai §i simetrija gali biiti konvertuojama |
Sesis o 1ir € elementus [70].
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Oxx CppCpn Cpp Oy Cps Cpp® Exx

Oyy Czy €2z Cag Cag Cas Cae gyy
Ozz C31C32C33C34C35C3¢ Zzz
Oyz || C41C42C43C44C45C46 |7| Eyz (4.3).
Ozx C51C52C53C54C55C56 Ezx
Oxy Ce1C62C63C64Ca5Ce6. Exy.

Be to, Huko désnj galima uzraSyti kaip (4.4 lygtis):

Oxx = Cr18xx T Cio8yy + Cragar + Gy + Cug 8y + G By,

Oyy = Co18yx + Cangyy + Co38p + Cogyp + CagEay + Cagiyy,

¥¥
Ozz = C31 84+ C3a8yy + Ca3Epp + Caa8yy + Caggay + Cae, 4.4).

Oyz = Ca18xx + C-‘}ZEW + Cyz8qpp t C-Hsyz + CagEayt C-’}Gsxya

Ozx = G518t CEZEyy + G538, + C54E5’z + Cg58ax + CE.E.Exya

Oxy = Co1Exx T+ CEZEyy + Cez€zz CE4Eyz + CegEax t CE»E-E.\:}’-

Tamprusis standis lemia kristalo reakcijg j iSorinj jtempimg ar deformacijg ir
suteikia informacijos apie sukibimo charakteristikas, mechaninj ir struktirinj
stabilumg [71]. HA sistema turi penkias tamprumo konstantas (4.5 lygtis). Todél
penkiy nepriklausomy (tampriojo standumo konstanta Cj) reikSmés gali biiti
pavadintos Ci1, Ci2, Ci3, C33, Cas.

C»- Cy Cg 0 0 0
Cis Cg Ci3 O 0 0
Hidroksiapatito matrica| ( 0 0 Cq O 0 4.5).
0 0 0 0 Cys 0
0 0 0 0 0 =(Cy—0Ca)

Jprastoms SeSiakampéms sistemoms, tokioms kaip HA, rySys tarp Cj; ir

(tamprumo koeficienty 5;;) pateikiamas (4.6—4.16) lygtyse [72], [72].

1 C 1
Sy = (e 4 ) 4.6);
- 2 MCgglCyy+Cy0)—2(Cyg)® Cp1—Cyn ( )
1 C 1
S 8 = = ( - 33. - ) 4 .
= 2 \CgglCyy#Cyn)—2(Cyrg)® Cpg—Cyn ( 7),

Cypp+Cyn
Csg(Cpa+Cyal—2(Cy5)*

333 . (4.8);
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Cig
S13 = T ol 4.9);
13 CgglCyy+Cya)—2(Cyg)" 4.9);

Sy = — (4.10).

Caa
Pagal 4.6—4.10 lygtis, norint gauti S reikSmes, reikia C reikSmiy. Visas penkiy
ver¢iy Ci1, Ciz, Ci3, C33 ir Cas rinkinys buvo rastas ultragarsu matuojant fazés greicio
anizotropija. Siose lygtyse p ir V' yra atitinkamai bandinio tankis ir greitis [73], [74],

[75].

Cii = pVF, , Coo = pV, (4.10);

Ces = Pvlil,r; pV::.I,rl, Css = iji.raz F"‘-’T:-I:_..r1 (4.12);

Ciz= [(Cu + Cos — 20V, )(Can +Ces — 26V, ) — Cee (4.13);
Cas=pV3, = pV3, (4.14)

Cra= [(Cua + Cos = 2V )(Cos + Cos —29VEsy ) = Css (4.15),
Cy; = pvgf_ra (4.16).

Greic¢iams matuoti pagal [76] nuoroda buvo atliktas standartinis ultragarsinis
impulsy aidas ASTM E797/E797-M-15. Atitinkamai, S$lyties modulis yra
proporcingas Burgers vektoriui ir Youngo moduliui; be to, dislokacijos tankis
atitinka Youngo modulj [77], [78]. Ultragarso metodu Youngo modulio reikSmei
matuoti naudotos i3ilginés ir skersinés bangos [79], [80]. Siuo metodu (4.17 lygtis),
remiantis ultragarso bangy greiiu ir méginio tankiu, buvo nustatyta Youngo
modulio reikSmé.

Pra()-s
_Pt'l[ (G4

E= (4.17).

o .
I"E't':l 1

1.17 lygtyje p, cj ir ¢, yra atitinkamai tankis, i8ilginiy ir skersiniy ultragarso
bangy greitis. Be to, pagal 1.18 lygtj iSilginiy ir skersiniy bangy greitis gali buti
registruojamas nustatant bandinio ilg] ir skirtumus tarp dviejy signaly aidy
(t=t—1)[81].

c== (4.18).
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Cia L — méginio ilgis, ¢ — skirtumas tarp dviejy aidy, o méginio tankj galima
nustatyti iSmatavus meéginio mase ir tiirj [36]. Be to, pakeitus 1.17 ir 1.18 lygtis,
pagrindiné Youngo modulio skai¢iavimo lygtis jvedama kaip 1.19 lygtis [82].

