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ABSTRACT

This thesis deals with the synthesis, characterization and investigation of
properties of phosphate glasses with composition (26-x)Na,O-xBa0O-29Ca0-45P,0s (X =
0,5,10,15 mol%) and coating of 11Na,0O-15Ba0-29Ca0-45P,05 glass on biomedical
metallic implant materials such as stainless steel 316 L, duplex stainless steel (DSS) 2205
and Ti6AIl4V alloy. Glasses were prepared by melt-quenching technique and glass was
coated by thermal enamelling technique. Effect of BaO addition on the structural,
mechanical, thermal, optical, dissolution and in vitro bioactivity properties of bioactive
Na,0-CaO-P,05 glasses was the main subject of study. The glasses were synthesized at
three melting temperatures such as 1000, 1100, 1200°C. Glasses prepared at 1200°C were
having lower brittleness attributing to the plastic flow of deformation. Brittleness of
glasses prepared at higher melting temperatures has decreased with BaO addition,
whereas thermal stability, glass forming ability and optical band gap energy have
increased. Dissolution rate of glasses in deionized water was reduced by three orders of
magnitude with BaO content of 15 mol %. In vitro bioactivity studies of glasses were
carried out in Phosphate buffer saline (PBS) and Hank’s balanced salt (HBS) solutions
for 28 days. Bioactivity of glasses was improved with BaO content. Faster hydroxyapatite
(HAp) formation was observed in HBS solution in comparison with PBS. All the coatings
have glass-ceramic nature with porous morphology. DSS and coated 316 L were having
higher electrochemical corrosion resistance in HBS solution among uncoated and coated
substrates respectively. DSS 2205 can be an alternative for 316 L and Ti6Al4V for
biomedical applications due to its better corrosion resistance. In vitro bioactivity test of
glass coated samples were conducted in HBS solution for 14 days and formation of

amorphous calcium-phosphate (ACP) layer on coatings was noticed.

Keywords: Phosphate glass; glass-ceramic coating; structural property; mechanical
property; thermal property; optical property; dissolution rate; bioactivity; electrochemical

corrosion resistance; biomedical application
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Chapter 1

INTRODUCTION

Materials have influenced the fascinating history of human era and especially
their heroic actions behind the transformation of human culture from stone age divulges
their inspiring role in the society. Solid materials can be classified generally as crystalline
and amorphous. According to Dembovsky and Chechetkina (1982), the two basic classes
of amorphous solids are amorphous metals and glasses. The amorphous metals are good
electrical conductors whereas most of the common glasses are good insulators. The
journey of glass starts from old age weapons to modern energy harvesting materials. The
naturally occurring volcanic glass or obsidian was used by ancient people for making
weapons. Glass was synthesized by Egyptians at first in the form of beads about 4000
BC. The manufacturing of glass was started in Europe and Middle East about 200 BC
under the ruling of Roman Empire. During the nineteenth century, the scientists like
Abbe, Scott etc. started to research on glasses for optical applications. The introduction of
float glass production by Sir Alistair Pilkington in 1950’s is a greatest event in glass
history (Burling 2006). The latest arguments show that we are living in a ‘glass age’
(Morse and Evenson 2016) and it is an indication of versatile role of glass in the
metamorphosis of modern civilization due to its enormous technical capabilities. The
property based applications of any material define its future and the special characteristic
properties of glasses are key enabler of its practical usages from kitchen to space and

from house wife to a scientist.

1.1 GLASS

Glass can be defined as an amorphous solid completely lacking in long range,



periodic atomic structure, and exhibiting a region of glass transformation behavior. Any
material, inorganic, organic, or metallic, formed by any technique, which exhibits glass
transformation behavior is a glass (Shelby 2007). According to the material scientists E D
Zanotto and J C Mauro (2017) glass is a non-equilibrium, non-crystalline condensed state
of matter that exhibits a glass transition. The structure of glasses is similar to that of their
parent supercooled liquids (SCL), and they spontaneously relax towards the SCL state.
The ultimate fate, in the limit of infinite time, is to crystallise. Debates are going on the
classification of glass as a frozen liquid and its redefinition as liquid from solid due to the
structural similarity of glass to its parent supercooled liquid. Glasses can relax and
deform like liquids under the action of gravity alone, whereas the solids deform under

only external pressure (Zanotto and Mauro 2017, Welch et al. 2013).
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Figure 1.1: Structure of (a) crystalline and (b) amorphous SiO, (Jiang and Zhang 2014)

Short range order of glasses originates from the similarity of bond length and

bond angles between atoms at some positions of entire structure. The bond length and



angle are similar throughout the whole structure of crystals, which leads to its long range
periodic order. The schematic diagram of crystalline and glassy forms of SiO, is given in

Figure 1.1.

1.2 PHOSPHATE GLASSES
1.2.1 Structure of phosphate glasses

Phosphate glasses contain network forming oxide as P,Os. Among the three
known form of Phosphorous (P) such as P,03, P,O4, P,Os, only P,Os can form glasses.
Formation of tetrahedral network of glass is possible for P,Os due to the cation to anion

ratio of 0.256 according to Goldschmidt rule of glass formation.

The basic structural unit of phosphate glasses is PO,* tetrahedra. P- atom in each
tetrahedra forms covalent bond to three bridging oxygens which can link to other
tetrahedra to form various phosphate anions and one place is occupied by terminal
double bonded oxygen (DBO). Phosphate tetrahedra are represented using Q'
terminology, where, ‘1’ indicates the number of bridging oxygen per tetrahedra as shown
in Figure 1.2. Addition of network modifying oxides into P,Os breaks the bridging P—
O—P bonds and forms P—O—M linkages (M- modifier cation) which leads to the
formation of non-bridging oxygens. Thus, the structure of cross-linked Q® tetrahedra of
vitreous P,Os (V-P,0s) converts into polymer-like metaphosphate chains of Q? tetrahedra
and then into invert glasses based on small pyro (Q') as well as orthophosphate (Q°)
anions. Depending on the glass composition, phosphate glasses are classified into three
groups as follows. Metaphosphate glasses with modifier concentration, x=0.50 and
[O]/[P]=3.0 entirely consists of Q tetrahedra that form chains and rings. The term meta
phosphate is reserved for cyclic anions of (PO3’), composition. The glasses with modifier
concentration, x>0.50 come under polyphosphate glasses and they contain Q? chains
terminated by Q" tetrahedra. Pyro (x=0.67, [0]/[P]=3.5) and ortho (x = 0.75, [O]/[P]>3.5)
phosphate glasses are classified under the polyphosphate glasses category, and contain Q*
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and isolated Q° tetrahedra respectively. The ultraphosphate glasses are based on Q* and
Q? tetrahedra with x<0.50 and 2.5<[O]/[P]<3 (Brow 2000).
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Figure 1.2: Schematic diagram of phosphorous tetrahedral sites in phosphate glasses
(Brow 2000)

1.2.2 Properties and applications of phosphate glasses

Among other oxide glasses, phosphate glasses have unique thermal and optical
properties like low melting temperature, low glass transition temperature, low softening
temperature, high thermal expansion coefficient, high refractive index and high
ultraviolet (UV) transmission. It can be used for optical fiber, solid state lasers, nuclear
waste disposals, solid state batteries, solar energy concentrators, glass-to-metal sealing
and biomedical applications. Hygroscopic nature, poor chemical durability and lower

thermal stability limit their broad range of technical applications.

