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Abstract

Pure titanium and titanium alloys are the materials that are utilized the
most often for the production of dental implants, and hydroxyapatite is the
bioactive substance that is most frequently coated on titanium implants.
Ceramics are a family of biomaterials that include hydroxyapatite. This
substance has structural and chemical similarities with biological apatite,
the primary inorganic component of tooth and bone, and hydroxyapatite is
also a ceramic. The substance is not only osteoconductive and non-toxic,
but it also has bioactive properties. This research studied and
manufactured a coating for surgical implants by employing hydroxyapatite
(HA), a distinctive bone that grew at a medium for prosthetic human body
parts. This coating was meant to boost bone development. Pulsed laser
deposition (PLD) created titanium substrate HA coatings. This search
employed HA compressed at 150 MPa with a particle size of 2.745 m as a
coating target utilizing PLD methods with (8000, 6000, and 4000) pulses.
SEM and AFM were used to describe the coating surface and determine
calcium and phosphorus concentrations in the coating layer. In an in vivo
study, four rabbits' femur bones were implanted with Ti-HA-8000, Ti-HA-
6000, Ti-HA-4000, and Ti. Both groups showed new bone growth
surrounding the implant at three weeks. Haversian lamellae indicate
mature bone growth and complete osseointegration surrounding the Ti-
HA-8000 implant after six weeks, which implies that HA is biocompatible
and facilitates implant-bone osseointegration.

1. Introduction

The mechanical characteristics of titanium (Ti) and its alloys are more like those of bone than those of stainless
steel or cobalt-chromium alloys; titanium (Ti) and its alloys are utilized as prosthetic joints and tooth roots in
orthopaedic and dentistry applications. Until now, the mechanical differences between titanium and bone have
had unfavourable consequences, such as stress shielding. For hard tissue implantation, several novel Ti alloys
were created with an emphasis on managing the alloy element and its composition, phase, and other properties
to lessen these impacts [1], [2]. It is a lengthy process to attach metal implantation to bone and achieve stability
when it does not undergo surface modification to improve osteoconductivity. Several methods exist for
enhancing the osteoconductivity of titanium and its alloys. These methods fall under one of the following two
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categories: Metallic implantation is covered with bioactive substances that speed up bone production, and
creating a rough microsurface on the metallic implants causes the implants to become anchored in the bone.
Surface-modified implantation was employed in clinical settings, and these procedures have shown some
success. However, there are still issues with the coating which require being addressed, as well as questions
about how the surface characteristics affect osteoconductivity [3].

The development of the Pulsed Laser Deposition (PLD) process as an alternative to several coating
techniques offers the additional benefit of maintaining the target phase's stoichiometry [4], [5]. The PLD process
may produce the desired layer thickness, shape, and composition by adjusting the deposition settings. This
method allows the deposition of several target materials with different physical, biological, and chemical
properties on a substrate for functionally graded coatings [6], [7]. Bioceramic coatings are either bioactive
(calcium phosphate/hydroxyapatite and bioglass) or bioinert (zirconia and alumina) [8], [9]. Bioinert ceramic
coatings are more biocompatible and mechanically superior to other coatings. However, bioinert ceramics' high
brittleness, elastic modulus, and limited tissue interaction limits their use in this industry. Calcium phosphate
and bioglass are used more often to treat titanium implants because they improve implant-bone adhesion by
interacting with tissues [10], [11]. However, titanium implants are the most common treatment.

Metallic implants have corrosion and strength issues [12]-[14]. Titanium composites, pure titanium, treated
steel, and cobalt combinations are used as bone embeds owing to their excellent quality, sturdiness, and low in
vivo corrosion rate [15]. Embed metals are biocompatible since they may be eaten in the body's hostile
environment [16]. [17] found that bio-active HA (Ca10 (PO4)6(0H)2) coatings on metallic implants may reduce
these problems. Hydroxyapatite (HAp) covers bioactive elements in metallic embeds with several benefits [18].
These benefits include better biointeraction with surrounding tissues and embedded surface erosion resilience
[19], [20]. In vivo studies show HA-coated Ti improves implantation fixation in 3-6 months [21]. However,
plasma-sprayed coatings have struggled to maintain phase purity and mechanical strength in vivo [22]. Due to
its ability to quickly create a thin TiO2 coating of a few nanometers in thickness under typical air circumstances,
titanium also demonstrates intrinsic biocompatibility [23]. According to reports, an interlayer of titania (TiO2)
created using sol-gel techniques may increase the coating's adherence to the Ti substrate and the HA substrate
[24], [25].