B 4p(:rL—5'}:.;3t§—4tﬁ

(4.19).

n n
t! _tl

4.3. PATEIKTU STRAIPSNIU APZVALGA IR DISKUSIJA

4.3.1. Nataralaus hidroksiapatito nanokristaly dydzio skaifiavimo metody
palyginimas naudojant rentgeno spinduliy difrakcija (moksliné publikacija
nr. 1, Q1, 67 citata)

Sis skyrius parengtas remiantis straipsniu, paskelbtu Nanomaterials, 2020, 10,
1-21[44]. 1) Buvo paruosti karviy, kiauliy ir visty Slaunikauliai. Pirmiausia galvijy
kaulai buvo atskirti ir virinami karStame vandenyje, o tada 2 valandoms panardinami
] acetong, kad biity paSalintas kolagenas ir riebalai (1 veiksmas, 4.2 pav.). Atliekant
2 veiksma kaulai buvo nuplauti distiliuotu vandeniu ir du kartus i§dziovinti. Tada
kaulai atskirais zingsniais buvo dedami j krosnj aplinkos salygomis, o temperatiiros
didinimo greitis buvo 10 °C/min. Galiausiai kaulai buvo kaitinami 950 °C
temperatiiroje 2 valandas ir labai 1¢tai atSaldomi krosnyje. Po §io proceso pirmieji
juodai iSdeginti kaulai (dé¢l anglies iSsiskyrimo) pavirto j baltg granuliuotg masg. Be
to, kaulai buvo transformuoti j visiSkai kristalizuotag HA 950 °C temperatiiroje
(3 veiksmas) [45]. IS karviy, kiauliy ir visty kauly iSgautas HA buvo patalpintas }
planetinj rutulinj malting su dubeniu (i§ volframo karbido) ir rutuliukais, kad po
terminio apdorojimo biity sudarytos smulkios dalelés. Tiekimo santykis buvo 30 g
milteliy ir 300 g rutuliuky (masés santykis 1:10), greitis nustatytas ties
250 aps./min., o malimo laikas nustatytas 2 val. su pauzés ir atbulinés eigos rezimais
(4 veiksmas) pagal procediira, aprasyta literatiiroje [46], [47]. HA gamybos eigos
vaizdai pateikti 4.2 pav.

4.2 pav. HA gamybos i$ karviy, kiauliy ir visty kauly eigos vaizdai (1-4 zingsniai)

Remiantis XRD modeliais (4.3 pav.), pastebéta, kad HA méginiy kristalizacija
buvo beveik panasSi. XRD modelis rodomas kampais tarp 20° < 26 < 50°.
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4.3 pav. HA XRD modeliai, gauti i§ (a) karves, (b) kiaulés ir (¢) vistos kauly

Lnp lyginant su In(1/cos@) parodyta 4.4 pav. diagramose kartu su tiesiniy
maziausiyjy kvadraty lyg€iy metodu, gautu i§ tiesinés duomeny regresijos
diagramose. Kristaly dydziui pagal Monshi-Scherrerio lygt] nustatyti naudojama
4.20 lygtis. Dirbant su X'Pert programine jranga, geriau kurti ir naudoti smailiy
duomeny .asc failg (su priesaga .asc) ir gauti smailiy sarasa, iskaitant FWHM, kuris
yra susijes su tinkamumo profilio piktograma (deSiniuoju pelés mygtuku
spustelékite smaile ir pasirinkite tinkamumo profil] X'Pert programinéje jrangoje),

kad buty sukurtas visiSkas tinkamumas ieSkant f (FWHM).
Ki - )
22 o lint t)
- o intercep (4.20).
Tiesinés HA lygtys, gautos 1§ karves, kiaulés ir viStos, uZregistruotos
atitinkamai y = 2,7055x — 6,0921, y =1,5815x — 6,0826, ir y =2,7184x — 6,0285, o
aSinés atkarpos vertés kartu buvo —6,0921 karviy, —6,0826 kiauliy, ir —6,0285 visty.

Nepaisant to, adinés atkarpos buvo apskaiCiuotos atitinkamai e%2V=0,00227,
Ki Ki

e608260=0,00228, ir e%9%89=0,00240. Todel T=0,00227, I - 0,00228 ir

Ki

0= 0,00240 atitinkamai karvéms, kiauléms ir viStoms. Atlikus skai¢iavimus, buvo

gautos atitinkamai 60, 60 ir 57 nm kristaly dydZiy reikSmés karvéms, kiauléms ir
viStoms.
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4.4 pav. Modifikuotos Scherrerio lygties linijinés diagramos ir skirtingos aSinés
atkarpos HA, gautos (a) karvés, (b) kiaulés ir (¢) viStos kaulams

4.3.2. Tamprumo modulio, susijusio su plok§tumy atominiu tankiu kristaliniy
gardeliy elementariajame narvelyje matavimas (moksliné publikacija nr. 2, Q1,
15 citata)