Alkali and alkaline-earth ions added phosphate glasses have interesting optical
properties (Dayanand et al. 1996). The binary calcium phosphate glasses are chemically
durable than barium phosphate glasses due to the higher field strength of Ca®* ions. The
refractive index of CaP glasses initially is found to decrease with the addition of CaO and
then it increases with further addition, whereas addition of BaO to phosphate glasses
increases the refractive index monotonically. Thermal expansion coefficient of CaP and



BaP glasses increase with modifier contents (CaO and BaO) and dn/dT (thermo-optic
coefficient) changes to negative values (Lee and Taylor 2006). The amount of CaO and
Na,O in Ca0-Na,O-P,0s glasses can control the solubility and thermal properties of
those glasses (Franks et al. 2001, Maheswaran et al. 2014). Rare-earth ions doped CaO-
BaO-P,0s glasses can be used for laser applications (Chanthima et al. 2017). Sm®" ions
doped CaO-BaO-P,0s glasses show photoluminescence properties, which can be used for
high density optical storage devises, solid state lasers, fluorescence devices and under sea
communication devices (Tariwong et al. 2016). The replacement of alkali oxides (Na,O)
with alkaline-earth oxides (BaO) improved the physical, thermal and chemical durability
properties of Na,O-CaO-ZnO-P,0s glasses which are ionic conductors (Hafid et al.
2002). A monovalent alkali ion can link to only one non bridging oxygen, whereas a
divalent alkaline-earth ion bond to neighbouring two non-bridging oxygens. So, the
addition of divalent ions improves the strength of cross-linking in the glass structure and
thus enhances thermal and mechanical properties (Shelby 2007). The immobile divalent
ions can retard the mobile alkali ions due to the effective cross-linkages in the structure
and thus prevent the dissolution or improve the chemical durability of glasses (Hafid et
al. 2002). Na,O can reduce the processing temperature of glasses, whereas CaO increases
these temperatures (Shelby 2007).

1.3 GLASS - AS A BIOMATERIAL

Biomaterials are classified into four different groups. They are (a) natural or
synthetic polymers, (b) metals, (c) composites and (d) ceramics (bioglasses). The poor
mechanical strength of polymers limits their wide range of applications. Though metals
have higher mechanical strength, their higher corrosion rate in comparison with polymers
and lower biocompatibility are the main drawbacks. Composites have higher elastic
strength and less corrosion rate, whereas its chemical durability is very less. Ceramics

have better biocompatibility and corrosion resistance among the four groups, whereas



their higher brittleness, higher density and low fracture strength adversely affect their
usages (Kaur et al. 2014).

1.3.1 History of bioactive glasses

History of bioactive glasses started from 1969 by the father of bioglass invention,
Larry L Hench. The first bioactive glass, 45S5 Bioglass® with composition SiO,-CaO-
Na,O-P,0s5 was invented by Hench and team at university of Florida. According to
Hench (2006), a biomaterial is the one that elicits a specific biological response at the
interface of the material which results in the formation of a bond between the tissues and

the material.
There are four eras in the history of bioactive glasses (Hench and Jones 2015),

i.  Eraof discovery (1969-1979)

ii.  Eraof clinical application (1980-1995)
iili.  Era of tissue regeneration (1995-2005)
iv.  Eraof innovation (2005-2025)

In the first era, in vitro studies of 45S5 glasses reported that HAp (Hydroxy
apatite) crystals formed on the surface of glasses during immersion in physiological
solutions. A strong chemical bonding was observed between HAp and layers of collagen
fibrils which was produced by osteoblast (Beckham et al. 1971, Hench and Paschall
1973). Later, Wilson et al. (1981) lead the historical path of bioglass to clinical
applications and they reported the ability of bioglass to bond with soft tissues also.
Middle ear replacement prostheses (MEP) (Merwin et al. 1982) and Endosseous ridge
maintenance implants (ERMI) (Stanley et al. 1997) was discovered with an objective to
bond with soft and bone tissues. FDA (Food and Drug Administration, U.S.) regulatory
approval was obtained for using bioglass in periodontal repair of patients at the

University of Florida followed by the successful experiments of bone regeneration in



periodontal defects created in monkey model (Wilson and Low 1992). BonAlive®
(BonAlive Biomaterials, Turku, Finland) was the first non-45S5 composition introduced

into the market for orthopedic applications.

The studies carried out on bioactive silicate glasses with composition SiO,-CaO-
Na,0O-P,0s (Rajendran et al. 2002) showed that the addition of more than 45 mol% SiO,
decreases the strength of glasses. Though the research on silicate glasses is widely
conducted for biomedical applications, the long term existence of Silicon (Si) in the
human body is still a topic of debate. Gali et al. (2018) have studied about yttria
stabilized zirconia added mica-based glass-ceramics for dental restorations. The hardness
and toughness of those ceramics have increased without degrading its brittleness and
solubility, which is suitable for developing machinable ceramics. Xiang et al. (2007) have
reported that mica-based glass ceramics showed higher bioactivity with the very fast
growth of needle like fluorapatite crystals. High fracture toughness and Vickers hardness
have obtained for mica-based glass ceramics with higher amount of CaO and P,0s due to

their microstructure and presence of needle shaped crystals.

1.3.2 Properties of bioactive glasses

The properties of bioactive glasses are related to their reactivity in tissue fluids,
resulting in the formation of HAp [i.e., Ca;o(PO4)s(OH).] layer on it. HAp is an analogue
to the mineral form of bone with Ca/P molar ratio ~1.67. Releasing of Calcium (Ca?")
and orthophosphate (PO,%) ions from the glass surface leads to the calcium-phosphate
(HAp) layer formation on it. HAp layer can interact with collagen molecules resulting in
the biological bond formation between tissue and the glass material. Dissolved ions from
glass surface such as Silicon and Calcium etc. can enhance the osteogenic properties

which stimulate ostegenic cells to form bone matrix (Jones 2013, Kaur et al. 2014).