The surface chemistry of the bioceramic coating determines whether it will adhere to titanium implants and
how well it will work with titanium implants. In many cases, the qualities of the bioceramics before the coating
process are not the same as the attributes of the bioceramics after the coating procedures. The PLD approach is
remarkable in that it offers many benefits, including the uniform deposition of particles in a short amount of
time, the excellent adhesion of the coating to the substrate, and the maintenance of good stoichiometric and
homogeneous phase transformation [26]. Kwiatkowska et al,, [27] have previously reported on the PLD of
bioactive glass; nevertheless, the powder they have utilized is of micron size and was created by the melt-
derived technique. Compared to the generated approach, several prior research established that the sol-gel-
produced bioactive glass is more favourable in boosting the biocompatibility of the material [18], [28]. So, this
study aims to develop a method for synthesizing sol-gel-generated bioactive glass and applying it as a PLD
coating on a titanium material. Similarly, past research on PLD of hydroxyapatite structures on titanium alloys
[29], hydroxyapatite film [30], and polymer substrates [31] mainly focused on adhesivity characteristic and
phase structure development of specimens after coating. According to Rajesh et al.,, [32], an interlayer of titania
helped to create an adherent and stable HA coating over Ti6Al4V. By subjecting the interlayer to laser ablation at
a substrate temp of 400 degrees centigrade, the interlayer was formed to a submicron level. HA was successively
deposited to a thickness of about one micron. XRD, SEM, energy dispersive X-ray analysis, and inductively
coupled plasma spectrometry determined that the deposited phase was phase pure HA.

Implants are commonly made of non-osteoconductive metals. Osteoconductivity permits bone to form on a
material, indicating compatibility with surrounding bone tissue. Metal surface modification is done to improve
hard tissue compatibility or bone development [33]. Biomimetic ceramics are famous in tissue and prosthesis
engineering [34], [35]. Hydroxyapatite's ability to interact with living bone tissue and form strong bonds with
bone is likely its most intriguing property. It is a bone-filling or metal implant covering in orthopaedics,
dentistry, and maxillofacial surgery [36]. Other studies found that some hip prostheses and component
components made of metals or metal alloys, notably titanium alloys coated with hydroxyapatite, stimulated
implant bone development. Hydroxyapatite may be deposited on titanium alloys in several ways. Coating
techniques include atmospheric plasma spraying, PVD, CVD, and other deposition processes [22], [37]. Like hot
dip, chemical vapour deposition, and slurry methods, thermal spraying technology is an effective coating
preparation process. Because it strengthens coating-alloy substrate bonding, this work examines the
osteoconductivity and biocompatibility of titanium samples coated with hydroxyapatite layer utilizing pulsed
laser deposition (PLD) on four rabbits' femur bones at three pulse densities (4,000, 6,000, and 8,000).
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2. Implement Preparation Process

