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Abstract

In this work, a biocompatible layer of calcium phosphite was prepared on
stainless steel substrates and tested for use as medical implants with layers compatible
with in human body. These coatings have shorten the healing period for bone building
on the materials used. The flame coating system was built and designed. Also, the
properties of the deposited films were controlled by several variables (the ratio
between the components, the distance between the flame source and the bases), the
examination of the deposited films using several techniques. X-ray diffraction (XRD),
infrared spectroscopy (FTIR), field emission scanning electron microscopy (FE-SEM)
, X-ray energy dispersive spectrometry (EDX), then testing the deposited layers by
Immersing them in a solution simulating the human body to monitor the growth of the
Hydroxyapatite (HA) layers on the deposited films to study the antibacterial activity
of the prepared layers.

In this research, layers of calcium phosphite with different ratios (1.4, 1.5, 1.65,
1.8, 1.9) and different distances from the flame nozzle (2,3,4,5,6 cm) were prepared
using the flame coating process on the substrate at a distance of 3 cm from flame
nozzle. XRD showed many peaks that match the crystal structure of calcium
phosphate. Additional peaks for the stainless steel substrate appeared in all samples.
There are small differences in the positions of the peaks due to lattice strain due to the
variation in crystal size. It is also clear that the intensity of the peaks increased at the
ratio 1.65 and the best at the distance of 3 cm. On the other hand, the width of the
peaks for the same sample decreases indicating higher crystallization level and crystal
size growth.

Infrared spectroscopic examinations(FTIR) showed that the samples contained
carbonate ions with bands showing at 1412.42, 1082.69 and 805.81 cm™ for the

organic compounds of the which gas butane used in the deposition process. In
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addition, the hydroxide bands appeared in 3400, 1640.69, 6450.17 cm-1, which are
identical to the water molecules adsorbed on the surface of the samples. It was
demonstrated that the carbonate bands are of higher density compared to the
phosphate bands indicating a high percentage of carbonates in all samples. Phosphate
peaks were the most visible in the prepared sample with a ratio of 1.65 and a distance
of 3 cm compared to the other samples.

Electron microscopy (FE-SEM) examination showed that the distinct and clear
sample at the ratio of 1.65 and a distance of 3 c¢cm, which has high porosity and
contains distinct nanostructures.

The elements were analyzed using an energy-dispersive X-ray spectrometer
(EDX) and the appearance of the basic elements for the synthesis of calcium
phosphate. The samples were immersed in the body fluid simulating the human body
to examine the biocompatibility, where the tests showed that the calcium phosphate
ratio of 1.65 is the appropriate and biocompatible ratio in the human body. Tests
showed antibacterial activity using diffusion disc technology. On the surface of the
culture medium, was noticed the spread of Escherichia coli bacteria on the entire
medium except for some areas around some samples.

The used method can be considered as a promising method to be used in coating
medical implants in a simple way instead of the complicated traditional methods that

require high technologies.
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Chapter One Introduction and Basic Concepts

1.1 Introduction

Thin films play an important role in all fields of science and technology.
Thin films do not change the properties of the material. The optical, electrical
and thermal properties of the surface and the substrate can be completely
changed [1].

Thin films have been used in many devices and applications such as solar
cells, detectors, and many other devices. Where there is a wide demand for
processing and developing biomaterials, modification of the selected biological
and mechanical surface properties of biomaterials tends to be less time
consuming. Thin coatings are a common technology. In surface engineering
and modification, thin films deposition methods can be divided into chemical
and physical. The chemical methods include sol-gel chemical reactions in the
gas phase, while the physical methods include evaporation and spraying [2].

Thin material should be non-toxic to the tissues and cells of the body.
Biomaterials films can be applied in medical applications, such as in bones,
where thin films can be coated with biological materials for dental implants,
orthopedics, and materials that mimic the human body, in addition to methods
for modifying the skeletal surface structure of teeth [3].

Coatings are used in many medical and biological applications and
contribute to a protective function or lead to a clear change in performance and
function, especially when the substrate does not provide all the required
properties [4].

The field of application of thin films in biomedicine is extensively applied
because the surface of the material gives properties such as anti-bacterial,

improving adhesion, and the strength of the immune reaction of the organism

[5].
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1.2 Thin films deposition methods

Physics has many branches, including solid state physics of several types,
where we study thin films dealing with thicknesses from micrometers to
nanometers. Thin films are deposited on solid materials such as silicon,
polymers, and glass [6].

Thin films preparation methods are classified into two categories:
physical methods and chemical methods, and they have proven their
importance in effective techniques for thin film deposition, where a wide
variety of techniques are designed as shown in Figure (1-1).

Thin films play a role in studying semiconductor compounds and
materials in detail, providing fascinating information about their chemical,

physical and synthetic properties [7]. It has many applications, including:

e Electronic applications
These applications are used in electronics and give high efficiency such

as capacitors, digital circuits, etc. [8].

e Optical applications
These applications are used in the field of printers, filters and imaging,
as well as in lenses and lenses of some wavelengths for use in solar cells or

photovoltaic cells and reagents in general [9].
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Physical Methods @hemical Methods
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Figure 1.1: Thin films deposition methods [10]
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1.3 Biomaterials

Biomaterials history Year Development Late 18 th — 19 th are man-made
materials that are compatible with body tissues and classified into ceramics,
polymers and composite materials, as well as they can be classified into natural
or synthetic, and it is considered the most used technology in implants [11].
Biomaterials have been used to replace a part or function in the body in a safe
and acceptable manner [12].

They are used in treatment and diseases and include common items such
as sutures, needles, catheters, plates, dental fillings, etc. [13, 14]. Which can
be used at any time period, as a whole or as part of a regimen that treats,
strengthens or replaces any tissue, organ or function in the body [15].

The role of biomaterials has been greatly influenced by advances in many
areas of biotechnology and the implant is an inaccessible area of the body's
immune cells. It is also the first successful implantation process that uses
biomaterials in dental implants and prosthetics. Biomaterials are used to
manufacture drug-delivery implants. It is also used in the manufacture of
pharmaceutical forms such as tablets and capsules [16]. It is used to develop
implants in the body that interact with living tissues, and it is important in
reducing the risks to which the patient is exposed and depends on several
factors such as the chemical and physical nature of its components, the types of
patient’s tissues that are exposed to the device and the duration of that
exposure. It is used as a supportive element to improve and prolong the
patient’s life, taking into account some factors, in-body contact (a tongue
depressor can be used for a few seconds),optical properties (used in the eyes,
skin, or teeth), appropriate mechanical properties (strength, stiffness, and

fatigue properties)[17].
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Biocompatibility is the ability of a substance to perform with an
appropriate host response in a particular application, and it plays an important
role because the patient is alive, so it must be biocompatible, a word widely
used in biomaterials when incorporating any substance into the body without

any immune responses called Biocompatible [18].

BIOMATERIALS

Classification of Biomaterials

Drug delivgry Skin / cartilage
device

Ocular implants
Orthopedic P
screws/ fixation Bone

replacements

Synthetic
Biomaterials

Dental
implants Dental
implants
Semiconductor

Implantable
P Materials

microelectrodes

Biosense

Figure 1.2: Classification of Biomaterials [19]
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1.3.1 Classification of Biomaterials

Various classifications of biological materials are made on a wide scale,
including:
e Metal
Metals are used almost exclusively in implants and in the knee and hip
joints, as well as parts of metals are used in artificial heart valves. The uses of
metal are wide, contributing to improving the properties of materials such as
strength and resistance to corrosion, and steel is considered one of the most
important metals used as a vital material. Viability, corrosion resistance, and
mechanical properties. The advantages of using metals are that they are strong
and resistant to fatigue and can be easily sterilized before use. As for the
disadvantages of using metals, the metal can be corroded due to a chemical
reaction with the body’s enzymes and acids, and it can also cause toxicity of
metal ions in the body [20].
e Polymers
They are the most widely used materials in medical and biological
applications, and they are the preferred materials for blood vessels, as well as
to replace and increase tissues. One of the advantages of using polymers is that
they can be easily manufactured and modified, and their drawbacks are that

important nutrients and water can be absorbed from the blood [21].

e Ceramic

Ceramics are used as components for hip and middle ear implants, as well
as dental implants. One of the advantages of using ceramics is that it is strong
and has high pressure that helps implant bone, and one of its disadvantages is
that it is difficult to manufacture, and the implants can decompose from their
place [22].
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¢ Inert biological materials

The term “bio-inert” is applied to any material that is placed in the human
body and does not chemically interact with tissues. Inert implants may be
formed whose function depends on their integration in the implant, and

examples of stainless steel [23].

e Biomaterials biologically active

Any substance that interacts with tissues inside the body is called “biologically
active.” When implants interact with tissues, body fluids produce a layer called
apatite, which is biologically active. The main examples of these substances

are hydroxyapatite [24].
e Compound biomaterials

It is important that every component of the composite is biocompatible as
natural materials such as bone are viewed as composites some applications of
composites in biomaterials applications are: (1) dental filling compounds, (2)

bone cements (3) orthopedic implants with porous surfaces [25].

1.3.2 Properties of Biomaterials

The basic properties that a biomaterial must possess [26, 27]:

e Mechanical properties

Stress protection can be prevented by matching the modulus of elasticity
from biomaterials to those in bone, which range from 4 to 30 GPA.
Additionally, the materials should have a low modulus coupled with high
strength to prolong implant service life and prevent laxity, thus preventing the

need for revision surgery [26].
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e Biocompatibility
The materials developed must be compatible with living systems, not the
cause harm any physical harm, which includes all the negative effects that a

substance can have on its components Biological system [26].

e High wear resistance
The material must have high wear resistance and exhibit low friction
when sliding on body tissues. An increase or decrease in the coefficient of

friction in abrasion resistance can lead to loosening of the implant [27].

e Bone fusion:

For the first time, Osseo integration was defined as “the relationship
between an arranged living bone and the bearing surface of the implant”.
Surface roughness, chemistry, and topography play a major role in bony
fusion. Implant disassembly results from a lack of integration of the implant
surface into the adjacent bone. A few researchers state that Osseo integration is
not desirable due to the risk of not being able to remove the implant after use.
However, a few of them have also shown that the implant can be removed
safely. Thus, Osseo integration is desirable the material is especially a vital
material in some applications such as implants, where this must be ensured the

implant will integrate properly with bone and other tissues [27].

e Non-toxic
The material must not be genotoxic (which can alter the DNA of the

genome) nor cytotoxic (cause damage to individual cell) [26].
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1.4 Dental applications of biomaterials

Dental materials have always been essential, effective components of
dental work but most restorations need to be replaced in time, Dental treatment
often involves the placement of restorative materials or prepared dental
implants. The introduction of an adhesive should improve results. The binding
of vital materials to tissues and organs is very important in hardware
application to support normal organ function. Teeth and gum tissues are
exposed to damage and diseases due to the bacteria that controls them. Teeth
or part of the teeth can be replaced and restored by a group of materials called

biomaterials [28].