The first stage of bioactivity mechanism is the ion exchange reactions where
Sodium (Na") ions are released from the glass surface after immersion in physiological
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solutions and it leads to the dissolution of network linkages such as Si—O—Si and P—
O—P. The released Ca** and PO,> ions accumulate on glass surface giving rise to
calcium-phosphate layer formation. Finally the crystalline HAp layer will be formed by
the incorporation of ions which are already present in the solution such as OH", COz* in

to amorphous calcium-phosphate (ACP) layer.

Glasses can be used for soft/hard tissue repair and regenerations. Certain
compositions of bioactive glasses are showing osteoconductive responses such as
differentiation of osteoprogenitor cells to osteoblasts and enhance bone proliferation. The
possibility of tailoring the properties and formation of rapid bonding with tissues make
the glasses an effective biomaterial in comparison with ceramics and glass-ceramics.
Poor mechanical properties such as brittleness and bending-tensile rigidity in the range of
40-60 MPa limit their usages in load bearing applications. Embedding of bioglasses in
biomaterials improve their mechanical properties and make them suitable for orthopedic
and orthodontic prosthetics applications. Bioactive glasses with macroporous structure
are favorable for bone regeneration due to their large surface area. The behavior of
bioactive glass mainly depends on composition, surrounding pH, temperature and surface
layer formed on it. Porosity levels in bioglasses are helpful for bone resorption and
bioactivity. The adequate mechanical strength and controlled reaction or dissolution rate

are the important properties for the successful bioactive glass product.

1.3.3 Behavior of therapeutic ions in the glass matrix

Addition of various therapeutic ions into the glass matrix beneficially affects its
role in medicine and treatments. The various studies have been reported about the role of

ions in bioactive glasses (Hoppe et al. 2011, Ali et al. 2014) as mentioned below.

Silicon (Si) — It is essential for metabolic processes, formation and calcification of

bone tissue. Dietary intake of silicon increases bone mineral density (BMD). Release of



Si from glasses induces HAp nucleation. It can induce formation of collagen I fibrils and

thus osteoblastic differentiation.

Phosphorous (P) — Release of PO,> is necessary for HAp nucleation on glass
surface. It stimulates expression of matrix gla protein (MGP) which is a main regulator in

bone formation.

Boron (B) — Dietary intake of Boron is needed for bone formation and it

stimulates RNA synthesis in fibroblast cells.

Calcium (Ca) — It is essential for HAp nucleation on glass surfaces, osteoblast
proliferation and differentiation. Calcium can induce mineralization of extra cellular

matrix (ECM). It can increase expression of growth factors such as IGF-I and IGF-II.

Zinc (Zn) — It can activate protein synthesis in osteoblasts and thus stimulate
bone formation. It has anti-inflammatory effect and enhances the ATPase activity. It is
beneficial for transcription of osteoblastic differentiation genes such as collagen I,

osteocalcin, osteopontin etc.

Magnesium (Mg) — It can enhance the adhesion of bone cell and thus stimulate

new bone formation

Strontium (Sr) — It is a therapeutic agent for treatment of osteoporosis. And it is

needed for bone cells and bone formation.

Fluorine (F) — Fluorine can inhibit demineralization of enamel and dentin. It can

prevent bacterial enzyme and support oral health by preventing dental decay.

1.3.4 Applications of bioactive glasses

Bioglass as bone graft material — Bone grafting is a surgical procedure which
fixes problems with bones or joints. Bone graft fills voids where bone is absent and offer
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biological repair of bone defects or provide structural stability. Autogarfts and allografts
are two types of bone grafts. Bioactive glasses which are biocompatible, bioresorbable
and osteogenic materials come under synthetic graft materials. Bioactive glass with
interconnected porosity is useful for hard tissue prosthesis, which supports tissue in/out
growth. Bioactive glass bone graft materials showed more repair response to human

periodontal osseous defects than open flat debridement.

Dental applications — Bioglasses are used in dentistry for periodontal bone
defects and ridge preservation. Endosseous Ridge Maintenance Implant ® which is the
simple cones of 45S5 bioglass reached the market around November 1988 to support
labial and lingual plates in tooth roots and provide a stable ridge for denture construction
following tooth extraction. Dentifrices contain Novamin® bioglass particulates which
can support oral health according to the study of Tai et al. (2006). Bioactive glasses are
used for remineralization and hypersensitivity treatments. Particles or granules of such
glasses come into picture instead of monoliths due to the ease of filling the bone defects
by pressing. Perio-Glas® (NovaBone Products LLC, Alachua, Florida) is the first
particulate bioactive glass with particle size 90-710 um to repair the bone defects of jaws
and bone loss arising from periodontal disease. NovaMin® (NovaMin Technology,
GlaxoSmithKline, Florida, UK) prepared from Bioglass® particles with 18 um size is
used as an active repair agent in toothpaste which can reduce hypersensitivity by filling
the holes in the teeth. Remineralization of teeth can be obtained by the release of Calcium
and Phosphorous ions from bioactive glasses. Such glasses can be used as antibacterial

agents to reduce the pathogens in enamel, root and periodontics etc.

Bioglass in drug delivery — Bioglasses can be used for delivering drugs for
patients. The first drug delivery vehicle was MCM-41 used in 2001. Bioglass carriers are
used successfully to deliver Vancomycin for treating osteomyelitis (Krishnan and
Lakshmi 2013). Mesoporous silicate bioactive glasses carry considerable amount of
drugs and better drug diffusion kinetics is investigated by many researchers (Li et al.
2013).
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Bioactive glass scaffolds — The composition and microstructure determine the
properties of scaffolds. Bioactive glass scaffolds can be used for load bearing bone
defects and repair due to its better mechanical strength. Lower fracture toughness and
mechanical reliability of these scaffolds limit their practical usages. An ideal scaffold

should mimic the morphology, structure and function of bone (Fu et al. 2011).

1.4 GLASS - AS A COATING MATERIAL
1.4.1 Properties of glass coatings

Among various coating materials, glass and glass-ceramics have several
advantages of superior mechanical properties (abrasion, impact etc.), good adherence,
thermal stability, chemical inertness and defect free surfaces. Crystallization can be
induced within the glass phase of coating material by using the required heat treatment
process, which helps to increase the resistance towards the abrasion, impact, high
temperature, corrosion and thermal shock. The poor adhesion and/or degradation of
material property during heat treatments is the main drawback of glass coatings
(Majumdar and Jana 2001). Glass coatings are used for tribiological, electrical, chemical,

metallurgical, high temperature resistant and aerospace engineering applications.