2.1 Pulsed Laser Deposition Technique

A verified physical vapour deposition method, Pulsed-Laser Deposition (PLD), produces high-quality
multicomponent oxide thin films [16]. A 10-30 nanosecond laser pulse is emitted from a solid object. The laser
swiftly elevated the surface temperature of a small quantity of the target beyond evaporation, and it was
collected on a neighbouring substrate. The constant non-steadiness evaporation of multicomponent substances
and the transfer of the target configuration to the deposited thin films create high-quality, accessible, and
placeable thin films of materials that other PVD techniques cannot. Throughout this research, a titanium plate
was split into three separate samples, each measuring (4.5x2.5x0.1) mm. The samples were then given a final
washing in distilled water. After that, these specimens were decreased with acetone and ultrasonically cleaned
with ethanol and acetone, respectively, utilizing an ultrasonic cleaning apparatus. The ultrasonic cleaning
process lasted 10 min and used acetone as the medium. To prepare the HA target, 15 grams of nanopowder are
combined with 3 mm of polyvinylalcohol (PVA), the binding ingredient. After that, the mixture was compressed
using a device called a compacted apparatus and pushed at a pressure of 150 MPa to get the target that is
illustrated in Fig. (1b). The mould was pre-lubricated to facilitate the process of releasing the smaller model and
to lessen the amount of friction that occurred. Following that, the target was dried utilizing the dry box at a
temperature of 150 degrees Celsius for four hours to dehumidify and release the PVA.
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Fig. 1 (a) Schematic of the PLD process; b) One of the targets after pressing proces [12]

2.2 Deposition Procedure and Parameters

In order to meet the work goals outlined, the titanium specimens will first be coated with HA by the plan to
obtain the Target pressure of 150 MPa and a substrate temperature of 300°C. HA deposition factor, Pulses equal
(4000, 6000, and 8000), Power equals 1000 MJ, Frequency equals 6 Hz, Laser wavelength equals 1064 nm, Pulse
time equals 10 sec, and Vacuum pressure equals 10 bar.

2.3 Tests

Throughout this investigation, the following evaluations have been carried out to assess the efficiency of the HA
coating layer on the Ti substrate:

2.3.1 Thickness Test

The thickness of HA films on Ti substrates was measured using a thickness measuring tool at
(Babylon/University of Babylon/College of the Material Engineering in Babylon).

2.3.2 Hardness Test

At the University of Babylon's College of Material Engineering, the Vickers Hardness (TH-717 Digital Micro
Vickers Hardness Tester) has been utilized to evaluate the brittleness of HA films using a force of 300g and a
holding time of 15 seconds.

2.3.3 Surface Roughness Test

A HA-coated Ti specimen's surface roughness was assessed utilizing the (TR-100 surface roughness tester) at
the University of Babylon's Faculty of Materials Engineering. To detect the surface roughness, the instrument
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moves over the specimen surface. The apparatus contains a sensor that captures the sample surface's roughness
and reads the value immediately from the screen. The instrument's precision (+ mu0.01).

2.3.4 AFM Analyzer

In the (college of Material Engineering/University of Babylon) study, atomic force microscopy (AFM, interaction
mode, spm AA3000 Angstrom Advanced Inc., USA) has been utilized to examine the morphology (roughness,
morphological depth of films).

2.3.5 SEM Analyzer

In this piece of research, an electron scanning microscope, or SEM, is utilized to explore the materials'
underlying microstructure in both their coated and uncoated forms. It has been utilized to describe the
morphology and microstructure of the coated surface in terms of its uniformity, which was carried out at the
(University of Technology / Department of Production and Metallurgy).

3. Experimental in Vivo Study

The specimens were formed into sheet forms throughout the fabrication process. Pilot trials are often used to
test produced materials for their biocompatibility (the absence of harmful effects) and bioactivity (the capacity
to integrate with the jawbone via osseointegration), both critical for implant applications. The term "in vivo
research" refers to implanting live tissue. Because of this, the femur of a rabbit is often used as the host for the
implantation. The in vivo study's surgical process, the work plan, substances, and several pieces of equipment
used are discussed in this section of the report.

Due to the limited resources that are accessible in the surrounding area, both the hard (bone) tissue and the
interface between the implantation and the hard tissue were checked at time intervals of no more than six
weeks. This endeavour was assisted by two medical physicians (MDs) and one lab specialist (medical lab
analysis), all of whom are acknowledged in the acknowledgements section. Investigations of the tissue around
the implants were carried out at three and six weeks following the implantations, respectively [38].

Four implantations were used, and four animals, all of which were rabbits aged 12 to 15 months, were
destroyed as a result. Fixation, decalcification, dehydration, infiltration, sectioning, and staining are the
fundamental processes involved in preparing the tissue that will house the implant and the bone [39].