Sis skyrius yra pagrjstas straipsniu, paskelbtu Journal of Materials, 2020, 13,
1-17 [30]. Siuo atveju buvo atliktas kristalitiniy medZiagy rentgeno spinduliuotés
difrakcijos derinimas su kiekvienos difrakcijos plokStumos plotiniu tankiu. Galima
tiksliai nustatyti kiekvienos kietos kristalitinés medziagos Youngo modulio verte.
Junginiui x (milteliai / kristalinis bandinys) pasirinktas scheminis XRD modelis
(4.5 pav.). Manoma, kad $ie kristalitai yra atsitiktinai orientuoti vienas j kita. Be to,
jei milteliai dedami ;} monochrominés rentgeno spinduliuotés kelig, difrakcija atsiras
nuo plokStumy tuose kristalituose, kurie yra orientuoti tinkamu kampu, kad biity
1vykdyta Braggo salyga. Norint labai tiksliai sekti ijgyjama Youngo modulio verte,
reikalingos tampriojo standumo konstantos vertés (Cjj) ir tamprumo koeficiento
vertes (Sj).
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4.5 pav. x junginio rentgeno spinduliy difrakcija

Youngo modulio verte, iSskirta i§ kiekvienos junginio x plokStumos, palyginti
su plotiniu tankiu, pateikta 4.6 pav.

] O junginiox
a . — linija
q 1y= ax +:'t_,. '--,_____h__
o “Youngo modulis
2 |
S
T | (hok,l,)
o
£ | o)
o
g _ {hS(k)ﬂlf!:l
g ] /
(hk,1,) (hgkel) (h,k,1,)
] (o) (o} (¢}
I T L] 1 1

I pal\;gintiltankilu
4.6 pav. Youngo modulis, i$skirtas i§ junginio x plokstumy, palyginti su plotiniu
tankiu

Taikant §] metoda, Youngo modulio vienetas priklauso nuo tampriojo standumo
konstantos vieneto ir tamprumo koeficiento verciy, o ¢ia jis yra GPa. Be to, plotinio
tankio reik§mé visada yra mazesné uz 1. Be to, plotinio tankio reikSmés priklauso
nuo plokStumy padéties. Pavyzdziui, Sioje kreivéje (4.6 pav.) junginiui x
PDih,,k,,L,]P PD':.hakala:P PD'}lsk515::'> PDih:k:l:}> PD[}]-_[{-_[-_}' Be to, gali biiti, kad dvi
ar daugiau plokStumy turi panasias plotinio tankio vertes.

Kai taikomas $is metodas, skaiiuojant neatsizvelgiama j tuscias plokStumas
viename elementariajame narvelyje. Taciau jei elementariojo narvelio viduje
esancioje plokStumoje néra atomo, jie atsiras, kai plokStuma bus iSplésta | gretimus

narvelius; atsiras atomai, elementarusis narvelis bus konvertuotas j supernarvelj, o
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plotinj tankj galima apskaiiuoti remiantis dviem arba daugiau gretimy
elementariyjy narveliy arba supernarveliy.

4.3.3. RySys tarp Youngo modulio ir elementariojo narvelio plotinio tankio,
supernarveliy (2x2x2), perovskito simetrijos narveliy (CaTiO3) gardelés
(moksliné publikacija nr. 3, Q1, 5 citata)

Sis skyrius pagrjstas straipsniu, paskelbtu Journal of Materials, 2021, 14, 1-15

[42]. Kalcio titanatas (CaTiOs) buvo susintetintas solvoterminiu metodu kaip dar
vienas kubinés gardelés pavyzdys. CaTiOs XRD modelis pateiktas 4.7 pav.
Bidingos CaTiOs smailés atitinka [60] nuorodoje pateikta ataskaitg. CaTiOs

kristalin¢ struktiira yra kubin¢, Ti atominés padétys yra ties (000), Ca ties (,l, ,l‘ ,,) ir
O ties (— 0,0, (0 ,0), (0,0, ) Remiantis rentgeno miltelinés difrakcijos

rezultatais, gardelés parametras yra 3,79 + 0,02 A, o tai gerai atitinka [61] nuorodoje
JraSyta verte.

{110}
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4.7 pav. CaTiOs (milteliy bandinio) rentgeno difrakcija

Norint jvertinti narvelius kaip rezultatus, pateikiami i§samis CaTiOs gardelés
elementariojo narvelio, supernarveliy (2x2x2) ir supernarveliy (8x8x8) difrakcijos
plokStumy tankio skaifiavimai. Pavyzdziui, (211) supernarveliy (4x4x4) ir (211)
supernarveliy (8x8x8) plotinio tankio reikSmiy geometrija ir skai¢iavimai
pavaizduoti 4.8 pav.

74



(a) (211), super cell {4xax4)
2888 ®ca

4a

Atomy skaicius plok§tumoje (211) x Kiekvieno atomo plotas plok§tumoje (211)=
12:‘:8 +4x -:- +5)xm ( rria—Jz) + ((8 X -; +4)xm I: rpz- ]2)]+I(3 X T (rCa+ ]z)l =

[(ex 22 +2x

[(8 x m(0.60)2) + (8 x 7 (1.40)?) + (8 x w (1)?)] =83.44

) Vi . Atomy skaifiusplokStumoje (211) = Kiekvieno atomo plotas plokStumoje (211) 83.44
Plok§tuminis tankis = E— =——=10.25
plotas plokStumoje

Atomy skaicius plok§tumoje (211) x Kiekvieno atomo plotas plokstumoje (211)=

[(2x 22224 2% 2228 4 12 % 24 25) xn (rpyee )) + (16 % 2+ 24) x 7 (rgz-)?) [ (32 % (reay )7)] =