1.4.2 Details of different coating methods

Thermal spray technique - In this technique, glass particles are injected in to
high temperature gas flow where they melt and accelerate towards substrate at high
speed. The molten or semi-molten particles solidify on the substrate as thin slices which
are called as ‘splats’ resulting in typical lamellar microstructure. The thickness of coating
produced by this method can be varied from 50 pm-2 mm. Plasma spray (PS) and high

velocity oxyfuel (HVOF) methods are commonly used thermal spray techniques.
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Laser cladding method - In laser cladding, the powdered glass particles are
injected by nozzle on to a substrate and glass powder is melted by hitting this flow with
laser beams. Thus melt is formed and coated on a substrate. The lack of direct exposure
of substrates to higher temperatures and better deposition rate are the advantages of this

coating method.

Pulsed Laser Deposition (PLD) technique - It is a thin film technique in which
the high power pulsed laser beam hits the target material which then vaporises and gets
coated on a substrate. The target and substrate materials are placed in a high or low
vacuum mode and the reactive or inert gases also can be used under necessary conditions.

The thickness of coating can be varied between tens of nanometer to several microns.

Enamelling method - Enamelling is a traditional technique used for coating,
which is simple and cheap. The suspension of glass powder is sedimented on the surafce
of substatres and then it is glazed by heat treatment processes. The temperatures are
selected between glass transition and onset of crystallization temperature of glasses to
avoid the crystallization of glass as well as degradation of substrates during coating
process. The thickness of coating can be varied between tens of microns to few microns.
The thermal expansion coefficient of substrates and coating materials (glass) should
match to avoid thermal residual stresses in the coating, which cause crack generation and
delamination of coating from substrates. Formation of byproducts due to the reaction
between substrates and glasses at higher temperatures is one of the drawbacks of this

method.

1.5 BIOMEDICAL IMPLANTS (BMI)

Medical bionic implants are the artificial systems which can replicate the
functions of biological systems. Biomedical implants are in wide spread usage over the
past decades for various orthopedic and orthodontic applications. Silver and gold were
used in olden days for implantation, whereas expenses and poor mechanical properties
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limit their usages. The first biomedical implant ‘Sherman Vanadium Steel’ developed for
humans failed due to corrosion. It is said that the number of revision hip surgery has
increased by 26% and it will reach 137% in the year 2030. Good mechanical properties,
tribiological properties and biocompatibility are the main properties required for a
biomedical implant. Various implants used in the human body structure are given in

Figure 1.3.
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Figure 1.3: Implants in the human body structure (Manam et al. 2017)
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1.5.1 Metals — as implant materials

Metals are bio-inert materials which can not directly bond with living tissues.
Release of toxic ions from metallic implants due to the corrosion can cause severe health
issues such as toxicity, swelling of tissues and finally even death. The various metals
used for biomedical applications are given below. Biomedical applications of some

metallic implants are given in Table 1.1 (Manam et al. 2017) .

316 L stainless steel - Conventional stainless steels are highlighted for its
corrosion resistance by the formation of chromium oxide which prevents further
oxidation. Addition of Nickel and reduction of Carbon content in this conventional
stainless steel resulted in 316 L steel with superior corrosion resistance. 316 L has been
approved by US FDA (Food and Drug Administration) due to its accepted mechanical,
tribological and biocompatible properties. Ease of preparation and cost effectiveness
make them attractive for various applications. Release of Nickel from 316 L causes
toxicity (Ibrahim et al. 2017).

Cobalt-Chromium (Co-Cr) alloys - Cobalt is the base metal in these alloys and
they have excellent mechanical properties, corrosion and wear resistance. This alloy was
used in 1940’s for the first time for medical application in dentistry. Nowadays it is used
in orthopedics and jaws. Though Cobalt, Chromium and Nickel are highly toxic
elements, the lower corrosion rate make them biocompatible by preventing the
dissolution of these toxic ions. Excellent wear resistance makes them suitable for joint
replacement instead of 316 L. But its long term existence in human body causes severe
health problems due to Cobalt and Chromium ions. Low osseointegration and bioactivity

besides their high cost limit the usages of these alloys (Manam et al. 2017).

Titanium alloys - Ti-alloys were used in 1950’s for the first time for dental
applications after which it is used in orthopedics also. Even higher doses of Ti are non-
toxic in human body. o, o-f, B-phase alloys are the main categories of Ti-alloys and

Ti6Al4V is the one which contains both a and B phases. The excellent mechanical -
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Table 1.1: Applications of biomedical metallic implants (Manam et al. 2017)

Metals/alloys | Applications Implants
Orthopedic Femoral prosthesis, acetabular cup applications, noble
metal ion implantation, reconstructive surgery
Stainless steel | Dentistry Dental implants, orthodontic wire leads

Cardiovascular

Cardiovascular stents, heart valve parts, coronary

stents.

Orthopedic Total hip arthoplasty, total hip implant, total knee
substitution joint, femoral stems
Co-Cralloys | Dentistry Dental implants, removable partial dentures,
orthodontic wire leads
Cardiovascular | Vascular stents, heart valve parts
Orthopedic Orthopaedic prostheses, total hip implant, acetabular
cup, reconstruction of craniofacial defects, skeletal
Ti and its
prostheses
alloys
Dentistry Dental implants, orthodontic wire leads.

Cardiovascular

Cardiovascular stents, heart valve parts.
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properties, corrosion resistance and biocompatibility are the main features of Ti6AlI4V
alloy. Allergic reactions caused by Aluminum and Vanadium lead to the inventions of
other Ti-based alloys such as Ti6AI7Nb, Ti5AI2-5Fe, Til5Zr4Nb2Ta etc. (Manam et al.
2017).

Duplex stainless steel (DSS) 2205 - DSS conatins both austenitic and delta-
ferritic phases. Delta ferritic phases are hard and less ductile, whereas the austenitic is
soft and more ductile. The combination of both phases results in a steel which is harder
than single-austenitic phase and more ductile than single-phase ferritic steel. The
presence of higher Chromium, Molybdenum and Nitrogen in DSS offers them higher
pitting corrosion resistance in chloride solutions. Chromium and Molybdenum support
passive filim formation during corrosion (Kocijan et al. 2011). Ferritic phase inhibits
crack propagation and pit initiation (Sivakumar et al. 1993). Currently duplex stainless
steels are replacing austhenitic stainless steel due to their better mechanical properties,

corrosion resistance and cost effectiveness.