3.1 Sterilization of Implants and Surgical Instrument

Sterilization of the implantation and instruments is the first step that must be taken before the surgical process.
Ti, Ti-coated with HAP of (4000, 6000, 8000), in addition to implantation, are all components of the sterilizing
process. Polyethene sheeting that is airtight and an autoclave (HIRAYAMA HVE-50); following the procedure
described in [14], one implantation was placed in a single airtight sheet, and the implantation was then
autoclaved for thirty min at a pressure of twenty bar and a temperature of one hundred twenty degrees Celsius.

3.2 Surgical Process

Researchers used four rabbits of local provenance that ranged in weight from 1.6 to 2 kg each. The ages of the
animals ranged from 12 to 15 months. These animals were housed in a conventional separate cage, given
unrestricted access to running water, and fed regular pellets and veggies. They also had free access to the tap
water. Before the surgical procedure, they were allowed to remain in the same setting for two weeks. The
equipment underwent a 30-minute autoclaving process at 20 bars of pressure and 120 degrees Fahrenheit.

The amount of anaesthesia and antibiotic required was determined by weighing each rabbit using an
instrument designed specifically for use with animals. A combination of ketamine and xylazine [40] was injected
intramuscularly in order to induce anaesthesia. The operation was successful because of the sterile environment
and the cautious approach used by the surgeons. Each rabbit's left hind leg was given a full-body shave with
shaving spray from all angles. The surgical cloth was wrapped around the area that was being operated on. First,
ethanol was utilized to clean the skin, and then the iodine was applied. Figs (2 (a, b, and c) show that a surgical
towel has been utilized to wrap the leg.
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Fig. 2 Surgical clips and towels around the surgical site

To expose the femur bone, an incision was made on the medial side of each leg, and its length was
approximately 3 cm (3,b). Both the skin and the fascia were seen in the reflection. Careful reflection was done on
the periosteum (vascular connective tissue), as seen in Fig. (2,c). Fig. (3) shows a reflection of the muscles and
fascia. A round bar has been used with an interrupted pressure source to conduct the drilling operation. The
hole's expansion was carried out in stages using a drill with a diameter of 3.2 mm; see Figs. (4) and (6).
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Fig. 3 Making a surgery for the rabbit to implant the implements in the rabbit's body

The implantation has also been withdrawn from the plastic sheet and then inserted in the hole while
applying a modest amount of pressure until it is fully introduced into the bone (see Fig. 3). Fig. 3 shows the
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process of suturing (stitching) the fascia using absorbable Sutton sutures, which was then followed by suturing
the skin. A local and systemic antibiotic was administered for five days following the operation in the
postoperative therapy provided.

3.3 Histological Testing

Histological examination of the implant was carried out using an optical microscope. After sacrificing the animal
by giving it an overdose of general anaesthesia after six weeks of healing intervals, bone sectioning was carried
out on the specimens obtained from the sacrifice. While cutting the bone surrounding the implantation, a disc
cutter with a slow rotational speed and aggressive cooling has been utilized. In order to get a bone-implant block
for histological examination, the cutting was done farther than 1 cm away from the head of the implantation. Fig.
(4) displays the bone-implant block used for the histological examination.

2=

Fig. 4 Bone-implant block for histological test

The block of bone and implant was placed immediately into 10% freshly produced formalin and allowed to
sit for one day. However, to prepare the material for histological sectioning, the following processes were
carried out [33]: the samples were soaked in a solution containing 10% formic acid for approximately one week
or a few more days to decalcify the bone. It altered the amount of acid allowed for examination of the bone. In
addition, bone decalcification was examined by inserting a skinny needle into the interior part of the bone
implant block. Once the process of decalcification was finished, the bone-implant block was cut in half using a
sharp scalpel along the length of the implant inside the bone and through the implant, which was done in such a
way that the bone was cut into almost two parts, one of which included the implant. After that, the implantation
was removed from its bone bed in a very delicate manner. It was scrubbing the bone in a stream of deionized
water to remove any remaining formic acid residue.