(8)

Figure 1.3: Dental applications of biomaterials (A) the endosteal root form dental
implant and (B) biomaterial tooth gums. [28]

Dental implants can be inserted into the sites of the healed bone 3 months
after [29].

Dental implants are used to replace missing teeth, and the dental implant
process is considered successful because the implant simply works in the

mouth. Success depends on the condition of the tissues surrounding the
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implant and the teeth in addition to the comfort and satisfaction of patients
[30].

1.5 Fundamentals of Medical Implant Materials

1.5.1 Implant Properties

Implants can be classified into important features [31]:

1- The human body must be compatible with the materials used, while there
must be a tissue reaction due to the introduction of a foreign substance, which
leads to chemical and physical changes, but does not affect the equipment.
2-The implant must have a required balance of mechanical and physical
properties such as stress, flexibility, ductility, resistance to abrasion, etc.

3- The device must be easy, repeatable, and compatible with all biological

requirements and techniques.

1.5.2 Implant Failure

From the time the implant was inserted into the body there are four

different types of tissue [32]:

1. The substance is toxic, and tissues will die around it
2. The material is non-toxic, biologically inactive, fibrous tissue is formed
3.The material is non-toxic and active, and the tissue bonds with it

4. The material is non-toxic and melts, and the surrounding tissue replaces it

The planting material, its architecture and the environmental conditions around
it play a very important role. There are reasons that lead to implant rejection,
for example, improper healing (slow tissue growth), or wearing or breaking
implants may lead to the formation of some unsuitable effects, or the

deterioration of materials due to interaction between enzymes [33].

10
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1.5.3 Bone healing/repair around implants

The process of bone repair begins when the implant is inserted into the
operations that take place on the implant, where fracture healing is regulated
by factors that affect cells and the response is according to fracture healing
[34] and that the calcium phosphate coatings are the only ones that have the
properties of conducting bone, and the biological activity of the surface can be
checked by a solution that simulates the human body after the incubation
period, where Hydroxyapatite ( HA) is formed and after this period we notice

that the coatings have a high degree of biological activity [35].

1.6 Metallic Implants (Stainless steel)

Among the first bio-metallic materials used in the manufacture of
orthopedic implants was stainless steel, which appeared on the market in the
1920s and was considered superior to other available alloys due to its high
resistance to corrosion. The most commonly used type of stainless steel is
316L stainless steel. Stainless steels have been used successfully for decades
[36].

Stainless steel is considered a viable implant due to its availability and ease
of handling [37], however, due to its limited strength, implants have been
limited to certain parts, and dental crowns, and bridges and internal dental
implants, stronger and more wear-resistant than the rapid development of
medical devices. He added to the idea of medical devices and one of these
metals is stainless steel 316L [38]. Type 316L stainless steel is an engineering
material that is widely used nowadays because of its many corrosion features,
high hardness, strength and cost in the market and poor anti-friction properties

It has attracted much attention in the past decades and its hardness is up to 6.2

11
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GPa and 316L samples have been tested and verified with regard to its
structural and microstructural properties [39].

316L stainless steel (SS) has been used for a long time as bio-mineral
materials as well as for orthopedic implants to make artificial joints, metal
plates, screws, biocompatibility, excellent mechanical properties and
reasonable cost [40]. One of the main materials that are used as implants,
stainless steel is affected by many factors that affect the surface of the implant
[41, 42].

Where the metal is dissolved in a soluble solution where we notice how
the corrosion behavior is affected and there it must be taken into account the
bio-implantable materials, the integrity of the implant and the adhesion of the
implant to the bone and that the substrate is the main requirement in Osseo

integration [43].

Metals are used in biomedicine. The choice of metal depends on its
biocompatibility with body tissues, and the most widely used is stainless steel
316, although it is limited to the healing of bones, fractures and screws for
fixation, and its manufacture is much easier than titanium, stainless steel is an
iron-based alloy that contains carbon (C max 0.03%), chromium (chromium at
least 16%) and nickel (nickel at least 10%) [44].

1.6.1 Bio Applications (Stainless steel)

Due to its high corrosive resistance and hardness with good mechanical
properties and reasonable cost, the use of stainless steel (SS) 316 as medical
implants [45, 46] these applications include orthopedic devices, orthodontic
screws, and fracture repair. Corrosion in vital applications is an important part
of what causes inflammatory reactions, and all of these factors affect the life of
the implant and any failure leads to severe pain and postoperative operations

12
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[47]. The study showed that the thin film formed by SS is more stable in

biological applications and has an improved ability to adhere to cells [48].

1.6.2 Orthopedic Implants (Stainless steel)

Implants are used to stabilize fractures and joints, correct deformities, and
many other applications. They provide mechanical stability to the bone through
which bone function can be maintained and contribute to relieving pain. The

implants have a relationship with bone healing [49].

Bone implants must provide biocompatibility with bone tissue and aim to
restore bone function. Bone implants consist of bone implants that include
various artificial joints (hip, knee, shoulder, and elbow) and orthopedic
synthetic materials (wires, screws, screws, plates). Where different
biomaterials were designed for bone implants, bone implants have undergone
continuous development to improve their interactions with bone and ensure a

successful problem for patients [50].

Stainless steel is the first metal to be used successfully as biomedical

implants due to its excellent corrosion resistance [51, 52].

Metal materials are widely used as medical devices in cardiology, blood
vessels, dentistry, and prosthetics. They are suitable for fixing bones and at the

same time are easy to manufacture and formable [53] [54].

13
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Figure 1.4: Stainless Steel Dental Crown [55]

1.7 Hydroxyapatite

The applications of daily biomaterials and metallic devices are being
expanded, and they have been developed at the highest levels in orthopedic

implants and replacements because they possess high strength [56].

Biocompatible coatings are applied to minerals. Hydroxyapatite is a
biologically active, biocompatible coating that is very similar to bone and is

able to form a strong bond between the implant and the bone [57, 58].

The introduction of hydroxyapatite is an important milestone in implant
stabilization and the longevity of the implant in the human body, and its vital
activity has been proven in many studies and allows a quick transfer between
the two components, and early mobilization for the patient, which leads to a
faster performance and is widely used in medical applications [59]. Plasma

spray is the most common method for hydroxyapatite coatings.

1.7.1 Hydroxyapatite Cas(Po,), in simulated body fluid

Hydroxyapatite is one of the main components of calcium phosphate

because of its strong activity and biocompatibility. It enhances the adhesion
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between the bone and the implant by forming an appetite layer. It is also used

for implants [60].

The fluid simulating the human body is prepared by adding reagents in
distilled water until a concentration ion is added to it, ensuring the total
solubility of the reagent. The biomaterial is examined by several assays x-rays
(XRD), infrared spectroscopy (FTIR), and scanning electron microscopy
(SEM) [61].

Where samples are immersed in a solution that mimics the human body
for a period ranging from 30 days to 56 days at room temperature precipitation
of calcium phosphate in such biological solutions provides a way to create
calcium phosphate coatings in 1987 The use of simulated body fluid SBF was
tested in biological activity and the benefit of the mimic solution to the human
body is its ability On the bonding of apatite with bone and when apatite is
formed in the living body, where it multiplies in a liquid simulating a human
with ionic concentrations equivalent to those found in human blood and that
the biologically active substance is the one on which bone-like hydroxyapatite

Is formed after immersion in a liquid mimicking the body [62].

Where the coatings are produced by immersing the implant in an aqueous
solution that produces apatite at a low temperature, it produces thin coatings
that cover the entire implant, but at high temperature a strong bonding coating
is formed [63].

1.7.2 Hydroxyapatite Powder

The basic material for each thermal spraying process is
hydroxyapatite, where quantities of calcium and phosphate are mixed to

produce hydroxyapatite. The ratio of calcium to phosphate is about 1.66 or
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1.67. The quality of the coating depends on the form of plasma spray powders.
The particles shaw a higher degree than the formed inside the plasma flame

due to its larger surface area to the ratio its size [64].

1.8 Factors affecting coating loss

There are several factors that lead to the loss of calcium phosphate
coating, including mechanical, factory-related factors, biological factors, or
paint-related factors such as paint type and biological activity, where these

factors interact with each other and lead to coating loss [65].

1.8.1 Implant-Related Factors

The design of the synthetic component may affect coating loss due to
micro-motion or other factors such as corrosion accelerating coating loss and
body corrosion. Additionally, fluid flow and pressure along the unstable

implant all lead to coating loss [66].

The length of the implant affects the implant, there is a short and there is
a long. The researcher [67] noticed that the short implant with a length of less
than 10 mm caused implant failure, and the success rate was low (85.3%) when
placing the implant in a place with a limited area or narrow (non-size). These
factors affect the performance of the implant and lead to the failure of the
connection between the bone and the implant. Also, the width of the implant

affects early implantation failure. Implants that are narrower by 4 mm [68].

Implant failure can be divided into early or late failures, depending on
when they occur. Early implant failure results from the inability to establish an
intimate connection from the bone to the implant. This means that bone healing

after implant insertion is poor or compromised which is characterized by poor
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quality and quantity of bone. Thus, these factors may explain the higher failure
rate [69].

The failure or malfunction of the medical implant is considered an
Important matter and is attributed to complex factors as in Figure (1-5).

Bacteria can settle on the surface of medical implants during the implantation
process, or later [70, 71] putting the performance and longevity of implants at
risk. Furthermore, due to tissue damage surrounding the implant during the
implantation procedure, immune responses in interphase to implant tissues are
dysregulated, making the implant semi-implanted and an area more susceptible
to infection. These factors make the treatment of antibiotic-associated

infections very complex.
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Figure 1.5: Medical implant failure risk factors [72]
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1.8.2 Significance of Hydroxyapatite (HA) coating loss

The HA coating is retained on the surface of the substrate. Duchene noted
that the coating function cannot be maintained for the life of the patient. He
suggested that it should be absorbed to regrow bone and also to stabilize the
implant. Bone growth on the implant surface is a balance between the release
of calcium and phosphate ions and bone formation. The loss resulting from
removing the coating may be on the surface of the implant. Widespread is a

serious coating quality problem and may result in implant loosening [73].