Arterial structure

&
/ .
loose fibrous /./ y endothelial
connective tissue  smooth ¢Jastin cells

muscle stent  deployment

Figure 1.4: Schematic diagram of stent located inside the arterial structure (Dunn
et al. 2007)

They can be used for endoprosthesis devices such as magnetic stents (Uthamaraj et al.
2015, Tefft et al. 2013, Sandhu et al. 2011). The schematic diagram of stent placed in the

16



artery is shown in Figure 1.4. Research on other orthopaedic and orthodontic applications
of DSS 2205 is going on world wide (Kocijan and Conradi 2010).

1.5.2 Glass coating for biomedical implants

Glasses are unsuitable for load bearing applications due to their poor mechanical
properties such as higher brittleness, lower fracture toughness and bending strength.
Coating of glasses on substrate can provide sufficient mechanical strength for various
biomedical applications. There is a possibility of encapsulation of uncoated metallic
implants with fibrous tissues and corrosion after implantation adversely affects the health.
Metals are bioinert materials which can not directly bond with human tissues and the
coating of bioactive glasses on such biomedical metallic implants help to make them
bioactive and corrosion resistant. The corrosion of toxic ions from metallic implant
materials leads to the swelling of tissues and ultimate death. Thermal expansion
coefficient of substrate and glass should match to avoid the delamination of coating and

crack generation during heat treatment processes.

Glass coated 3-D porous scaffolds induce tissue regeneration and dissolve fully
after the completion of their functional role. Glasses are coated on metallic and polymeric
implants for orthopedic, dental, endoprosthesis devices, surgical fixation, soft tissue
repair (wound healing) and ocular applications etc. Transparent biocompatible glasses are
used in ocular implants to provide angiogenesis and antibacterial properties (Baino and
Verné 2017).

1.6 CaO-Na,O-P,0Os GLASSES

Chemical composition of calcium-phosphate glasses is similar to human bone and

they are having bioresorbable, biocompatible properties and less toxicity. Bioresorbable
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materials dissolve over time in body fluids and are replaced by regenerated tissues. The
conventional silicate glasses with poor solubility results in risk of surgery for removing
the implants and longer recovery time, whereas the soluble phosphate glasses avoid the
risk of surgery due to their bioresorbable nature (Carta et al. 2007, Da Costa et al. 2006).
Phosphate glasses with composition, CaO-Na,O-P,0s are widely accepted for soft and
hard tissue repair/regenerations. The chemical affinity of these glasses with bone can
stimulate new bone formation by the release of ions (Franks et al. 2001). Such glasses are
used for dental implants, scaffold for bone tissue engineering, vehicles for antimicrobial
ion delivery and drug release. The higher degradation rate of these glasses resulting in
large changes of pH of solution is the limiting factor of their broad usages. So, the studies
are going on to control the dissolution rate by changing their composition thereby
obtaining highly dissolved to stable glasses (Lee et al. 2013).

The increase in CaO content gives rise to less soluble glasses with minimum level
of cyto-toxicity, whereas the decrease in P,Os content causes cyto-toxicity (Uo et al.
1998). Glasses with high CaO/NaO ratio are less soluble and enhance bone cell growth
as well as antigen expression (Ahmed et al. 2005, Salih et al. 2000). The controllable
addition of Na,O can regulate the solubility, which works as a flux resulting in easier
homogenization and casting of melt (Maheswaran et al. 2014). Glass transition,
crystallization and melting temperature of these glasses can be reduced by decreasing
Na,O content (Lee et al. 2013).

1.7 SCOPE AND OBJECTIVES OF THE PRESENT WORK
1.7.1 Scope

Glass is an impactful material for shaping the modern human civilization. The
inevitable role of glasses to transform the modern technology and engineering such as
architecture, transportation, medicine, energy, science exploration, communication and

display of information can be experienced in our day-to-day life. Phosphate glasses have
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unique physical, thermal and optical properties among other oxide glasses, which make
them suitable for solid state lasers, solid state batteries, sensors, solar energy
concentrators, data transmission, sealants and biomedical applications. The hygroscopic
nature, poor thermal stability and chemical durability of these glasses limit their technical
capabilities and addition of various metal oxides to phosphate glasses is necessary for

developing new glasses with special properties.

As long as humans exist in the earth, the importance of biomaterials and
biomedical devices is expected to grow. Health and health care techniques are the
primary concern of human species from the ancient days. So, the research work is going
on globally to design new materials or devices for better treatment of health issues and
fullfilling various demands of patients. Phosphate glasses are smart materials for
biomedical applications called as ‘third generation biomaterials’. They are controlled
release glasses (CRG) whose solubility can be tailored by changing the composition from
days to several months and it is beneficial for reducing toxicity. Among various
phosphate glasses, CaO-Na,O-P,0s is the one which is broadly attracted for soft/hard
tissue repair and regenerations. All the elements present in this composition of glass are
essential for growth of bone and teeth tissues as well as they all have their own biological

functional roles in human body conditions.

Glasses with 45 mol% P,0s can be melted and cast easily. It is biocompatible or
less toxic in physiological conditions. CaO and P,Os can support bioactivity by helping
the formation of hydroxyapatite (HAp) due to the release of Ca** and PO,* ions from
glass surfaces. The replacement of low field strength monovalent ions with high field
strength divalent ions can improve the strength of effective cross-liniking in the glass
structure and thus it enhances the mechanical, thermal, optical and dissolution properties
of glasses. In order to reduce the fast dissolution rate or improve the chemical durability
of Na,O-CaO-P,0s glasses, Na,O is repalced with divalent oxide, BaO. It is expected to
control the release of ions from glasses during dissolution and improve the mechanical

properties such as fracture toughness, brittleness etc. as well as thermal proprties such as
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thermal stability, crystallization temperature of glasses due to the addition of higher filed
strength Ba>* ions. Later research work shows that low doses of Ba** can act as a muscle
stimulant (Moore 1964) and also its presence in the early life dietary transitions in
primates (Austin et al. 2013). It can repalce Ca®" ions in HAp crystal lattice due to the
same valency of both ions (Arepalli et al. 2015). Barium can increase the surface
adherence by reducing surface tension and Barium crystals can perform as opacifier in
bone cements (Kaur et al. 2012). The synthesized glasses can be used as base glasses for
the addition of Fe,O; which can generate magnetic properties with bioactivity and it
might make them suitable material for cancer treatments. It is reported that magnetic
properties of BaO-Fe,O3; added 45S5 bioglass can be used for magnetic hyperthermia
treatments of cancer (Leenakul et al. 2013). Such glasses can be used as thermoseeds
which can be implanted near the deap seated tumors and the heat generation from such
magnetic glasses using certain magnetic field can burn such tumors. Though some
Barium compounds are toxic, its role in amorphous state is worth to study to design a
new class of glass materials for biomedical applications. The amount of Barium which is
added to the glass composition can be varied based on different applications and fuctional
roles in biomaterials. The enhancement effect of BaO on the bioactivity of silicate, boro-
silicate and phospho-silicate glasses have been reported already, whereas it is being

reported for the first time in phosphate glasses in the present research work.