[(32 x m (0.60)) + (32 x 7 (1.40)2) + (32 x 7 (1)2)] = 333.76

o i E 2 Atomy skaifiusplokstumoje (211) x Kiekvieno atomo plotas plokStumoje (211) 333.76 o
PlokStuminis tankis = — =——=0.25
plotas plokEtumoje

4.8 pav. PlokStumy geometrija ir plotinio tankio skai¢iavimai:
(a) (211) supernarvelis (4x4x4) ir (b) (211) supernarvelis (8x8x8)

Remiantis 4.9 pav. ir iSmatuotu grei¢iu pagal 4.1 lentele, buvo
standumo konstanty reikSmés. C;; atitinka iSilginj iSkraipymg ir

gautos
18ilginj
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suspaudimg / jtempima, todel C;; galima apibudinti kaip kietumg. Be to, skersinis
iSkraipymas yra prijungtas prie Cy>, o C;» gaunamas 1§ skersinio plétimosi, susieto
su Puasono koeficientu. Cys yra pagristas Slyties moduliu, taip pat C.s yra nusédimo
bisenos su C;; ir C;5 %

(a) 4.43 {b) 10.02
) D
T °
£ '1—44 2 15.77]
= =
5 M1 it
2 o
[ @
3 4 5 & 71 8 8 10 1 12 13 14 18
Laikas, pis Laikas, pis
4.9 pav. [rasyti signalai, gauti per (a) iSilgines bangas ir (b) skersines CaTiO3; méginio
bangas
4.1 lentelé. Bandinio iSilginio ir skersinio grei¢io reikSmes
ISilginis greitis Skersinis Beveik iSilginis arba beveik skersinis
(m/s) greitis (m/s)
(m/s)
V1/1 = 9261,85 V2/3 = 4960,5 V12/12 = 4976,63

Vz/zz 8013,51 V1/2= 4283,65

Po pakeitimo ir skai¢iavimo Cij, Ciz ir Css buvo uZregistruoti atitinkamai
330,89; 93,03 ir 94,91 GPa. Sios CaTiO; vertés gerai sutapo su vertémis,
pateiktomis [63], [64] nuorodose. Pagal rezultatus t, ir t} reikSmeés apskaiciuojamos
atitinkamai 5,75 ir 3,01 ps. Be to, uzregistruotas bandinio tankis 3857,30 kg/m?, o
bandinio ilgis po milteliy presavimo sieké¢ 11,21 mm. Po skai¢iavimo Youngo
CaTiO; modulio verté buvo 153,87 GPa. Si verté atitinka verte, kuria nustaté
Ramajo ir kt. [65]. Rezultatai ir tiesioji sutapimo linija, elementariyjy narveliy,
supernarveliy (2x2x2) ir simetrijos narveliy Youngo modulio vertés buvo
apskaiciuotos atitinkamai 162,62 + 0,4 GPa, 151,71 + 0,4 GPa ir 152,21 £ 0,4 GPa.
Kaip ir tikétasi, CaTiOs simetrijos narveliy Youngo modulio verté
(152,21 += 0,4 GPa) gerai sutampa su eksperimentine Youngo modulio verte, gauta
taikant ultragarso aido metodg (153,87 £0,2 GPa). Be to, Youngo modulio
elementariojo narvelio verte (162,62 + 0,4 GPa) labiau skiriasi nuo eksperimentines
Youngo modulio vertés, todél CaTiOs elementarusis narvelis negali buti
pavaizduotas kaip visi narveliai. Taip yra dé¢l to, kad CaTiOs kristalito
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elementariajame narvelyje neatsizvelgiama j kristalito defektus, ypa¢ kontroliuojama
deformacija, o atomy poslinkis plokStumose yra susij¢s su dislokacijos tinklais [66].

4.3.4. Rentgeno spinduliy difrakcijos analizé ir Williamsono-Hallo metodas
USDM modelyje, skirtas tikslesnéms hidroksiapatito elementariyjuy narveliy ir
supernarveliy (2 x 2 x 2) jtempio deformacijos vertéms jvertinti, patvirtinta
ultragarsiniu impulso aido testu (moksliné publikacija nr. 4, Q1, 4 citata)

Sis skyrius yra pagristas straipsniu, paskelbtu Journal of Materials, 2021, 14,
1-16 [8]. Sintetinty HA milteliy XRD modelis parodytas 4.10 pav. Be to,
XRD modelis parodé keleta difrakcijos smailiy diapazone nuo 20° iki 70°, kuriuos
galima apibudinti kaip SeSiakampj HA. XRD modelis buvo jvertintas remiantis
X'pert programiniu paketu ir modelis atitiko standartines HA XRD smailes (ICDD
9-432). Panasiis steb&jimai buvo pateikti [70], [71]nuorodose.