1.9 Thermal Spraying

Thermal spray uses high temperature and speed to melt the powder and is
divided into two categories: chemical energy, the combustion gases that
operate the flame spray, and electric currents [74]. Various different techniques
are currently available for deposition of calcium phosphate (CaP), in particular
hydroxyapatite (HA) coating, to metallic materials, including plasma spraying ,

magnetron spraying (RF), sol-gel method, flame spraying...etc. [75]:

1.9.1 Radio Frequency- Magnetron Sputter (RF - Magnetron sputter)

The RF-Magnetron spray allows controlling the properties of CaP films
within a fairly wide range and forming a dense and uniform coating for devices
with complex formations with high adhesion and uniformity in thickness and
composition. It is a rather complex method, especially for the deposition of
multicomponent materials such as calcium phosphate. There are many process
parameters that can have a direct effect on the properties of the coating. For
example, the coating composition can be affected by spray parameters such as
gas pressure, substrate bias, and deposition temperature. During the RF-

Magnetron spray, the dense plasma interacts strongly with the substrate [76],
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which causes intense ion bombardment of the coating. During RF discharge,
positive ions are accelerated and bombardment of the substrate with high
energies, the properties of RF-Magnetron sputter film are strongly affected by
bombardment of the film with types of discontinuous target and from plasma.
The latter is determined by deposition parameters such as working gas pressure
and composition, target substrate distance, and substrate bias voltage. Different
energy and temperature conditions may result in a different final quality and
structure of the applied coating. Control of these parameters is essential to
modify the structural properties, composition and mechanical properties of the

HA coating.

1.9.2 Plasma spraying

Among the listed methods, plasma spraying is the only commercially
approved method for depositing HA layers on metallic implants. The method is
based on the formation of an intense layer of particles deposited on a metal
substrate. The particles that originate from the powder material are conveyed
by a gaseous stream and pass through an electric plasma generated by a low-
voltage and high-current electrical discharge. During this process, hot particles
crystallize and agglomerate during film formation. Coating features are
determined by the chemical and mechanical properties of the powder material
used, the distance between the source and the substrate, the electric arc current,
the deposition rate and the composition of the working gas. Plasma spraying
allows the production of coatings up to 300 pum in thickness. This technique
has some important limitations: poor uniformity in coating thickness and
substrate adhesion, low crystallinity, poor mechanical properties on tensile
strength, wear resistance, hardness, and fatigue [77]. While the main drawback
of this method is that a higher temperature (6000-10000°C) is used during
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plasma spraying, the crystal structure of HA powder can easily be destabilized
and decomposed into a mixture of HA, CaO, tri-calcium phosphate, tetra-
calcium phosphate and a large amount of non-phase Crystallization occurs
[78]. Structural heterogeneity can lead to differences in coating resorption and

reduced substrate interfacial strength of the coating [79, 80].

1.9.3 Sol-gel deposition

Sol-gel deposition is a common method for producing Calcium phosphate
(Cap) coating [81] this method is based on the preparation (a colloidal
solution) with its subsequent transfer to a gel and treatment of the metal
surface with the resulting colloid. This method makes it possible to produce a
dense CaP coating with a thickness of 0.5-30 um. Sol-gel deposition is a
relatively inexpensive technique compared to the others. This method has the
potential to intricately cover the implant using a simple setup [82]. Moreover,
the main advantages of the sol gel method are good mechanical properties,
abrasion resistance, and adhesion strength due to its nanostructure [83, 84].
However, sol gel deposition has drawbacks such as high permeability, low
wear resistance, and difficult porosity control, which hampers its commercial
application [85].

Table 1.1 the advantages and disadvantages of the most applied methods for HA
coating deposition. [86]

Technique Advantages Disadvantages

RF-magnetron sputtering dense, pore-free coating; ability to | low deposition rate; expensive
coat heat-sensitive substrates; High
purity films able to control coating
structure and Ca/P ratio; Good
adhesion (30 MPa)

Plasma spraying High deposition rate Low cost The | poor adhesion, poor
coating usually has a delicate surface | mechanical properties, wear
and porosity resistance,  hardness, high
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temperatures lead to structural
heterogeneity; Rapid cooling
results in cracks in  the paint

Sol-gel coating Inexpensive, high purity; fairly good | high  temperatures; High
adhesion (40 MPa); It can cover | permeability, low wear
complex substrates. resistance; Difficulty

controlling porosity

1.9.4 Flame spray pyrolysis (FSP)

Flame spray pyrolysis is an economical and versatile process as in metals
and alloys [87]. Flame spray pyrolysis is described as the process of cracking
and delivering droplets to a high-temperature reactor where the solvent

evaporates and the remaining solute reacts with the surrounding gases [88].

The flame-spray pyrolysis process is strong, and different flame
formations are used to manufacture nanoparticles, such as pre-mixing and
diffusion. The formation of flame spreads and the fuel and mixing are the

combustible gases before they enter the flame area [89].

In spray pyrolysis, it leads to the decomposition of particles at a high
temperature and produces a useful powder, as well as converting the material
into drops and entering it in a hot place. The heat source causes the solute to
evaporate in the drops, and the solute precipitates and decomposes, which
results in excellent and homogeneous particles and is easy to use in

applications [90].

Spray pyrolysis is a multi-use technology that has been applied to the
synthesis of many oxides and metals due to its simplicity and ease. When using
a flame in FSP, the material is exposed to a high temperature of more than
1000 ° C. The hot combustion products are used as a source of heat at which

the product is produced [91].
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The FSP method also provides great flexibility in terms of selection of
precursors and flow controls, which in turn determine the amount of material
produced. The particle formation can be described as a series of complexes
whose particle size ranges from a few to several hundreds of nanometers,
depending on the operating conditions. A typical FSP process consists of a
central nozzle injecting a solution of a substance (usually containing the metal
or metals of choice such as silicon, titanium, iron, etc.) and a solvent (for
example, ethanol, acetonitrile, or xylene, etc.). The nozzle is surrounded by a
fast-flowing dispersion gas (pure air or oxygen) this enhances the atomization
of the liquid solution and provides the oxidizer needed for the combustion of
the liquid mixture. Next to the dispersion gas, air or oxygen is introduced,
helping to stabilize the spray flame. An external flame source, usually
oxyhydrogen or ox hydrocarbon, is used, which is required to support the
combustion. The droplets from the atomization near the nozzle are vaporized
and ignited by the supporting guide flame resulting in a spray flame. Higher
temperatures inside this flame lead to the formation of nanoparticles [92]. A
variety of products can be manufactured with FSP, such as zinc oxide, titanium

oxide, and zirconium oxide [93].

Several diagnostics in FSP, such as X-ray, transmission electron
microscopy (TEM), moving particle size scanning (SMPS), particle mass
spectrometry (PMS), can be used to characterize the associated particle
diameter and distribution Other techniques are used to characterize spray

droplets and flame spray .

1.9.4.1 Types of Flame spray pyrolysis (FSP)

Flame pyrolysis has been classified into three different types:
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1- Flame-assisted pyrolysis (FAP): Metal particles are used that volatilize and
are fed in the flame. The metal particles are converted into particles in the gas
phase. This method has drawbacks. The products are limited in this method

because they need volatile particles [94].

2- Flame-Spray Pyrolysis (FSP): It uses non-combustible mineral particles
(aqueous solutions of mineral salts) and flames consisting of hydrocarbons
[95].

3- liquid Flame-spray pyrolysis (LF-SP): The process uses metal oxide in the
form of metal chlorides and is characterized by short time and homogeneous

nano-sized particles [96].

1.10 Structural properties:

Structural characteristics are important for the study structure of thin films

and are done using X-ray diffraction.

1.10.1 X-Ray Diffraction (XRD)

X-ray diffraction technique is a powerful tool for material
characterization. This technique is applied not only for structure determination
of solids but also to some other problems, such as chemical analysis, stress
measurement, study of phase equilibrium, determination of particle size,
determination of orientation of crystal. We know that the physical properties of
solids (e.g. electrical, optical, magnetic etc) depend on atomic arrangements of
materials, so the determination of the crystal structure is an indispensable part
of the characterization of materials. Indispensable part of the characterization
of materials. X-rays are used to establish the atomic arrangement or structure

of the materials because the interplanar spacing (dn«) of the diffracting planes

23



Chapter One Introduction and Basic Concepts

Is of the order of X-ray wavelength. For a crystal with a given d-spacing and
for a given wavelength A, the various orders n of reflection occur only at the

precise values of angle 6, which satisfy the Bragg equation [97]:
naA = Zdhkl sin@ (11)

As shown in Figure (1.6), where d is the spacing between the planes, 9 is
the angle that the X-ray beam makes with respect to the plane, A is the
wavelength of the X rays, and n = 1,2,3, . . . is an integer that usually has the
value n = 1. The distance d between parallel crystallographic planes with
indices (hkl) for a simple cubic lattice of lattice constant as the particularly

simple form [98]:

a

d =m .................. (12)

To estimate the average crystallite size of nanoparticles from the measured
width of their diffraction curves (XRD pattern), we used the Scherer formula
[98]:

D=KAIBcosO ... ...... ... ... ... ... oo oo (1L3)

In this equation, shape factor (K) =0.9, A represents the wavelength of the X-

ray radiation, [ is the full width at half maximum of the diffraction

Peak (in radians) and 0 is Bragg diffraction angle of the diffraction peak.
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Figure 1.6: Determination of lattice spacing using Bragg’s law [99]

1.10.2 Field Emission Scanning Electron Microscopy (FESEM)

Field Emission scanning electron microscopy (FESEM) is a powerful
morphological technique, which allows observing the surface, topography and
relief of a material from images using electrons. The working of a scanning
electron microscope is based on the use of electrons rather than light to form
an image of objects. The shorter wavelength of electrons permits image
magnifications higher than conventional light microscopy. The detector
equipment is very sensitive being able to reveal details up to 1-5 mm in size
and thus must operate within an ultra-high vacuum for accurate measurement
as Figure (1-7) [100].
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1.7: Block diagram of Field Emission Scanning Electron Microscope [100].

1.10.3 Fourier Transformed Infrared Spectroscopy (FTIR)

The FTIR spectroscopy is a powerful modern technique in which
spectrum is first produced as an interferogram which is processed and
computed in real time through a dedicated computer to provide high resolution
information. Infrared spectroscopic studies are carried out. Infrared
spectroscopy provides information about the concentration of the impurities,
and their bonding with the host material. In FTIR, the infrared radiation is split
into two beams, out of which one is kept static and the other moving. These are
combined to give a modulated beam which is passed through the sample. It is
then digitized and Fourier transformed by the computer to give the infrared
spectrum.