Calcium phosphate glasses which possess suitable biocompatibility, higher
thermal stability and better optical properties can be promising materials for biomedical
optical applications such as photodynamic therapy, opto-genetics and biosensing (Ceci-
Ginistrelli et al. 2016). The glasses which resorb fully in the body after the diagnostic
treatments eliminate the need of explant surgery. Synthesized glasses can be used as base
glasses to add rare earth ions (Sm**, Ce*, Nb** and Er?*) for biomedical optical

applications (Pugliese et al. 2016).

Glasses can be coated on metallic materials for various purposes such as

aerospace, metallurgical, chemical and biomedical applications. It is important to coat
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glasses on metallic substrate materials for improving the mechanical strength for load
bearing applications. The bioinert nature and corrsoion of metallic biomedical implant
materials can be overcome by the bioactive glass coating on it. The porous nature of glass
coating helps to circulate body fluids through out the material and it leads to fast HAp
nucleation and tissue growth. The control over porosity is necessary for better corrosion

resistance

Among the four compositions of synthesized glasses that are studied here, glass
with high BaO content (45P,05-29Ca0-11Na,;0-15Ba0) having better mechanical,
thermal, dissolution and bioactive properties was selected for coating on metallic
biomedical implant materials. Stainless steel 316 L, duplex stainless steel (DSS) 2205,
Ti6AI4V are the important metallic materials used for orthopaedic and orthodontic
implant applications (Gnanavel et al. 2018, K. et al. 2018, Hammood et al. 2017). The
magnetizable nature of DSS 2205 due to the presence of ferritic phase makes it suitable
for endoprosthesis devices such as magnetic stent materials. Such stents can be used for
capturing endothelial cells which contain magnetic components leading to the fast
healing of damages or blockages in the arteries (Tefft et al. 2017). DSS 2205 can be an
alternative for 316 L and Ti6Al4V in biomedical implant applications due to its better

corrosion resistance.

Hence, the present research work is taken up to enhance the mechanical, thermal,
optical, dissolution and bioactive properties of ternery Na,O-CaO-P,0s glasses by adding
BaO for developing new composition of glasses with improved properties for
technological applications. The selected glass is coated on biomedical metallic implant
materials to evaluate their corrosion resistance and bioactive properties. Furthur
biocompatibilty studies are required in future for developing practically successful

implant materials with glass coating.
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1.7.2 Objectives

The main objective of this research is to “synthesize, characterize and study the

properties of BaO added bioactive Na,O-CaO-P,0s glasses and glass-ceramic coating on

biomedical metallic implant materials.” This research focusses on

the synthesis of phosphate glasses with composition (26-x)Na,O-xBaO-29CaO-
45P,05 by varying x as 0, 5, 10, 15 mol% at different melting temperatures such
as 1000, 1100 and 1200°C

study of structural and mechanical properties of synthesized glasses

study of thermal and optical properties of synthesized glasses

study of dissolution and in vitro bioactivity properties of synthesized glasses

the synthesis of 11Na,0-15Ba0-29Ca0-45P,0s glass coating on metallic implant
materials such as stainless steel 316 L, duplex stainless steel (DSS) 2205 and
Ti6Al4V by thermal enamelling technique

study of structural properties of glass coated samples

study of electrochemical corrosion and in vitro bioactivity properties of glass

coated and uncoated samples

1.8 ORGANIZATION OF THE THESIS

The present thesis is organized as follows:

Chapter 1 gives brief introduction to glasses based on its historical origin and
technological importance. An overview of principles of glass formation,
classification of glass systems and synthesis methods of glass formation are also
included in this chapter. This chapter also includes a brief review about the
structure and properties of phosphate glasses along with the importance of present

composition of glasses which are studied. An outline of glasses with special
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properties i.e. bioactive glasses along with its technical capabilities are specified
in this chapter. Other than this, it contains a brief description on glass coating and
methods of synthesis of glass coating. In addition to that, scope and objectives of
the present research work along with organization of the thesis are also included
at the end of this chapter.

Chapter 2 describes the details of materials and synthesis techniques used for the
preparation of glasses and glass coating in the present work. The various
characterization techniques which were used to investigate the properties of glass
and glass coating are included in this chapter. The principles and methods used

for evaluating the properties are also explained briefly.

Chapter 3 illustrates the effect of BaO additions and melting temperature on
structural and mechanical properties of Na,O-CaO-P,0s glasses. Some, structural
parameters were calculated theoretically and tabulated along with experiminental

results. The changes in the properties were correlated with structure of glasses.

Chapter 4 refers to the effect of BaO on thermal and optical properties of Na,O-
Ca0-P,0s5 glasses. The trend of thermal properties was explainied based on
structure of glasses. Results mentioned in this chapter were used to select a
particular composition of glass with better thermal stability for coating on

metallic implant materials.

Chapter 5 describes the effect of BaO addition on the dissolution and in vitro
bioactivity properties of Na,0O-Ca0O-P,0s glasses. This study aimed to select a
composition of glass with better chemical durability in deionized water and
bioactivity in synthetic body fluids for coating.
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Chapter 6 deals with the glass coated metallic bio-implants. The basic structural
properties of glass-ceramic coating were evaluated with the in vitro bioactivity
properties of coated substrates. Electrochemical corrosion studies of coated and
uncoated implant materials were carried out to suggest a suitable material for

biomedical implant applications.