—— HA (karvés)

-

w

(=]
L

Intensyvumas, skaiciuoti

o

4.10 pav. HA, susintetinto 950 °C temperatiiroje, rentgeno spinduliy difrakcijos
modelis

Pagal rentgeno spinduliy difrakcijag buvo apskaiciuotos kiekvienos difrakcijos
plok§tumos plotinio tankio vertés HA elementariuosiuose narveliuose ir
supernarveliuose (2x2x2), o kaip pavyzdys — elementariyjy narveliy (020) ir
supernarveliy grupés geometrija ir skaiCiavimai, pavaizduoti 4.11 pav. Norint
apskaiCiuoti plotinio tankio reikSmes, kartu buvo parinktos difrakcijos plokStumos
nuo zemojo kampo iki aukStojo kampo. Verta paminéti, kad visy supernarveliy
gardeliy matrica buvo laikoma 2x2x2. Plotinis tankis apskai¢iuojamas pagal atomy
centrg, plokStumoje esanciy atomy plotg padalijus 1§ bendro tos plok§tumos ploto
[72].

a) (020), Unit Cell
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[number of atoms in plane(020)xarea of each atom in the plane(020)] _ 15171
area of the plane (020) 65.142

Planar density = =0.233

@

Atomy skaitiusplokStumoje (020) = Kiekvienc atomo plotas plokEtumaje (020) 119,1299

plotas plokstumaje = 260,568 = 0.457

Plok&tuminis tankis =

4.11 pav. Dalyvaujanciy atomy grupé¢ ir padétis: (a) (020) elementarusis narvelis ir
(b) (020) Sesiakampis HA supernarvelis

Norint parodyti miusy siilomo Youngo modulio nustatymo metodo
jgyvendinamumg ir tikslumg, kiekvienos plokStumos Youngo modulio vertés,
palyginti su elementariojo narvelio ir supernarveliy plotiniu tankiu (2x2x2),
pateiktos 4.12 pav.
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4.12 pav. Kickvienos plokstumos (a) elementariojo narvelio (b) supernarveliy
(2x2x2) HA Youngo modulis, iSgautas XRD modeliais ir pagal plotinj tankj

Pagal neapibréZties matavimg, matavimai buvo pakartoti penkis kartus ir
matuojant ultragarsu gauta Youngo modulio verté 113,08 + 0,14 GPa. Si verté gerai
sutampa su pateiktomis misy tyrimo vertémis. Siame tyrime tiek elementariyjy
narveliy, tiek supernarveliy (2x2x2) skirtumas tarp teoriniy ir eksperimentiniy
ver¢iy buvo identiSkas. Toks elementariyjy narveliy ir supernarveliy (2x2x2)
skirtumas yra atitinkamai 10,47 GPa ir 10,57 GPa. Tai reiskia, kad teorinis
skai¢iavimas yra teisingas ir j] sumaZinus apie ~10 GPa galima gauti
eksperimentines vertes.

4.3.5. Naujas budas in vitro paruosti bioaktyvius karkasus, sudarytus i§ Ag
legiruoto hidroksiapatito ir poliviniltrimetoksisilano (moksliné publikacija
nr. 5, Q1, 2 citata)

Sis skyrius yra pagrjstas straipsniu, paskelbtu Journal of Polymers, 2021, 13, 1—
19 [77]. Cia pirma karta paruoséme karkasa i§ Ag legiruoto HA+PVTMS. Siame
tyrime buvo atliktas mechanocheminis procesas, skirtas Ag legiruoto HA sintezei.
Atsizvelgiant | plauky raiS¢io ir suspensijos diferencinés skenuojamosios
kalorimetrijos (DSC) kreive, galutiné sukepinimo temperatira parinkta 350 °C ir
pagamintas akytas karkasas. Buvo atidengtos porétos vietos, kurios gali biiti
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tinkamos padidinti biologinio suderinamumo santykiui. Spektroskopiniais ir
mikroskopiniais metodais buvo visiskai i8tirti legiravimo mechanizmas, struktiirine
raida, morfologinés savybés, mechaninés savybés ir bioaktyvumo analizé.