FTIR spectroscopy has the following applications:
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a) Useful spectral information can be obtained from a sample of a
microgram or less. Utilizing special techniques, as little as 50
pictograms may be analyzed.

b) A spectrum can be obtained in much shorter time than is possible with a
dispersive spectrometer.

¢) The spectrum can be obtained at very high resolution, which has certain
advantages in studying small molecules in vapor phase.

d) Give information about chemical bonds [101.102].

1.11 Methods of Evaluation of Antimicrobial Activity

Nowadays, various methods for assessing the antigenic activity are
discussed, and their results are presented differently. The method and method
of its dissemination and method of dissemination is the method of distribution,

which was developed in 1940. The procedures are as follows:

1. Prepare agar plates incubated with a standard inoculum of
microorganisms for testing.

2. Sterile discs (about 6 mm in diameter) are placed on the surface of the
agar.

3. Place the cultured agar plates in an incubator under conditions suitable
for the tested bacteria.

4. The sensitivity of the tested organisms is determined by measuring the
diameter of the damping area around the disc or well. This method is
considered advantageous for its simplicity and low cost and is

commonly used for its antibacterial activity [103].
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The antibacterial and antifungal activity of the particles is being studied
against Gram-negative bacteria (K.pneumoniae, P. Aeruginosa) and (E. coli),
and Gram-positive bacteria (S. aureus). And against a type of fungi (Candida

albicans) by measuring the diameter of the inhibition zones for each sample.
1.11.1 Fungi

Fungi are any member of the kingdom of organisms that lack
chlorophyll, true leaves, stems, and roots, reproduce by spores, and live as

fungi or parasites. The group includes mold, mildew, and rust [104].

1.11.1.1 Candida Albicans

It is an incomplete yeast form classified within the kingdom of fungi most
species of Candida are usually found in the environment, approximately a
dozen or so are associated with colonization and infection of humans. Candida
species are common in the oral cavity, intestinal tract, and vagina, and
newborns are colonized soon after birth. While this species is harmless in most
individuals, under certain conditions it can multiply opportunistically and
cause a variety of diseases. These diseases range from superficial infections of
the mucous membrane to life-threatening systemic infections that can spread
through the bloodstream to all parts of the body. However, other Candida
infections are largely attributable to host-related defects. Such as HIV infection
[105]. Albicans is able to form a well-organized 3D biofilm containing yeast,
hyphae, pseudo saccharides, and exopolysaccharides that prevent entry of

antifungals and protect the organism from host immunity [106].

1.11.2 Bacteria

The term bacteria was coined by German scientist Ferdinand Kuhn in the

19th century, and is based on the Greek word "bacterium". They are unicellular
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microorganisms devoid of chlorophyll, and reproduce by simple mitosis, often
assembling in round, stick-like, spiral or nodule unicellular or acellular bodies
[107].

They can be divided into two main categories based on differences in the
structural composition of their cell wall. They are Gram-positive bacteria and
Gram-negative bacteria. The names arose from the staining technique
developed by Hans Christian Gram in which the two types of cell wall can be
differentiated. Gram-positive bacteria have a thick cell wall and contain up to
forty layers of peptidoglycan that color dark purple when exposed to the
primary dye, crystal violet, while Gram-negative bacteria have only a few
layers of peptidoglycan, which are pink because they retain the pigment an
antihistamine called safranin in general, Gram-negative bacteria are more
pathogenic than Gram-positive bacteria. This is due to several factors,
including that the Gram-negative bacteria have an extra outer layer coated with
hydrophilic lipopolysaccharides, which prevents many lipophilic antibiotics
from entering the cell. In addition, many antagonists disrupt the mechanisms
that form cross-links in the cell wall. Silver has been distinguished over
traditional antibiotics in the fight against gram-negative bacteria such as
Escherichia coli, as the hydrophilic nature of silver ions enables it to enter into
gram-negative bacteria naturally effective through the pores of the outer
membrane. However, entry into Gram-positive bacteria is also more difficult
due to the presence of a hydrophobic peptidoglycan layer and the lack of

membranous pores [108].

1.11.2.1 Klebsiella Pneumoniae (K. Pneumoniae )

It was first described in 1882, by Karl Friedlander. He described it as an
encapsulated bacillus after isolating the bacteria from the lungs of those who
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had died of pneumonia. Originally called Bacillus Friedlander, the bacterium
acquired the name Klebsiella. Klebsiella pneumonia in 1886. They are Gram-
negative, encapsulated, and non-motile bacteria. Bacteria commonly colonize
human mucosal surfaces of the oropharynx and gastrointestinal tract [109],
have recently gained notoriety as an infectious agent due to the high number of
severe infections and the increasing paucity of effective treatments. Due to the
emergence of strains of them that have acquired additional genetic traits and
become either hypertrophic or resistant to antibiotics. It also has the ability to
escape rather than suppress many components of the immune system and grow

In many sites in the host and thus survive [110].

1.11.2.2 Staphylococcus Aureus (S. aureus)

Staphylococcus aureus is a spherical (Gram-positive) bacterium with a
diameter of about 1um. The division of its cells occurs in more than one plane,
and grape-like clusters are formed. It is a dangerous human pathogen. It is a
common infection of intact skin, skin glands, and mucous membranes, is found
in about 30% of healthy humans and usually colonizes the nose and skin.
Staphylococcus aureus can cause bloodstream infections, endocarditis, skin
infections, soft tissue and joint pneumonia, and bone infections. Under certain
conditions .Staphylococcus aureus can survive on complex nutrients such as

amino acids and vitamins [111].

1.11.2.3 Escherichia coli (E. coli)

The are facultative anaerobic bacteria, first described by Theodor
Escherichia in 1885. Most strains of E. coli harmlessly colonize the gut of
humans and animals. However, there are some strains that have evolved into

pathogenic E. coli usually Gram-negative, rod-shaped (2.0-6.0) um in length
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with rounded ends. However, the actual shape of these bacteria differs from
spherical cells in that they are elongated rods or filamentous. It is also not a

sporophyte, and usually moves by the action of a peritoneal flagella [112].

1.11.2.4 Pseudomonas aeruginosa (P. Aeruginosa)

Pseudomonas aeruginosa is a Gram-negative, rod-shaped bacterium with
a length of (1.5-3) um that can be described as an aerobic organism, except that
it can live in an environment with little or no oxygen. They are often present in
water and soil, transported by flagella or attached to surfaces as a biofilm. It
can live in different physical conditions such as very high temperatures. It is
considered one of the main causes of infection among hospitalized patients,
and the reason is due to its clear tolerance to detergents, disinfectants and
antimicrobial substances, as well as among people with weak or
immunodeficiency. They usually cause bloodstream infections, urinary tract
infections, and hospital-acquired pneumonia [113]. Cystic fibrosis or COPD
[114].

1.12 Literature Survey

Many studies and research have been conducted and published, many of

these studies are related to the current work, part of which will be presented:

Oyane and Ayako (2010) [115] developed a new biomimetic process for
coating apatite on polymeric materials. In this process, the polymer surface is
modified with calcium phosphate and then the polymer is immersed in a
supersaturated calcium phosphate solution. The new biomimetic process has
advantages of safety, simplicity, and applicability to various types and shapes
of polymeric materials. By adding a biomolecule (such as a protein,

antibacterial agent, or DNA) to the solution, the biomolecule can be fixed in
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the apatite coating while retaining the intrinsic biological activity of the
biomolecule. As a result, the base polymer has biological activity, as well as
good biocompatibility due to apatite. Hence, the novel biomimetic process and
the resulting compounds have a variety of biomedical applications including

gene delivery vectors.

Chavan et al., (2010) [116] noted Hydroxyapatite (HAp) is the main
mineral component of magnetic tissue. It is widely used in bioactive, bioactive
and biocompatible biomedical applications. HAp nanoparticles are synthesized
by wet chemical dosing fabricated with XRD, FTIR, AFM and SEM for
structural and morphological formulations and group analysis. Mimic body
fluid (SBF) is prepared using chlorides, carbonates, oxides, and metal sulfates
at 37 °C. XRD concentration analysis of the hexagonal phase of
hydroxyapatite. FTIR appears Existence of groups and functions. SEM
observations reveal that the growth of a highly porous apatite layer and Surface

increases over time.

Waterman et al., (2011) [117] used calcium phosphate bio-coating on
magnesium substrates via a biomimetic coating process. The effect of
pretreatment of magnesium hydroxide on the formation and maximum
corrosion protection of coatings was studied. The corrosion resistance of the
coating was studied in the laboratory using a simulated body fluid, where it
was noted that the corrosion resistance increased in the solution due to the
additional calcium phosphate from the liquid to the substrate.

Oyane et al., (2012) [118] aimed to use layers of calcium phosphate
compound and the use of bioceramic materials, which are conductive to the

bones, and are used in medical applications in dental implants and dentistry,
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where calcium phosphate particles are biocompatible and biologically active.
Calcium phosphate was applied to the surfaces of the base materials by a
biomimetic process using solutions. Thus they provide a biocompatible surface
and these layers have been characterized in in vivo tissue regeneration and
biological transport, and these composite layers, due to their good
biocompatibility and controllability of cell behavior on their surfaces, have

great potential in tissue engineering applications.

Surmeneva et al., (2013) [119] prepared a thin biocompatible
hydroxyapatite coating on substrates such as silicon and titanium. Energy-
dispersive X-ray spectroscopy (EDX) gave Ca/P molar ratios of 1.78,
respectively. According to the XRD analysis, the nanocrystal coating had a
crystal size in the range of 10-50 nm. The coating substructure was analyzed
by high-resolution transmission electron spectroscopy (HRTEM) combined
with fast Fourier transform (FFT) analysis. The average crystal size calculated
was in good agreement with the HRTEM results. The immersion of the coated
substrates in simulated body fluid (SBF) resulted in the deposition of the

apatite layer.

Amaravathy et al., (2014) [120] used Magnesium alloys which are a new
class of biodegradable alloys that have many preferred properties to overcome
the limitations of currently used biomedical alloys. Several coatings have been
developed to overcome the high rate of decomposition. In this regard, a new
attempt has been made to develop a Hydroxyapatite Hydroxyapatite/TiO2
coating on magnesium alloys to increase biocompatibility and reduce corrosion
rate. The coated surfaces were characterized by Fourier transform infrared
spectroscopy (FT-IR), X-ray diffraction (XRD), scanning electron microscopy
(SEM) using energy dispersive X-ray spectroscopy (EDX), atomic force
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microscopy (AFM) and electron microscopy. Transmission (TEM) in vitro
studies showed that the HA-TiO2-coated alloy exhibited higher osteogenic

catalysis compared to the HA-coated alloy.