The tissue process is subsequent actions such as the sample was submerged in three various amounts of
alcohol to accomplish the dehydration process: 70% (for one day), 90% (for 2 hrs.), and 100% (for 2 hrs.). After
that, the specimens were soaked in xylene for two hours. Each sample was placed in its dish, filled with liquid
paraffin and placed in an oven maintained at a temperature of 78 degrees Celsius. Throughout many hours, the
sample was transferred into two or three successive paraffin dishes to completely supplant the xylene present in
the tissue with paraffin.

Theffin was removed from the slide by heating it to 78 degrees Celsius in an oven for 30 to 45 min. The slide
was then put inside the oven, where it remained for 15, 15, and 30 minutes in each of the three xylene jars. To
eliminate any traces of alcohol, the slide was first submerged in alcohol in various amounts: 80% (for 3 min),
90% (for 2 min), and 100% (for 1 min). The slide was then rinsed in deionized water [41].
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4. Results and Discussion

4.1 Thickness Results

The specimen with the designation (Ti-HA-4000) has a thickness of 2.2pm. In contrast, the sample with the
designation (Ti-HA-6000) has a thickness of 3.2 um, and the specimen with the designation (Ti-HA-8000) has a
thickness of 4.15 pum. The deposition rate rose as the number of laser pulses increased, and the thickness grew
due to an increase in the deposition layer due to an increase in the deposited quantity of HA, which increased
proportionally with the rise in pulse number, as illustrated in Fig. 5.

w

Thickness (um)
M

=

Coated (Ti-HA-4000) Coated (Ti-HA-6000) Coated (Ti-HA-8000)
Sample ID

Fig. 5 The HAP coating thickness layer for various pulses number of pulses

4.2 Hardness Results

Fig. 6 illustrates how the number of laser pulses influences the hardness achieved by the HA coating. The
number of pulses substantially impacts the final level of hardness achieved. After being treated with HA,
uncoated samples have greater hardness than before. Additionally, increasing the pulses from 4000 to 6000 to
8000 improved the hardness from 247 HV to 252 HV to 277 HV. These results agree with Rajesh et al., [42], and
this enhancement is attributable to the enhancement of depth morphology, distribution, and increase in HA
thickness, all of which may be detected. The pulse lengthening will likely implant additional HA particles on the
surface of the substrate.
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Fig. 6 The influence of LPD on HA coating hardness (Hv)
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4.3 Roughness Test

The HA film roughness for the titanium sample with 4000 laser pulses was 0.482 pm, and it grew until it reached
0.510 pm for the titanium specimen with 6000 laser pulses. After that, the roughness increased until it reached
its peak magnitude of 0.965 pm for the titanium specimen with 8000 laser pulses. Fig. 7 displays the impact that
the total number of laser pulses has on the surface roughness of the HA coating.
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Fig. 7 The influence of laser pulses on surface roughness of HA coating

4.4 AFM Results

Fig 8 shows the findings obtained from the AFM examination of HA coatings that were applied using a variety of
laser pulse intensities. It has been shown that raising the pulsed laser to a higher intensity (8000) affects the
pace at which HA particles are deposited. It could be detected that the roughness increased with the pulses
increasing to (8000); this agrees with the surface roughness measurement as shown in Fig. 7.

The 3D surface profile obtained in the atomic force microscope also showed a granular morphology (Figs 8).
The peak-count histogram allowed for the estimation of the particle size range on the surface [40].
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Fig. 8 AFM pattern of samples at (a) (Ti-HA-4000); (b) (Ti-HA-6000); and (c) (Ti-HA-8000)

4.5 SEM Results

After going through the PLD process, the substrate had white continuous coatings. The coating had the
impression of being formed of globules of a few microns in size, had a white look, and displayed extraordinary
homogeneity, according to SEM [40]. Surface profilometry performed on a coating applied over two hours
yielded step thickness measurements of (2.2, 3.2, and 4.15) microns, depending on the number of pulses used.
(4000, 6000 and 8000). The scanning electron micrographs of the 150MPa HA specimens that were deposited
at various pulses and a substrate temp of 300 degrees Celsius are shown in Fig. 9. According to the Fig, it is
evident that raising the pulse resulted in an enhancement of HA Films. On top of the base material, the HA
particles are deposited to generate clusters that have the appearance of a dense and aggregated composition. In
addition, increasing the number of pulses could be helpful in terms of enhancing the growing film as well as its
density and microstructure.
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Fig. 9 SEM micrographs of specimens (a) (Ti-HA-4000); (b) (Ti-HA-6000); and (c) (Ti-HA-8000)