Siame tyrime kaip priedas buvo naudojamas 99 % grynumo sidabro nitratas
(AgNO;). Ca®* jony  pakeitimo  Ag"  kiekis  atitinka  formule
Cay p—xAgx(POs)s(OH)s—x x Siuo atveju X=2 ir  yra pavaizduotas kaip OH-
laisvos vietos x molis, susidargs jmaiSius Ag X molj | HA gardele. Be to,
(Ca+ Ag)/P santykis buvo nustatytas 1,67, o katijony pakeitimo laipsnis buvo
pakeistas. 1) HA ir AgNO3; milteliai buvo sumalti naudojant didelés energijos
planetinj rutulini maling, taikant mechaninj cheminj procesa 4 val.
Mechanocheminiame procese buvo naudojami kieto chromo plieno korpusai ir
rutuliukai, kuriy skersmuo 20 mm. Sis procesas buvo atliktas esant aplinkos
atmosferai ir 500 aps./min. greiciui, kai rutuliuky ir milteliy santykis buvo 15:1. Be
to, siekiant iSvengti daleliy aglomeracijos, masina buvo kas 45 minutes sustabdoma.
2) Pasibaigus mechaniniam cheminiam procesui, buvo atliktas kalcinavimas 900 °C
temperattroje 10 °C per minut¢ grei¢iu degazavimui (90 min.). 3) Atsizvelgiant | tai,
kad HA yra labai jautrus temperatiirai, transformacijai ir skilimui, buvo svarstomas
kibirkstinio plazmos sukepinimo (SPS) procesas. Siame procese milteliai buvo
dedami j grafito forma (skersmuo =20 mm), o slégio ir temperatiiros vertés buvo
atitinkamai nustatytos 50 MPa ir 600 °C 10 minuciy. Ag legiruoto HA kompozito
gaminimo eiga parodyta 4.13 pav. 4) Buvo paruostas suspensijos komponentas,
susidedantis 1§ Ag legiruoto HA (93 masés %)/PVTMS (5 masés %)/H>O (1 mases
%)/CH3COOH (1 masés %). 5) Be to, kaip naujas budas gauti atvirg poringa
struktiira, buvo pasirinktas plauky raistis (komercinis). 6) Jis 5 dienas buvo laikomas
panardintas ] suspensija kambario temperatiiroje. Pagal 4.13 pav., plauky gumyte
buvo nukirpta ir praardyta, panardinta j suspensija, véliau suvyniota. 7) Tada
produktas buvo dedamas j 350 °C temperatiiros krosnj 1 valandai pagal DSC kreive,
vinilo grupes ir degancio plauky rais€io temperatiirg. Galiausiai buvo pagamintas
poretas karkasas, sudarytas 1§ Ag legiruoto HA+PVTMS. Biitina paminéti, kad HA
yra laikoma bioaktyvigja matrica dél kalcio fosfato grupiy buvimo. Be to, Ag yra
geriausias metalas antibakterinei aplinkai. Dar svarbu, kad acto riigstis (CH;:COOH)
atliko svarby vaidmenj kaip daleliy, ypa¢ Ag, dispergentas, neleidZiantis susidaryti
koloidinéms daleléms ir paruosti mazas daleles. PVTMS atliko svarby vaidmenj
kaip dZitivimg kontroliuojantis cheminis priedas (DCCA), apsaugantis nuo jtrikkimy
ir karkaso susitraukimo.
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Plauky gumyté Nukirpta plaukygumyte  Praardytaplauky gumyté

Suspensija Susukta plauky gumyté Akytas karkasas
4.13 pav. Ag legiruoto HA+PVTMS karkaso gaminimo eiga

Ag legiruoto HA+PVTMS karkaso itempiy—deformacijy—suspaudimo kreive
parodyta 4.14 pav. ISmatuota didZiausia gniuzdymo stiprio verté yra 15,71 MPa, kai
deformacija yra ~0,77. Pagal Huko désnj, parenkant dviejy tamprumo srities tasky
skirtumy reikSmes, tamprumo koeficientas apskai¢iuojamas ~3,86 MPa, tad $i verté
yra mazesné uz naturalia HA standarting vert¢ ir susijusi su porétu karkasu, o
konkreciai akytumas yra didesnis dél démesio bioaktyvumui Siame tyrime [7], [84].
Didziausio gniuzdymo stiprio verté¢ nebuvo prognozuojama naudojant plauky raistj
kaip forma. Si vert¢ yra svarbi, nes: 1) karkasas gaminamas naudojant tokius
komponentus kaip Ag legiruotas HA (93 masés %) / PVTMS (5 masés %) / H,O
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(1 masés %) / CH;COOH (1 masés %), nenaudojant metaly didele koncentracija. 2)
Siuo atveju biologinio aktyvumo charakteristikos ir didelio poringumo sukiirimas
buvo tikslas, o atsizvelgiant | pradinj ingredienty biologinj aktyvumg, naudojant
didelés koncentracijos metalus, tokius kaip Mg, Zn, Pt, galima pagerinti gniuzdymo

stiprio ir mechaninio stiprumo savybiy vertes.
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4.14 pav. Ag legiruoto HA+PVTMS karkaso jtempiy—deformacijy—suspaudimo kreivé

4.3.6. Kalcinavimo temperatiiros poveikis vario jodidu (5 mol%) legiruoto
hidroksiapatito fotofizinéms ir mechaninéms savybéms (moksliné publikacija
nr. 6, Q2, 2 citata)

Sis skyrius yra pagrjstas straipsniu, paskelbtu Optical Materials Journal, 2021,
121, 1-12 [93]. Siame tyrime paruo$ti kompozitai, sudaryti i§ Cul (5 mol%)/HA,
buvo labai jautriis kalcinavimo temperatiirai (nuo 25 °C iki 900 °C). Pagrindinis
misy darbo tikslas buvo apibiidinti Cul (5 mol% koncentracija) legiruota HA ir
pagerinti savybes, ypa¢ mechanines. Be to, nanokompozitas buvo paruoStas
pritaikytu metodu ir kalcinuotas skirtingose temperatiirose. Sio tyrimo pranasumas
buvo lengvai kontroliuojamas Cul (5 mol%)/HA nanokompozito paruoSimo biidas.
Rezultatai patvirtino, kad Cul/HA susidarymas esant skirtingoms kalcinavimo
temperatiroms ir kontroliuojamas daleliy nanodydis gali biiti pritaikytas
mechaninéms kartoms. Mechaninéms savybéms istirti buvo naudojamas suspaudimo
bandymas kambario temperatiiroje. Santykinis Zio¢iy greitis ir apkrovos elementy
reik§més atitinkamai buvo 0,1 mm/min ir 50 KN. Kompozity ir milteliy suspaudimo
sistemos jtempiy ir deformacijy kreive parodyta 4.15 pav., o mechaniniu bandymu
gautos vertés ir tamprumo koeficientas (tampriojo pavirSiaus nuolydis) pateikiami
4.2 lenteléje. Tamprumo koeficiento funkcija apskai¢iuojama pagal 4.21 lygti.