Rojaee et al., (2014) [121] used Coating of fluorinated hydroxyapatite
nanopowders with different degrees of fluorescence on microarc oxidized
magnesium alloy AZ91 via electrophoretic deposition method. Conductivity
techniques have been used to provide suitable conditions for the coating. The
bio-corrosion process and associated mineralization during immersion in a
liquid body solution have been explained. Based on the results, a 25% fluorine-
substituted hydroxyapatite coating on the microarc-treated AZ91 implant has
been suggested to aid bone growth and without postoperative complications

during its lifetime.

Dorozhkin et al., (2015) [122] used different types of materials to replace
damaged bones, including porcelain, which is a potential bone graft due to its
biomechanical properties. A little later, these synthetic biomaterials were
called bioceramics. Bio ceramics can be prepared from calcium phosphate
(CaPO4) only, which possesses definite advantages due to its chemical
similarity with bone. Current biomedical applications of CaPO4-based
bioceramics include bone augmentation processes, bone grafts, and bone
grafts. Prosthetics, maxillofacial reconstruction, spinal fusion, periodontal
disease repair, orthopedic filling after oncological surgery. CaPO4 appears to
be a promising carrier of growth factors and is biologically active.

Kattimani et al., (2016) [123] noted hydroxyapatite (HA) is an essential
component required for bone regeneration. Various forms of HA have been

used for a long time. HA is famous for bone regeneration through conduction
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or through action to fill defects from antiquity, but emerging trends of bone
inductive property of HA is very promising for new bone regeneration.
Calcium apatite nanostructured plays an important role in building tissues. Use
biocompatible materials from nanostructured bioceramic particles of
Importance in artificial bone grafts and bone cement, so that these compounds

enhance the strength of the bioceramic.

Teo et al., (2016) [124] made use of polymers as biomaterials due to their
ease of fabrication, flexibility, and biocompatible nature as well as a wide
range of mechanical, electrical, chemical and thermal behaviors when
combined with different materials as composites. Polymeric materials also
have great tensile strength and must be able to hold the device over the life

expectancy of the implant.

Shin et al., (2017) [125] developed synthetic biomaterials impregnated
with the organic and inorganic properties of natural bone Calcium phosphate
(Cap) has been mostly used to mimic the inorganic components of bone, such
as calcium hydroxyapatite, due to its intrinsic bioactivity and bone
conductivity and to enhance bone conductivity through incorporation of bone
biomolecules. In this study, note the advantages and current advances of
biomimetic surface mineralization processes using simulated body fluids for
coating bone-like carbon apatite on the surfaces of various materials such as
metals, ceramics, and polymers. The osteoinductive effects of incorporating
biomolecules such as proteins, growth factors and genes into metallic coatings

are also discussed.

Jodhani et al., (2017) [126] noted that functional metal oxides can exist

in many different forms. Use the flame spray pyrolysis (FSP) method. This is a
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fast and scalable hardening process that can be used for Nano powder

synthesis.

Solero et al., (2017) [127] flame spray pyrolysis method to produce
different particles. The device consists of gas-assisted spraying to generate
droplets and disperse in a secondary pilot flame. By dissolving suitable
materials in liquid fuels, different types of nanoparticles were produced. Such
as fabricating SiO2 and TiO2 and characterizing them by TEM and XRD
analysis, respectively, and studying the operating conditions (eg, concentration
of materials used) for the experimental device. Where we note the stability and
reproducibility of the reaction flame, and thus the materials produced and the

results obtained.

Rukosuyev et al., (2018) [128] aimed to use flame spray pyrolysis, which
is widely used in the chemical industry, which is a nanoparticle manufacturing
technique. The spray pyrolysis method uses aqueous solutions. Where process
parameters such as concentration and size of droplets and the ratio of air and
gas mixture affect the size of nanoparticles, the solution is formed of silver
nitrate (AgNO3) and it was found that silver nanoparticles were precipitated

with an average size of 25 ~ 115 nm.

Neto et al., (2018) [129] explained flame spray pyrolysis (FSP) is a well-
known process for nanoparticle production and offers several advantages when
compared to others, especially in terms of final product purity and operational
flexibility. Considering that temperature and chemical composition throughout
the reactor are essential for nanoparticle development in this work, zirconia
(ZrO2) nanoparticles were produced via FSP and the combustion of the

precursor solvent mixture was described through seven sets of different
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chemical reaction mechanisms to analyze their effect on flame temperature and
evolution particles during operation. The temperatures and diameters of the
elementary particles obtained from the simulations are within 9% and 6%
accuracy of the experimental values, respectively. Although there were
mismatched temperature profiles for the different mechanisms considered
(mainly in the lower regions of the reactor), a small variation in the diameter of
the primary particles was observed when comparing the cases.

Furko et al., (2019) [130] interested in the development of biologically
active calcium phosphate layers Coatings were deposited on titanium alloys
containing sufficient amounts of calcium nitrate and dihydrogen ammonium
phosphate at 70°C. Energy-dispersive X-ray spectroscopy (EDX) as well as
XRD and FT-IR measurements. The results revealed a CaP layer that is mainly
in the hydroxyapatite phase. The coatings were evaluated in conventional
simulated body fluid (SBF) over a period of 2 weeks. Electrochemical results
showed that the pure calcium phosphate (CaP) coated implant material and

implant have the highest corrosion resistance and biocompatibility.

Jietal., (2019) [131] noted that titanium (Ti) and its alloys are among the
best materials for bone repair and replacement. However, as Ti-based minerals
have low surface bioactivity and low bond strength with bone tissue, surface
modification of Ti-based implants is important for improving surface
bioactivity and biocompatibility. In this study, we prepared a ceramic coating
containing calcium (Ca) and phosphorous (P) on Ti characterizing the coating
by electron microscopy, energy dispersive X-ray spectroscopy, and atomic
force microscopy to study the surface morphology, calcium and phosphorous

contents, and surface terrain. A nanoscale distance test was performed to
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determine the exact modulus of elasticity and fine stiffness. Which has shown

good bioactivity, mechanical performance and has applicability.

Wang et al., (2020) [132] used strontium (Sr) and magnesium (Mg) to
promote osteoblast proliferation and accelerate bone formation. However, the
bio functional effect on Osseo integration caused by coating dental implants
with hydroxyapatite (HA) comprising these two components of this study was
to examine bone formation and Osseo integration in HA-coated titanium.
Osseo integration of implants the results showed that among the groups tested,
Outgrowths are found on new bone growth prominent bone and bone tissue
suffering In addition, the greatest contact between bone and implants was
found This study is the first of its kind to indicate flame-sprayed HA Sr- and
Mg-doped coatings on titanium surfaces act on Osteogenesis therefore, suffer

from low bone density.

Capellato et al., (2020) [133] suggested that the development of
biomaterials and their potential use in medical cultures, where titanium was
used as a suitable choice in implants and medical devices, and the recent
results were surfaces of materials that offer bio morphology that provides nan
architectures that have been shown to offer bio-functional and topographical
surface modifications with a positive effect between the response of the

material and the host.

Rezaei et al., (2020) [134] used various methods of surface modification
of orthopedic and dental implants such as deposition of biocompatible coatings
on implant medical surfaces. In this study, hydroxyapatite/hydroxyapatite-Mg
double layer coatings applied to 316 LVVM stainless steel were examined. The

applied coatings consist of a dense layer of plasma sprayed hydroxyapatite and
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a top layer of a magnesium hydroxyapatite composite coating. The coated
samples were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM) and Fourier transform infrared spectroscopy tests (FTIR).
The coated samples were evaluated by immersion of the samples in simulated
body fluid (SBF) followed by plasma spectroscopy. Microscopic studies of the
coated samples after corrosion tests showed that the magnesium component of
the upper layer was degraded in the dissolved SBF. The results of the
spectroscopy analysis showed that the double-layer coating systems prevent
the release of toxic elements in the substrate such as nickel. The results of SBF
immersion tests showed that the double-layer coating system improves the

biocompatibility and bioactivity of 316 LVM stainless steel.

Naderi et al., (2021) [135] noted that hydroxyapatite (HA) coated metal
coatings are biocompatible compounds, which have potential for various
applications for bone replacement and regeneration in the human body. In this
study, we proposed the design of flexible and biocompatible composite
implants using metal mesh as a substrate and HA coating as a bone
regeneration activator derived from the simple sol-gel method. Experiments
were performed to understand the effect of coating method (dip coating and
drop casting), Substrate materials (titanium, stainless steel) and substrate mesh
properties (mesh size, weaving pattern) on implant performance. Samples
coated with HA were characterized by an X-ray diffractometer, transmission
electron microscope, field emission scanning electron microscope, Nano
center, polarization and biocompatibility assay. A pure or two-phase HA
coating was obtained on substrates of different thicknesses. The results

indicated that first-grade HA-coated titanium had the best performance as a
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potential implant, HA-coated 316 stainless steel constituted a convenient and

low-cost alternative.

Shunmugasundaram et al., (2021) [136] used spray pyrolysis of three
materials, tin oxide, copper, aluminum and steel, was used as substrate. The
thin film was developed by spray pyrolysis with temperatures of 300°C for
aluminum and 400°C for copper and steel, at a distance of 0.4m, where the

result was that the strength increases by adding paint on the surface.

Liu et al., (2021)[137] interested in the success of medical and biological
implants in orthopedic and dental applications where titanium particles have
been used that are related to bioactivity, we first focused on surface coatings to
enhance the bone fusion and biocompatibility of implants by emphasizing the
nanoscale scale associated with calcium phosphate. Various coating strategies
such as plasma spraying, and simulation deposition were discussed bio, and
then discussed anti-adhesion and bactericidal surface construction techniques
with emphasis on multifunctional surface coating techniques that combine
potential osseointegration and antibacterial activities. The result was the
development of multifunctional surface coatings that combine osteogenesis
and antimicrobial activity. Multiscale hierarchical surface structures with better

biofunctional results were obtained.