Chapter 7 summarize the outcomes of the present research work. This chapter
ends with the conclusion of major results of the study and suggestion of suitable
material for future applications. Scope for the future research work is also

included in this chapter.
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Chapter 2

MATERIALS AND METHODS

In the present study, calcium sodium phosphate glasses with and without addition of
BaO were prepared by melt-quenching technique. Glasses with composition (26-x)Na,O-
xBa0-29Ca0-45P,05 were prepared by varying x as 0, 5, 10, 15 mol% to study the effect
of BaO addition on their properties. These glasses were prepared at three different
melting temperatures (1000, 1100 and 1200°C) to optimize a suitable melting temperature
for getting homogeneous, bubble free glasses with better properties. Glasses prepared at
1200°C were selected for further thermal, optical, dissolution and bioactivity property
studies based on their better mechanical properties. In vitro bioactivity studies of glasses
were conducted in two different physiological solutions, Phosphate buffer saline (PBS)
and Hank’s balanced salt (HBS) solutions. Ammonium dihydrogen phosphate
(NH4H2PO,4) was used instead of phosphorous pentoxide (P,Os) as a precursor material
for glass preparation in the present work. This was done to avoid the loss of materials

during preparation due to the hygroscopic and volatile nature of P,Os.

Among the four compositions of synthesized glasses, 11Na,0O-15Ba0O-29Ca0-45P,05
glass was selected for coating on biomedical metallic implant materials such as stainless
steel 316 L, duplex stainless steel (DSS) 2205 and Ti6AIl4V due to its better mechanical,
thermal and bioactive properties. Thermal enamelling technique was adopted for coating
since it was a simple and cheap method. A comparative study of in vitro bioactivity and
electrochemical corrosion properties of all three coated and uncoated metallic implants
were conducted to suggest a better implant material for biomedical applications. HBS
solution was used for these studies due to its proximity to composition of human body

plasma.
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2.1 PREPARATION OF GLASSES
2.1.1 Materials used for glass preparation

Phosphate glasses in the system (26-x)Na,O-xBaO-29Ca0-45P,0s (x = 0, 5, 10,
15 mol%) were prepared from high purity raw materials such as sodium carbonate
(Na,CO3 with purity 98%), barium carbonate (BaCO3; with 99%), calcium carbonate
(CaCO3; with 98%) and ammonium dihydrogen phosphate (NH4H,PO,; with 98%)
supplied by Alfa Aesar using melt-quenching technique. Batch composition of the
synthesized glasses in the present study is given in Table 2.1.

Table 2.1: Batch composition of synthesized Na,O-BaO-CaO-P,0s glasses

Sample Composition (mol%) Melting
code temperature
P,Os CaO Na,O BaO (°C)
AO 45 29 26 0
A5 45 29 21 5
A 10 45 29 16 10 1000
A 15 45 29 11 15
BO 45 29 26 0
B5 45 29 21 5 1100
B 10 45 29 16 10
B 15 45 29 11 15
Co 45 29 26 0
C5 45 29 21 5 1200
C10 45 29 16 10
C15 45 29 11 15
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2.1.2 Methods used for glass preparation

A batch of 25 gms of each composition was weighed and mixed thoroughly in an
agate mortar. Finely mixed and powdered batch was placed in a silica crucible and
calcinied at 700°C for 1 hour in a muffle furnace to remove the water, NH; and CO,
molecules from it. Calcined batch was melted in silica crucibles at three different
temperatures 1000, 1100 and 1200°C for 1 hour in air by using PID controlled high
temperature furnace. The melt was stirred for getting homogenized bubble free glasses
during melting process. The homogenized melt was quenched to room temperature in air
by pouring it on a stainless steel mold. As quenched glass samples were annealed at
350°C for 3 hours to remove any residual thermal stresses developed during quenching
and then it was allowed to cool to room temperature in the furnace. Annealed glass
samples were kept in a desiccator to prevent the atmosphere moisture attack. As
quenched pulverized samples without annealing were used for DTA measurement. The
annealed and polished glass samples were used for studying the mechanical, optical,
dissolution and bioactivity properties. The process flow of glass preparation and
characterization techniques are given in Figure 2.1. The image of synthesized glasses is

given in Figure 2.2. Furnaces used for glass preparation are shown in Figure 2.3.

2.1.3 Surface polishing of the glass samples

Synthesized glass samples were ground and polished on both sides using silicon
carbide emery paper of different grit size and alumina powder suspension to obtain
optically flat surfaces for mechanical and optical properties as well as to obtain samples
with similar surface conditions for dissolution and bioactivity studies. Glasses were
polished for 5 minutes per side with silicon carbide emery paper of grit size starting with
220 then 320, 400, 600, 800, 1000 and finally with 1200 using required quantity of
distilled water as coolant. Finally velvet cloth polishing was done with alumina powder
(0.05 pum) suspension. Grinding and polishing were carried out on motorized polishing
machine (Chennai Metco, grinder-polishing machine). Samples were cleaned with

27



ethanol using ultrasonicator to remove the left over polishing agents and then dried gently

with a hair dryer.

I Glass composition formulation I
-t

I Raw material selection I
1L
I Batch calculation I
3
Weighing & mixing of
raw materials (batch)
3

I Batch calcination I

1
Batch melting &
homogenization of melt

!
I Quenching of melt I
[

I Glass annealing I
r

Grinding & polishing of
glass samples
[

I Analysis of glass samples I

Figure 2.1: Flow chart of the steps involved in preparation and processing of glasses
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Figure 2.2: Images of synthesized glasses

Figure 2.3: Furnaces used for glass preparation

2.2 CHARACTERIZATION TECHNIQUES OF GLASSES
The structural studies of prepared glasses were carried out using X-ray Diffraction
(XRD), Fourier Transform Infra-red (FTIR) Spectroscopy and Scanning Electron

Microscopy (SEM). Elemental composition of the samples was analyzed using Energy
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Dispersive X-ray Spectroscopy (EDS) attached with SEM. Micro-indentation techniques
and SEM was used to evaluate mechanical properties of glasses. Physical properties of
the glasses were studied by measuring density. Optical properties of the glass samples
were studied with UV-Visible spectroscopy and Abbe Refractometer. Differential
Thermal Analysis (DTA) of as quenched glass samples was performed to find out the

thermal properties.

2.2.1 X-ray Diffraction (XRD) studies

XRD is a non-destructive technique used to analyze crystal structure, geometry,
identification of unknown substance and defects etc. The data obtained for a particular
sample is compared with Joint Committee on Powder Diffraction Standards (JCPDS) and

Inorganic Crystal Structure Database (ICSD) for analyzing its structure.

Crystalline materials having periodic arrangement of atoms in lattice planes show
sharp intense X-ray diffraction peaks when X-rays are incident on them. In amorphous
glasses where the atoms are arranged randomly, diffraction of incident X-ray beam

results in a large hump distributed at an angle 20.