E=2 [31] 4.21).
Pagal 4.21 lygti, Ac ir Ae buvo dviejy tampriosios srities taSky skirtumo reikSmeés.
Be to, norint apskaiCiuoti kietumo vertes, buvo pritaikyta 300 g niutony jéga, o
kietumas buvo matuojamas penkiuose taSkuose; rezultatai pateikti 4.2 lenteléje.
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Vidutiné mikrokietumo reikSmé buvo nuo 39,10 iki 41,02 HV. Suspaudimo
bandymo rezultatas parode, kad 900 °C deginimo temperatiira pagerino mechaninj
bandyma. Esant zemai kalcinavimo temperatiirai, suspaudimo bandymo ir tamprumo
vertés sumaz¢jo, o tai susij¢ su junginiy kristaly dydziu, nes kristaly dydis didéjo
did¢jant intermetalinei fazei tarp Cu ir I, atitinkamai. Be to, visy junginiy tamprumo
koeficiento verte buvo apskaiCiuota nuo 3,11 iki 4,68 GPa, ir §is diapazonas labiau
skiriasi nuo natiiralaus HA [94].

a)

— 25'C
e YOO
— 50°C
= TOO"C
—0'C
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ltempis, MPa
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- - T .
e 08 19 15 0 15 0 18
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4.15 pav. a) méginiy gniuzdymo jtempiy—deformacijy kreivés ir b) milteliy presavimas

4.2 lentelé. o, ir ¢ reikSmes, i8skirtos pagal junginiy gniuzdymo jtempiy—

deformacijy kreive
Kietumas E Ty ¢ dalis &y,
Junginys (HV) (GPa) | (MPa) (%)
25°C 39,54 4,68 4,35 1,29
300 °C 39,21 3,89 5,83 2,59
500 °C 41,02 3,11 6,29 1,76
700 °C 39,10 4,09 6,89 2,22
900 °C 40,81 3,95 7,32 1,63

ISVADOS

1. Pristatyta nauja kristality dydzio skai¢iavimo metodika. Pasirinktas HA, gautas i$
karviy, kiauliy ir viSty kauly. Atliktas skirtingy Siy kauly nanokristalito dydzio
skai¢iavimo metody ir modeliy palyginimas kartu su BET ir TEM tyrimais. HA
kristaly dydis gyviiny kauluose svarbus tiek baziniams, tiek taikomiesiems
mokslams, pvz., metaly, biostiklo, polimery ir kompozity legiravimui, ypaé
implanty gamybai. Buvo nustatyta, kad:

1.1. Modifikuota Scherrerio lygtis turi privalumg, nes sumazina paklaidas ir suteikia
tikslesng visy arba kai kuriy skirtingy smailiy kristality dydZzio vertg.
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1.2. Nustatyta, kad karviy, kiauliy ir vi§ty HA kristality dydZziai yra atitinkamai 60,
60 ir 57 nm.

1.3. Modifikuotas Scherrerio metodas rekomenduojamas moksliniams tyrimams ir
pramonei d¢l jo taikymo paprastumo, valdymo tasko, maziausiy kvadraty metodo
taikymo siekiant didesnio tikslumo ir duomeny nustatymo su eksperimentiniais BET
rezultatais.

2. Sékmingai pristatytas naujas kristaliniy medZziagy Youngo modulio tikslios vertés
matavimo metodas ir nustatyta, kad:

2.1. Plok$tumos Youngo modulis apskaiiuojamas pagal visy atomy /jony ploto
plokStumoje plotin;j tankj, padalyta i§ plokStumos ploto.

2.2. Kiekvienos plokStumos (y aSies) Youngo modulis nubraizytas atsizvelgiant j tos
plokStumos (x aSies) plotinj tankj, taikant maziausiyjy kvadraty metoda, kad biity
gautas medZiagy Youngo modulis aSinéje atkarpoje.

2.3. NaCl (komercinis) buvo pasirinktas kaip pavyzdys, norint jdiegti naujg Youngo
modulio matavimo metoda, todél apskai¢iuota Youngo modulio verté gerai sutapo
su ultragarso metodu gauta verte.

2.4. W-H metodas USDM modelyje gali buti taitkomas maziausiyjy kvadraty
metodo paklaidoms sumazinti ir gauti teisingam Youngo moduliui, kuris yra daug
tikslesnis uz viduting reikSme.

2.5. Apribojimas tas, kad XRD duomenys taikomi apskaiciuojant vienoda atomy
pasiskirstyma kristalingje gardeléje su elementariuoju narveliu, todél toks metodas
negali biiti tatkomas amorfinéms medZiagoms.

3. Sitilomas naujas metodas, skirtas tirti patikimg Youngo modulio dydj, pagrista
XRD, naudojant monokristalinj arba polikristalini CaTiOsz kaip kubinés gardelés
pavyzdj. Siame tyrime reikia pazyméti, kad skaliy aptarimas neapima isplésty
narveliy, ir buvo nustatyta, kad:

3.1. Apskaiciuota, jog plotinio tankio ir maziausiyjy kvadraty metodu ekstrahuoto
CaTiOs Youngo modulio vertés yra atitinkamai 162,62+ 0,4, 151,71 +£0,4 ir
152,21 £ 0,4 GPa elementariesiems narveliams, supernarveliams (2x2x2) ir
simetrijos narveliams.