Madero et al., (2021) [138] showed flame spray pyrolysis (FSP) is a
robust and scalable method for the synthesis of powders. However, there are
many materials that cannot be synthesized by FSP because their properties
degrade when exposed to high temperatures, a low-temperature flame
pyrolysis process (LT-FSP) has been proposed, and the method is applied to

the synthesis of lithium and manganese including Proposed LT-FSP process on
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ethanol, added to an aqueous applicator, as a fuel. Unique in ethanol including
high vapor pressure boosted by high activity coefficient in water - allows for
stable combustion and low temperature after flame. Using a circular burner, a
constant flame for the mixture was achieved, and the subsequent reactor
temperature was found to be much lower than it could be obtained by
conventional FSP. Controlled by changing the ethanol concentration, the
physical properties of the manufactured materials were determined. It was also
found that LT-FSP leads to improved material homogeneity when compared to

other spray pyrolysis method.

Dasgupta et al., (2022) [139] noted flame spray pyrolysis (FSP) is a
method for large-scale production of nanoparticles and Nano powders in a
wide range of industrial applications. A model of the FSP reactor was
developed to simulate the coupling of the main phenomena involved in the
particle synthesis process: liquid-spray dissociation and evaporation, mixing,
combustion, and formation/growth of silica nanoparticles. Particle sizes and
their distributions are validated against experimental data. Then, simulations
are used to investigate the influence of process parameters on the resulting
flame dynamics and particle growth. Showed that particle sizes are closely
related to the precursor concentration in the solvent. At higher concentrations
the diffusion is higher where the collision probability between particles is
higher, the increase in the flow rate increases the length of the flame effect and
finally it was found that the dispersion of the gas flow rate strongly affects the
shape of the spray flame.
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1.13 Aim of the work

. Preparing biocompatible layer for medical implants using flame coating

technique on metal substrates.

. Characterization of the prepared samples at different parameters, the
biocompatibility, and antibacterial activity for the prepared samples.

. This study gives a picture of the possibility of accelerating the healing process

and building the damaged bones.
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Chapter Two Experimental Work and Procedure

2.1 Introduction

This chapter describes the experimental work of this research, which includes a
brief description of preparing the Calcium phosphate Cas(P0o,), (Cap) films by the
method of flame coating technique, coating samples of stainless steel and testing the
possibility of using them in medical implants with layers compatible with human

body.

The experimental part consists of the following steps:

1- Design and construction of a simple flame coating system

2- Cutting and cleaning stainless steel substrates

2- The films are deposited by flame coating method

3- Controlling the properties of deposited films by means of several factors (such as
the distance between the flame and the base, the concentrations of the film
material, and the ratio of the components)

4- The deposited films are examined by several techniques such as XRD, FESEM,
FTIR, EDX, and Antibacterial effect

5- The deposited layers are tested by immersing the samples in a simulated body fluid
to monitor the growth of layers biological activity of (calcium phosphate) on the
deposited films.

6- Studying the antibacterial activity of the prepared layers against bacteria

Figure (2-1) shows the block diagram of the experimental work.
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Figure 2.1: Block diagram of the experimental work.

2.2 Substrate Preparation

The nature of the substrate is very important because it greatly influences the
properties of the films deposited on it. The stainless steel type 316) is cut to the length
of the piece of steel (2) cm in width and (1.5) smooth it out and it is ready. Then the
substrates are cleaned because the effectiveness of cleaning the substrates has a strong

Impact on the adhesion properties of the deposited films as shown in Figure (2.2).

Figure 2.2: Stainless steel substrates preparation
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2.3 Substrate (stainless steel) cleaning:

Substrate cleaning is critical to the success of the final applications of the material
to achieve a contamination-free surface. Stainless steel slide substrates that are

cleaned by:

1. The slides are cleaned with a soap solution to remove oily substances from the
surface and then washed with water

2. The slides were placed in a clean beaker with distilled water and then immersed
in an ultrasonic bath for 15 minutes.

3. It was repeated by replacing the distilled water with an ethanol solution to
prevent contamination such as some oxides.

4. Air blow dries the slides and keeps them for use.
2.4 Materials

Calcium nitrate (Ca (NOs3),:4H,0) of 98% purity, di-ammonium hydrogen
phosphate (NH,4),HPO,> 99% purity (Merck Co.), and Ammonium hydroxide solution
(NH4OH) from Alpha Aesar (Chemical Co. ) are used in this work.

2.4 Setup of construction system

In this research, a simple flame coating system was designed and built. The
system consists of simple and locally existence parts, containing an air-compressor
adjusted at a constant pressure of 4 bar and a nozel to spray the droplets of calcium
phosphate in a very small size, as well as a small gas tube with a igniter. The
substrates were installed using a holder in front of the flame at different distances (2,
3, 4, 5 and 6 cm) the liquid is sprayed inside a vertical tube passing only the very
small drops enter the flame, interact with it and deposited on the substrates as shown
in Figure (2.3) and Figure (2.4).
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Figure 2.3: Flame coating setup

Figure 2.4: Laboratory image of the system
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2.5 Preparation method of thin film

Stainless steel 316 substrates were cut and cleaned with water and then with
ethanol. The calcium and phosphate solutions of 0.2 M prepared separately, and
mixed at different Ca/P molar ratios (1.4, 1.5, 1.65, 1.8, and 1.9) then sprayed by
nozzle throw flame using a pressure of 4 bar by control valve. The droplets interact
with the flame and deposited on the stainless steel substrates at 3 cm from the flame
orifice. Samples were prepared at different Ca/P ratios and deposited distances from
the flame orifice (2, 3, 4, 5, and 6 cm) as shown in Table (2.1) and Table (2.2).

Table 2.1: The symbols of the samples of different Ca/P ratios

Svmbol Molar Ratio (x) Weight in 50 ml D.W (g)
YT caip | caiNOy),4H,0 | (NHg),HPO, | Ca(NOg)y:aH,0 |  (NH.),HPO,
A3 14 0.5833 0.4167 1.3773 0.5503
B3 1.5 0.6000 0.4000 1.4166 0.5282
Cc3 1.65 0.6226 0.3774 1.4701 0.4983
D3 1.8 0.6429 0.3571 1.5178 0.4716
E3 19 0.6552 0.3448 1.5469 0.4554

Table 2.2: The symbols of the samples of different distances from flame orifice

Symbol Distance from flame orifice (cm)
C2 2
C3 3
C4 4
C5 5
C6 6

Deposited distances from the flame orifice (2, 3, 4, 5, and 6 cm) we notice the best
Deposited of the film at a distance of 3 cm, and at a distance of 2 cm no film is formed

as shown in Figure (2.5).
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2cm 3cm 4 cm 5cm : 6 cm

Figure 2.5: Stainless steel samples in different distances

2.6 Characterization Measurements

The biocompatible layers prepared on a stainless steel substrate at different ratios
were characterized using different technique includes structural properties using x-ray
diffraction (XRD) , surface morphology using the Field emission-scanning electron
microscopy (FE-SEM), molecular structure wusing Fourier-transform infrared

spectroscopy (FTIR).
2.6.1 X-ray Diffraction (XRD)

The structural properties for biocompatible layers prepared on a stainless steel
prepared at different parameters were examined by XRD instrument (Shimadzu XRD
6000) with X-ray tube of Cu (K,) radiation has monochromatic wavelength of 1.5406
A, using 40 kV voltage high power supply and 30.0 mA current. The scanning angle
was varied in the range of (20 =20-80 degree) with speed 5.00 (degree /min).

2.6.2 Field Emission-Scanning Electron Microscopy (FE-SEM)

Field Emission-Scanning Electron Microscope model (MIRA3 TE-SCAN), is
used to determine the surface morphology and elemental composition of the deposited
layers by flame coating.
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2.6.3 Energy Dispersive X-Ray Spectroscopy (EDX)

Elements contents are analyzed by energy dispersive x-ray spectroscopy (EDX).
In electron microscope, electrons are used instead of light in optical microscope,
because the wave accompanying the electron is very small comparing with light wave.
The electron is accelerated and focused by electromagnetic lenses. X-rays emitted
with different energies according to the characteristics electronic transition of

elements.
2.6.4 Fourier-transform infrared spectroscopy (FTIR)

The chemical band were examined by FTIR using (Thermo Scientific Nicolet
N10 FTIR Spectrometer)

2.7 Simulated Body Fluid Examination (SBF)

Simulated body fluid (SBF) technigue was used to examine the biocompatibility
of the deposited layers. The SBF was composed from the components shown in Table
(2.3) [62]. The pH of SBF liquid is adjusted at 7.4 and 36.5°C temperature and noticed
during the immersion period of 21 days to observe the growth of the hydroxyapatite
layer on the substrates. The sample was re-examined by the XRD to determine the

change in the sample structure of the film due to the deposited HAp layer on it.

Table 2.3: SBF components [62]

Reagents g/L
NaCl 8.03
NaHCO; 0.35
KCI 0.22
K,HP4.3H,0 0.23
MgCl,.6H,0 0.31
CaCl, 0.29
Na,SO4 0.07
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2.8 Antibacterial activity

Diffusion disk antibacterial assay was used to examine the antibacterial of the
deposited layer on Stainless steel (SS) substrate. The test was done by putting the
calcium phosphate samples deposited on SS substrates at different Ca/P ratios of 5x5
mm, sample dimension over the agar surface spread with E.coli bacteria and

incubated for 24 hours at 37 °C. The inhibition zone was determine using special ruler.
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3.1 Introduction

This chapter includes the results and discussions of this thesis. It is contains the
results and analysis of experimental measurements in diagnostics of the prepared
calcium phosphate layers on stainless steel substrates at different Ca/P ratios and
different distances from the orifice of the flame sprayer. The diagnosis techniques
include x-ray diffraction (XRD), field emission scanning electron microscopy (FE-
SEM), Fourier-transform infrared spectroscopy (FTIR). Then investing the
antibacterial activity of the prepared samples against two types of pathogenic bacteria
are Gram-negative and Gram-positive bacteria. Finally, the biocompatibility of the
deposited layers was examined, using a simulating body fluid, for use as medical

implants.

3.2 Structural properties

The X-ray diffraction (XRD) patterns for the deposited layers at different Ca/P
ratios (1.4, 1.5, 1.65, 1.8, and 1.9) using flame coating for substrate at 3 cm from the
flame orifice were shown in Figure 3.1. All samples showed polycrystalline tetragonal
structure of calcium diphosphate —beta phase matched with standard card (No. 96-
100-1557)[140]. Many peaks appeared corresponding to the lattice planes (114),
(211), (124), (215), (029), (02 11), (309), (263), (11 14), and (30 12) at diffraction
angles 20= 24.2633°, 30.2369°, 33.2718°, 35.5600°, 43.1473°, 49.4099°, 53.5046°,
54.1068°, 57.0213°, and 62.5853°. Additional peaks for the stainless steel substrate
appeared in all samples. Small variations in the peaks positions due to lattice strain as
a result of variation in crystalline size or due to lattice defects [140]. The preferred
orientation was along (215) direction. It is also obvious that the peaks intensity

increased for the 1.65 Ca/P ratio and decreased for more ratio. On the other hand, the
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width of the peaks decrease for the same ratio indicate on the highest crystallinety and

growth of crystallite size.
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Figure 3.1: XRD patterns for calcium phosphate layers deposited at different Ca/P ratios.