Energy Dispersive Spectroscopy (EDS) measurement of the as-deposited and treated coatings preserve
virtually the same Ca-P proportion (1.62), nearly that of the target material because the coatings are similar to
the target material. (1.67). Fig. 9 displays the EDS spectrum of the treated coating obtained from the SEM
specimen. Due to the tiny thickness of the coating, it also contains information related to the Titanium substrate
[43].

4.6 Histological Results and Discussion

The histological results of the current investigation, from the Hematoxylin and Eosin stain(H&E) under a light
Microscope, showed new bone trabeculae formation in all studied groups (control and experimental) (Figs (10-
13). The histological section of the control group showed new bone trabeculae lined by osteoblasts and filled by
osteocytes. Woven bone and numerous blood vessels are also seen (Fig. 10).

Fig. 10 Histological view of the control group showed new bone trabeculae (NB) lined by osteoblasts (yellow
arrow) and filled by osteocytes (black arrows), woven bone and numerous blood vessels (BV). H&E X10

The histological picture of the experimental 4000 group revealed a small bone speculum, woven bone with
osteoblasts, osteocytes, and many blood vessels in collagenous connective tissue (Fig 11).
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Fig. 11 Histological view of the experimental 4000 group showed specula of new bone lined by osteoblasts (OB) and
filled by osteocytes (OC) and numerous blood vessels (black arrows). H&E X10

Fig. 12 Histological view of the experimental 6000 group showed numerous new bone trabeculae (blue arrows)
lined by osteoblasts (black arrows), osteoclasts (red arrow) and filled by osteocytes (white arrows), and
numerous blood vessels (BV). H&E X10

The histological view of experimental 6000 groups is a large-sized bone trabecula lined by a single layer of
active osteoblasts filled by large-sized osteocytes. Osteoclasts are also seen in the histological section, which may
indicate bone re-modelling (Fig 12). On the other hand, the experimental 8000 group showed the best
histological result. The section revealed dense, large-sized bone trabeculae separated from basal or old bone by
reversal line. Active osteoblasts and multinucleated osteoclasts were seen on the periphery of these bone
trabeculae, indicating continuous bone re-modelling. Small-sized osteocytes in their lacunae filled bone
trabeculae, and numerous blood vessels could be seen (Fig 13).
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Fig. 13 Histological view of experimental 8000 group showed dens new bone trabeculae (NB) separated from basal
bone (BB) by reversal line (black arrows), osteoblasts (OB), osteoclasts (red arrow) and osteocytes (yellow

arrows), and numerous blood vessels (BV). H&E X10

5. Conclusion

According to the achieved findings, the following conclusions are made:

Success of the preparation of Hydroxyapatite (Ca10(PO4)6(OH)z) by PLD on titanium with thickness
(2.2-4.15) pm.

An increasing number of pulses is more beneficial in film growth and distribution.

The HA film thickness increased as the number of pulses increased, going from 2.2 pum for the
specimen (Ti-HA-4000) to 4.15 pm for the specimen (Ti-HA-8000).

Surface roughness was found to increase with an increasing number of laser pulses.

The film's hardness increased from (178 HV to 277 HV) for coated specimens.

The studies on the coated samples demonstrated an intriguing and significant improvement in
biocompatibility compared to the uncoated titanium specimen.

For the in vivo investigation, the femur bones of four rabbits were implanted with one of four
different types of titanium screws (Ti, Ti-HA-4000, Ti-HA-6000, or Ti-HA-8000). The findings
demonstrated that fresh bone development surrounding the implant began to occur in both groups
at the three-week mark; mature bone formation and full osseointegration occurred around the Ti-
HA-8000 implantation at the six-week mark as shown by the existence of Haversian lamellae.
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