3.2. CaTiOs simetrijos narveliy Youngo modulio verté gerai sutampa su Youngo
moduliu, nustatytu ultragarso aido metodu ir pagal literatiirg.

3.3. CaTiOs elementarusis narvelis neatspindi atomy pasiskirstymo plokStumose.
Norint gauti tikraja plotinio tankio verte ir rasti atomy pasiskirstymo plokStumose
simetrijg, sililoma naudoti iSpléstinius narvelius ir simetrijos narvelius.

3.4. Plotinio tankio vercCiy nustatymas pagal elementaryji narvelj arba kiekvieng
supernarvelj, iSskyrus (8x8x8), yra jvertinimas.

3.5. Tikroji Youngo CaTiOs; modulio verté turéty biiti iSskirta simetrijos narveliais
arba supernarveliais (8x8%8).
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4. Istirtas W—H metodas USDM modelyje, skirtas tikslesnéms HA elementariyjy
narveliy ir supernarveliy (2x2x2) itempiy deformacijy reikSmeéms jvertinti. Buvo
nustatyta, kad:

4.1. Remiantis Siuo tyrimu, tamprumo moduliy nuolydis prie§ plotin; tankj
supernarveliuose (2x2x2) buvo neigiamas. Priezastis susijusi su netobulumais, o tai
reiskia, kad, didéjant atomy tankiui plokStumose, dislokacijos judéjimui reikalingos
mazesnes jegos.

4.2. D¢l to plokStuma be atomo yra realesné mazesniame elementariojo narvelio
plote nei didesniame supernarveliy plote (2x2%2), o tai reiSkia, kad elementariojo
narvelio asiné atkarpa yra arciau tikrosios Youngo modulio reik§més HA gardeléje.
4.3. Be to, palyginus HA Youngo modulio teorinius ir eksperimentinius duomenis,
paaiskéjo, kad yra nedidelis skirtumas tarp elementariyjy narveliy ir supernarveliy
(2x2x2) ver€iy, t.y. atitinkamai 10,47 GPa ir 10,57 GPa; tai reiskia, kad teorinis
skaiCiavimas galioja ir eksperimentine verte galima gauti sumazinus jg mazdaug
10 GPa.

4.4. Youngo modulio vertés HA elementariuosiuose narveliuose ir supernarveliuose
(2x2x%2) buvo gautos atitinkamai 108, 15 ir 121, 17 GPa.

5. Mechanocheminis procesas buvo atliktas siekiant susintetinti Ag legiruotag HA.
Atsizvelgiant | plauky raiscio ir suspensijos DSC kreive, galutiné sukepinimo
temperatlira nustatyta 350 "C ir paruoStas porétas karkasas. Poringumas buvo
atvertas, o tai gali buti tinkama padidinti biologinio suderinamumo santykj.
Spektroskopiniais ir mikroskopiniais metodais buvo tiriamas legiravimo
mechanizmas, struktiiriné raida, morfologinés savybés, mechaninés savybés ir
bioaktyvumo analizé. Nustatyta, kad:

5.1. Buvo pritaikytas naujas biidas pagaminti akytam karkasui naudojant plauky
gumyte. Be to, istirtas Ag ir PVTMS apkrovos poveikis HA morfologijai, faziy
kompozicijoms ir struktlrinéms savybéms.

5.2. Vidutiné¢ akytumo reikSmeé gauta esant >200 um, todel Sios akyty sluoksniy
vertés buvo tinkamos kraujo lgsteléms, ir buvo padidintas bioaktyvumo koeficientas.
5.3. PVTMS neleido karkasui jtriikti ir susitraukti, o PVTMS struktiros laisvieji
radikalai suteiké karkasui lankstumo, sujungdami C—C ir siloksang (Si—O-Si), o
PVTMS neleido sugniuzti per anglies grandines terminio apdorojimo metu.

5.4. DidZiausia gniuZzdymo stiprio verte sieke 15,71 MPa, o §i verté yra reikSminga
pagal Ag kiekj ir didelio metaly kiekio nebuvima.

6. Paruosti kompozitai, susidedantys i§ Cul (5 mol%)/HA, buvo labai jautris
deginimo temperatiirai (nuo 25 °C iki 900 °C). Pagrindinis musy darbo tikslas buvo
apibudinti Cul (5 mol%) legiruota HA ir pagerinti savybes, ypa¢ mechanines.
Nustatyta, kad:
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6.1. Buvo pavaizduotos bandiniy jtempiy ir deformacijy kreiveés, o didziausia oy
vert¢ buvo 7,32 MPa. Be to, remiantis démiy interferometrijos analize iSskirtais
vaizdais, bandiniy pavirSiuje nepastebéta reikSmingy netobulumy.

6.2. Galiausiai, dauguma savybiy sustipr¢jo did¢jant deginimo temperatiirai, o
optimalus deginimo temperatiiros taskas pasiektas 700 “C; be to, Cul legiruotas HA
buvo stabilizuotas, kai méginiuose nebuvo beveik jokiy priemaiSy faziy.
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