Table 3.1 displays the diffraction angles, inter-planar distance (dq) measured by
Bragg’s law, full width at half maxima (FWHM), crystalline size (C.S) measured by
Sherrer’s formula and the consistent Miller indices. Strain (g) calculated by

relationship
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_ Bcoso
4
The largest crystallite size appeared for the 1.65 Ca/P ratio.

&

Table 3.1: XRD parameters for calcium phosphate layers deposited at different Ca/P ratios.

CalP 20 (Deg.) FWHM (Deg.) ) C.S (nm) hk P

24.2633 0.2650 3.6653 30.7 (114) 0.0011

30.2369 0.2890 2.9534 285 (211) 0.0012

33.2718 0.2890 2.6906 28.7 (124) 0.0012

35.5600 0.3131 2.5226 26.6 (215) 0.0013

4 43.1473 0.3131 2.0949 273 (029) 0.0013
' 49.4099 0.3613 1.8431 24.2 (0211) 0.0014
53.5046 0.3372 1.7113 26.4 (309) 0.0013

54.1068 0.3372 1.6936 26.5 (236) 0.0013

57.0213 0.5299 1.6138 17.1 (1114) 0.0020

62.5853 0.5299 1.4830 175 (3012) 0.0020

24.2874 0.2409 3.6617 33.7 (114) 0.0010

30.2128 0.3854 2.9557 21.4 (211) 0.0016

33.2959 0.2891 2.6887 28.7 (124) 0.0012

35.5600 0.2890 2.5226 28.9 (215) 0.0012

15 43.1232 0.2650 2.0960 32.2 (029) 0.0011
49,5303 0.3131 1.8389 27.9 (0211) 0.0012

54.1068 0.3854 1.6936 23.1 (236) 0.0015

57.0695 0.3372 1.6125 26.8 (1114) 0.0013

62.5612 0.6022 1.4835 15.4 (3012) 0.0022

24.3838 0.2890 3.6475 28.1 (114) 0.0012

30.3091 0.2890 2.9466 285 (211) 0.0012

33.3681 0.3131 2.6831 26.5 (124) 0.0013

35.6082 0.2650 2.5193 315 (215) 0.0011

e 41.0277 0.3131 2.1981 27.1 (224) 0.0013
' 43.2196 0.3131 2.0916 273 (029) 0.0013
49.6026 0.3132 1.8364 27.9 (0211) 0.0012

54.1790 0.4335 1.6915 20.6 (236) 0.0017

57.0213 0.4335 1.6138 20.9 (1114) 0.0017

62.5853 0.5299 1.4830 175 (3012) 0.0020

24.2152 0.3131 3.6725 26.0 (114) 0.0013

30.1887 0.3613 2.9580 22.8 (211) 0.0015

33.2477 0.3654 2.6925 22.9 (124) 0.0016

35.5118 0.3854 2.5259 21.6 (215) 0.0016

8 40.9314 0.2891 2.2031 29.3 (224) 0.0012
: 43.1232 0.3613 2.0960 23.6 (029) 0.0015
49.3617 0.3854 1.8447 22.7 (320) 0.0015

54.1068 0.4336 1.6936 20.6 (236) 0.0017

57.0695 0.5781 1.6125 15.6 (1114) 0.0022

62.5853 0.7467 1.4830 125 (3012) 0.0028

24.0466 0.4576 3.6979 17.8 (114) 0.0020

1.9 30.0682 0.3613 2.9696 22.8 (211) 0.0015
32.7660 0.3131 2.7310 26.4 (117) 0.0013
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35.7045 0.3813 2.5127 21.9 (215) 0.0015
42.9305 0.3853 2.1050 22.2 (029) 0.0016
49.2894 0.3854 1.8473 22.7 (320) 0.0015
53.9382 0.5058 1.6985 17.6 (236) 0.0020
56.7322 0.4577 1.6213 19.7 (1114) 0.0018
62.3444 0.5058 1.4882 18.4 (3012) 0.0019

The x-ray diffraction (XRD) patterns for the deposited layers for the selected
ratio of 1.65 Ca/P using flame coating on stainless steel substrate at different distances
from the flame orifice (2, 3, 4, 5, and 6 cm) were shown in Figure 3.2. Also the
samples showed polycrystalline tetragonal structure. Nearly the same peaks observed
with small shifts in the peaks positions due to lattice strain. The highest crystallinety
appeared for the sample at 3 cm distance and decreased for more distances. on the
other hand, the peaks corresponding to the substrates increased indicate on reducing
the films thicknesses with increasing distance more than 3 cm. The preferred

orientation converted from (215) direction at 2 cm to (124) direction with increasing

the distance.
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Figure 3.2: XRD patterns for calcium phosphate layers of 1.65 Ca/P ratio deposited at
different distances from flame orifice.

Table 3.2 illustrates the XRD parameters for the calcium phosphate layers

deposited at different distances. In general the crystallite size reduced with increasing

the distance.
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Table 3.2: XRD parameters for calcium phosphate layers deposited at different distances.

D(cm) | 20 (Deg) | FWHM (Deg.) | dua Exp.(A) C.S (nm) hkl £
24.3089 0.2981 3.6586 27.3 (114) 0.0013
30.2439 0.3523 2.9528 23.4 (211) 0.0015
33.3062 0.2981 2.6879 27.8 (124) 0.0012
35.5285 0.4336 2.5247 19.2 (215) 0.0018
. 41.0298 0.3523 2.1980 24.1 (224) 0.0014
43.1707 0.3523 2.0939 24.3 (029) 0.0014
49,5664 0.3794 1.8376 23.1 (0211) 0.0015
54.2005 0.3523 1.6909 25.3 (236) 0.0014
56.9377 0.3794 1.6160 23.8 (1114) 0.0015
62.5203 0.5149 1.4844 18.0 (3012) 0.0019
24.3838 0.2890 3.6475 28.1 (114) 0.0012
30.3091 0.2890 2.9466 28.5 (211) 0.0012
33.3681 0.3131 2.6831 26.5 (124) 0.0013
35.6082 0.2650 2.5193 31.5 (215) 0.0011
. 41.0277 0.3131 2.1981 27.1 (224) 0.0013
43.2196 0.3131 2.0916 27.3 (029) 0.0013
49.6026 0.3132 1.8364 27.9 (0211) 0.0012
54.1790 0.4335 1.6915 20.6 (236) 0.0017
57.0213 0.4335 1.6138 20.9 (1114) 0.0017
62.5853 0.5299 1.4830 17.5 (3012) 0.0020
24.1734 0.2439 3.6788 33.3 (114) 0.0010
30.2168 0.3523 2.9553 23.4 (211) 0.0015
33.2520 0.2710 2.6922 30.6 (124) 0.0011
35.5014 0.4065 2.5266 20.5 (215) 0.0017
4 40.9485 0.4336 2.2022 19.6 (224) 0.0018
49.4309 0.4607 1.8423 19.0 (0211) 0.0018
54.0108 0.5420 1.6964 16.5 (236) 0.0021
56.8293 0.5420 1.6188 16.7 (1114) 0.0021
62.4661 0.6233 1.4856 14.9 (3012) 0.0023
30.1355 0.3794 2.9631 21.7 (211) 0.0016
33.2249 0.3794 2.6943 21.9 (124) 0.0016
35.5285 0.4065 2.5247 20.5 (215) 0.0017
. 40.8672 0.4065 2.2064 20.9 (224) 0.0017
49.3767 0.4878 1.8442 17.9 (320) 0.0019
54,0108 0.4336 1.6964 20.6 (236) 0.0017
56.8564 0.4065 1.6181 22.2 (1114) 0.0016
62.4390 0.5420 1.4862 17.1 (3012) 0.0020
33.1707 0.4607 2.6986 18.0 (124) 0.0019
35.5285 0.4607 2.5247 18.1 (215) 0.0019
. 40.8401 0.3794 2.2078 22.3 (224) 0.0016
54,0921 0.4065 1.6941 21.9 (236) 0.0016
56.8293 0.4336 1.6188 20.8 (1114) 0.0017
62.4119 0.5149 1.4867 18.0 (3012) 0.0019
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The experimental XRD data were further used to study the structural properties. The
lattice constants (a) and (c) for the calcium phosphate tetragonal structure were

calculated using the two peaks of directions (215), and (3012) according to the

equation
1 _ R4k 1P
d?, a2 c?
o 1 4sin?6 .
Then by substituting —— = ==t from the Bragg law can written as:
hkl

Sin20p, = A(R? + k) + CI?  where: A=\*/4a° , C=\*/4c?
Sin?(35.60)= 54 + 25C ...........1 }
Sin?(62.58)= 94 + 144C ............2

Solving the two equations for the two selected lines can measure the lattice
constants. Table 3.3 illustrates the lattice constants for calcium phosphate layers
deposited at different Ca/P ratios and different distances. The calculated lattice
constants values are nearly equal to the previous calculated ones. The lowest a and ¢
values were appeared at a 1.65 ratio, while it increased with increasing the distance to

4 cm and they reduced for more distance.

Table 3.3: Lattice constants for calcium phosphate layers deposited at different Ca/P ratios

and different distances.

Ca/P a C
1.4 6.6425 24.0578
1.5 6.6309 24.0422
1.65 6.6497 24.0911
1.8 6.6653 24.0258
1.9 6.6745 24.2458

D(cm) a C
2 6.6155 24.0229
3 6.6497 24.0911
4 6.6600 24.1339
5 6.6340 24.1344
6 6.6288 24.1489
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3.3 FTIR Spectroscopy

The study of the functional groups of the deposited layer by FTIR gives a clear
picture of the composition of the bonding molecules and the formation of the required
compounds. Calcium phosphate compounds have many bonds that strongly absorb in
the infrared spectrum. Determination depends on several variables depending on the
preparation conditions, but despite these variables, the values remain very similar for
all samples as shown in Figures 3.3 and 3.4 for samples prepared in different Ca/P
ratios.

Two bands of phosphate groups were appeared, each one divided into three peaks
at about 1082.69, 1019.29, 903.03 cm™, and another at 579.65, 539.49, 471.86 cm™,
which belongs to the calcium phosphate structure [142,143]. Phosphate ions have
multiple vibrational modes due to the multiple degrees of freedom. All these patterns
appear at the infrared spectrum of the bones tissue and synthetic calcium phosphate .
The examinations also confirmed that the samples contained carbonate ions with the
appearance of the bands at 1412.42, 1082.69, and 805.81 cm™ [145] comes from using
the flammable gas in deposition process. In addition, the OH bands appeared at 3400,
1640.69, and 645.17 cm™, corresponding to adsorbed water molecules on the samples

surface.

The carbonate bands are shown to be of high intensity compared to the phosphate
bands which indicates the high carbonate content in all samples. The phosphate peaks
are the most obvious in the prepared sample with a ratio of Ca/P = 1.65 compared to
other samples that are less clear and some of them gradually disappear by moving
away from this ratio. The energy of the bonds varies according to the ratio, as the two

central peaks of phosphate appeared with the highest values at the 1.65 ratio.
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In addition to the above-mentioned bonds for each of the Amide I, Amide Il and
Amide I11. Table 3.4 shows the bands of the infrared spectrum for the five samples at
different Ca/P ratios.

OH
o
Co,?
OH
PO,

—Ca/P=1.9

Transmission

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm!)

Figure 3.3: FTIR patterns from 400 to 4000 cm™ for calcium phosphate layers deposited at
different Ca/P ratios.
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Figure 3.4: FTIR patterns of calcium phosphate layers deposited at different Ca/P ratios.

Table 3.4: FTIR bands of calcium phosphate layers deposited at different Ca/P ratios.

Wavenumber (cm'l) Ca/P ratio

Band type 1.4 1.5 1.65 1.8 1.9
O-H 1638.57 1640.69 1640.69 1640.69 1640.69
CO? 1562.48 1564.60 1558.26 1558.26 1566.71
1414.53 1416.64 1412.42 141453 1414.53
1076.35 - 1082.69 1074.24 1082.69
PO,® 1021.40 1021.40 1023.29 1021.40 1021.40
924.17 928.40 935. 03 - 924.17
CO5? 810.04 805.81 805.81 803.69 805.81
OH 647.29 643.07 645.17 643.06 649.40
- 592.34 579.65 - 560.63
PO,® 533.16 526.82 539.49 524.70 524.70
463.41 - 471.86 484.54 476.09
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Figures 3.5 shows the FTIR patterns for calcium phosphate layers of Ca/P ratio =
1.65 deposited at different distances. Nearly the same bands appeared in all samples as
mentioned in the previous section. The fingerprint of phosphate groups bands
disappeared gradually with increasing the distance 3cm from the flame orifice. Table
3.5 displays the bands of the infrared spectrum for the Ca/P= 1.65 deposited at

different distances.

CO,?
OH
PO,

| —6cm

- —35cm

Transmission

2000 1800 1600 1400 1200 1000 $00 600 400
Wavenumber (cm!)

Figure 3.5: FTIR patterns for calcium phosphate layers deposited at different distances.
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Table 3.5: FTIR bands in calcium phosphate layers deposited at different distances.

Wavenumber (cm™) Distance from flame orifice (cm)
Band type
2 3 4 5 6
O-H 1640.69 1640.69 1640.69 1642.8 1640.69
CO.2 1558.26 1558.26 1556.14 1560.37 1560.37
3 1412.42 1412.42 1410.30 1412.42 1416.64
1082.69 - 1072.13 1023.51 1023.51
PO,? 1019.29 1023.51 - - -
903.03 907.26 905.15 - -
CO;™ 805.81 805.81 805.81 801.58 805.81
OH 645.17 640.95 643.06 636.72 636.72
579.65 - - 592.33 -
PO, 539.49 539.49 535.61 533.15 526.81
471.86 473.97 471.86 - -

3.4 The Field Emission Scanning Electron Microscopy (FESEM)

The field emission scanning electron microscopy (FE-SEM) images show the
nanostructure morphology. For each sample, we take two images in two different
magnifications. The images at 35 kX magnification power showing the general shape,
and other ones of 135 kX magnification focused on more details of nanostructure
shapes and there dimensions. Figure 3.6 shows the FESEM images for coating
prepared at different Ca/P ratios. The sample surfaces vary in shapes of
nanostructures. At low Ca/P ratio the sample appeared of bulk coating and attached
with some nanoparticles. These samples seemed with some cracks and low porosity.
At high Ca/P ratio, as same as at the low ratio the coating appeared with low porosity
and converted to smoothed surface at the highest ratio without any pores. The sample
at 1.65 Ca/P ratio, which is nearly the stoichiometric ratio of hydroxyapatite in human
bones, appeared as a distinctive sample of nanostructures of bumps shape of diameter

about 317 nm, uniformly distributed forming high porosity structure.
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Figure 3.6: FE-SEM images for calcium phosphate layers deposited at different ratios

(a) magnification 35.0kx ,(b) magnification 135kx
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Figure 3.7 shows the FE-SEM images for calcium phosphate coating prepared at
1.65 Ca/P ratio and at different distances from flame orifice. The surfaces behavior
varies according to the distance. The deposition temperature differs depending on the
distance from the flame orifice, where it is expected that the sample will be at a
specific distance is deposited at a higher temperature. Therefore, the prepared sample
appeared with a distance of 3 cm as a distinct deposited sample, while increasing the
distance led to a decrease in the growth efficiency, so the surface of the samples

appeared smooth.
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Figure 3.7: FE-SEM images for calcium phosphate layers deposited at different distances

(a) magnification 35.0kx ,(b) magnification 135kx
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3.5 Energy Dispersive X-Ray Spectroscopy (EDX)

Figure 3.8 shows EDX patterns for calcium phosphate samples deposited at
different ratios. We note that P element at 1.4 Ca/P ratio and it is gradually decreases
in the other ratios. The other elements (Fe, Ni and Cr) appeared in all samples
corresponding to the stainless steel (SS) substrate. The Au comes from coating of

sample prior the testing by FE-SEM to enhance the image resolution.

Figure 3.8 : EDX analysis for calcium phosphate layers deposited at different ratios.

Figure 3.9 shows the calcium phosphate layer deposited on stainless steel (SS)
substrates at different distances and constant Ca/P ratio of 1.65. It is note that the

substrate elements line varies according to coating covering.
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Figure 3.9: EDX analysis for calcium phosphate layers deposited at different distances.

3.6 Structural properties after Immersing in simulated body fluid
(SBF)

Figure 3.10 shows the XRD patterns for the calcium phosphate layers at different
Ca/P ratios, on stainless steel (SS) substrates, after immersing in simulated body fluid
(SBF) to examine the samples biocompatibility. All samples showed polycrystalline
calcium phosphate for the started coating and additional peaks corresponding to the

hydroxyapatite phase specially for the sample prepared at 1.65 ratio of highest
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crystalline hydroxyapatite (HA) phase. The characteristics peaks for the HAp phase at
20= 25.8 ,31.8, and 33.2° corresponding to (002), (211), and (300) planes,
respectively for matched with the standard card ICDD No. 96-901-3628. This result

indicate this sample candidate for use in implants to accelerate bone heeling.

(215)

“
5% e
< a
— = 70}
g - N N
- - _
— Em %) )
o~ f o
e O 2 ~
~ o Y = = ~
- < — o o~
= - - N =
s S = a == z< =
Q & ~ = -t —~
> < 7] S () — o
S A S e T -
-~ o~
F = - & ) I
—_ - < — - ~ ~
b1 — -~ )
= T = T Qo )
= o~
e
z =
I~ Lag)
8 <
= —1.9
=
=
S
£
w
= H
2 H
= H —1.8
= A H

%

35 40 45 50 55 60 65 70 75 80
20 (Degree)

w
=

20 25

Figure 3.10: XRD patterns for the stainless steel (SS) slides coated with calcium phosphate
layers at different Ca/P ratios after immersing in SBF for 21 days.
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3.7 Antibacterial Activity of the Prepared Samples

Figure 3.11 shows the antibacterial activity test of the prepared calcium
phosphate samples on SS substrates by flame coating at different Ca/P ratios at 3 cm
from the flame orifice using diffusion disc procedure. 55 mm?® SS samples coated
with the calcium phosphate layers over the agar surface spread with E.Coli bacteria
and incubated for 24 hours at 37 °C. The bacteria are grown over the entire agar
instead of some areas around some samples.

No inhibition around the control sample and the sample prepared at 1.4 and 1.9
Ca/P ratios, while 9, 11, and 10 mm inhibition zone diameter around the samples
prepared 1.5, 1.65, and 1.8, respectively. So the highest antibacterial effect appeared
for sample prepared at the 1.65 Ca/P ratio.

The antibacterial activity of nanoparticles depend on different mechanism : the
first is to alter cell membrane permeability cause to loose major of the bacterial liquid
causing its death; the second is to inhibit the ribosome subunit for the RNA binding
with the nanoparticles accumulated within the bacteria, causing a collapse of
biological process. Furthermore, the nanoparticles can produce reactive species

(ROS) cause bacterial death with special actions [146].
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Figure 3.11: Antibacterial Activity for the calcium phosphate layers on SS slides at different
(@) 1.4, (b) 1.5, (c) 1.65, (d) 1.8, and (e) 1.9 Ca/P ratios compared with uncoated substrate

against E. Coli bacteria in the table.
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3.8 Conclusions

1

A method in which biocompatible layers was built from a simple, locally
available, one-step technique, and low cost.

The tests showed the deposited layers have a good properties that can be used to
cover the medical implant to reduce the healing period.

The X-ray diffraction showed the crystal structure identical to calcium
phosphite, and the best crystallization was at a ratio of 1.65 and at a distance of
3 cm.

FESEM images showed that the sample with the same ratio possesses a
distinctive composition as the surface had a high porosity on which bone could
be built easily.

The FTIR test showed the distinctive bonds of calcium phosphite and a slight
change from one sample to another. The best samples were in the same ratio, as
the bands were distinct in this ratio.

Examinations of the simulated body fluid showed the growth of a
hydroxyapatite layer, which was confirmed by X-ray examinations, which
indicate the implant coated with these layers can accelerate the process of bone
building on these layers and the connection of bone tissue with medical implant.
Examinations antibacterial showed that they prevent the growth of bacteria on

them, which enhance the process of using them as medical implant.

3.9 Suggestions for Future Work

1.

2.

Deposition testing of biocompatible layers on different substrates.

Testing bio-layers with different doping.
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3. Determine the toxicity of the deposited layers to ensure its use in medical

implants.
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