In the present work, XRD was carried out on glass samples using X-ray
Diffractometer (Rigaku Miniflex 600) with an angular rage of 20 from 10° to 70° using
Cu-K,, radiation at a voltage of 40kV and a current of 15mA. The scanning rate was kept
as 1°/min. In case of glasses, XRD was carried out on glass samples which were taken out
at regular intervals of dissolution and bioactivity tests and crystalline phases formed on
sample surfaces after the tests were identified by PANalytical X’Pert Highscore Plus
software, Version 2.1 (2.1.0) and JCPDS cards. XRD machine used for analysis is given
in Figure 2.4.
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Figure 2.4: XRD machine used for analysis of synthesized glasses

2.2.2 Fourier Transform Infra-red (FTIR) spectroscopy

FTIR Spectroscopy is the study of interaction between matter and electromagnetic
radiation in the IR region (A =7000-10°A°). This vibrational spectroscopy is used to
identify the structure of glasses. The radiation is strongly absorbed by the molecule if its
photon energy is coinciding with the vibrational energy of that molecule. In case of IR
active transitions, dipole moment of molecules changes during these vibrations. FTIR
spectrometer work on principle called Fourier Transform. The recorded spectrum is
intensity vs time and it is converted to intensity vs frequency spectrum by mathematical

function called Fourier Transform.

FTIR analysis of oxide glasses is carried out by KBr pellet method where glass
powder is mixed with Potassium Bromide (KBr) to form pellet by applying pressure of
10-15 tons in vacuum for five to ten minutes. KBr has large transmission region from UV
to IR and no significant optical absorption lines in the high transmission region of the

glass.

In the present work, Infra-Red (IR) spectra of synthesized glass samples were

recorded by FTIR spectrometer (Thermo Nicolet Avatar 370) in the wave number range
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of 400-4000 cm™ using KBr pellet method with scanning rate of 32 scans/min. The
resolution of the spectrometer was 4 cm™. In case of dissolution and bioactivity tests,
FTIR studies were carried out on glass samples which were taken out after 28 days of

immersion.

2.2.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDS)

Scanning electron microscope generates focused beam of high energy electrons to
generate variety of signals at the surface of solid samples. The signals formed from the
electron-sample interactions give the information about surface morphology, chemical
composition, crystalline structure and orientation. Electrons with high kinetic energy hit
the samples and then decelerate. This dissipated energy is converted into various signals
which contain secondary electrons (SE), back scattered electron (BSE) and diffracted
back scattered electrons (EBSD), photons, visible light and heat. SE is used for making
SEM images and BSE which is reflected from the sample used to analyze morphology as
well as topography of samples. Electron beam generates X-rays in the specimen, which
are directed towards X-ray detector for EDS analysis. Non-conductive samples should be
coated with conductive materials such as carbon or metals in conventional SEM working
in high vacuum mode to avoid the charging effect arising due to the accumulation of
incident electrons on sample surfaces, which reduce the number of BSE and result in
poor quality images.

In the present study, surface morphology and elemental composition of glasses
samples were studied by Scanning Electron microscopy (SEM) attached with Energy
Dispersive X-ray Spectrometer (EDS) using JEOL-JSM 6380LA. Prior to the SEM
analysis, all the glass samples were polished and then gold sputtered in order to avoid the
charging effect on non-conducting surfaces under electron beam. In case of dissolution

and bioactivity studies, SEM/EDS were conducted on samples which were taken out after
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28 days of immersion. In EDS analysis, both area and spot analysis were carried out on

five different regions of sample surfaces and the error in EDS data was nearly 1-2 %.

2.2.4 Density, molar volume and theoretical structural parameters

Density refers to the structural compactness of glasses. Liquids like xylene,
kerosene can be used for density measurements due to its low reactive nature with glasses

than water.

Density of the synthesized glasses was measured by Archimedes’ principle using
xylene as immersing liquid in room temperature. Glass samples were weighed using
analytical weighing balance with an accuracy of 0.1 mg. They were weighed in air and in
xylene. The buoyant force experienced on an immersing body is equal to the weight of
the liquid that the body displaces. The photograph of apparatus used in the present work

for density measurement is given in Figure 2.5.

Density of the solid was determined using equation,

Wa—W
Pmes — A : Pi (2-1)

where pnes IS the measured density, W, and W, is the weight of sample in air and xylene
respectively. p;, is the density of xylene, 0.86 gm/cm® at room temperature.
Measurements were carried out on three different glass samples of each composition and

average value of density was considered as the density of the glass.

Molar volume (V) was calculated from the measured values of density using the
equation (Mandlule et al. 2014),

Vm = (22)
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where M, is the molecular weight of glass calculated from batch composition (Hager and
El-Mallawany 2010).

My = 2X; Mw; (2.3)

where X; and M,,; are the mole fraction and molecular weight of each component (i), in a

batch composition respectively.

Number of moles of oxygen atoms present in one mole of glass, n(O) was given

by an equation (Mandlule et al. 2014),

n(0) = ¥X;n(0); (2.4)
where n(O) is the number of oxygens present in each oxide.

Figure 2.5: Density measurement setup used for the synthesized glasses

Molar oxygen packing density (pox) IS the measure of the compactness of glass
structure and it determines the packing of oxygen ions in a glass by the given formula
(Mandlule et al. 2014),
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-0 (2.5)

ox AV
m

Molar volume that contains one mole of oxygen is oxygen molar volume (V)
(Celikbilek et al. 2013) and was given as,

— Vm_
Vo= (2.6)

The ionic concentration n(A) of atom ‘A’ for an oxide A;Ox can be found out by

the given equation (Hager and EI-Mallawany 2010),

jXXiXNan
100 XV

n(A) = 2.7)

where Nayg is the Avogadro’s number (6.02x10%/mol), j°, ‘k’ are the number of metal

and oxygen atoms present in an oxide respectively.

The inter ionic distance R(A) is the distance between ions in a glass and was

given by the equation (Hager and El-Mallawany 2010),

R(A) = 3\/@ (2.8)

The average cross-link density (CLD) of glass was calculated by the following

equation (Hager and El-Mallawany 2010),

CLD=(1/m) [X(ncN); ] (2.9)
where, n = Y. (N¢)i = Y Xin; «np is the number of cations of each component,
(i). n¢ = n; -2. The coordination numbers (n;) of Na*, Ca**, Ba**, P** are 6, 7, 8 and 4

respectively (Prison et al. 2008, Tang et al. 2010).
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The number of bonds (Np) present in glasses were calculated by the formula
(Celikbilek et al. 2013),

Np = ~2e 2D (2.10)

The molar volume that contains one mole of phosphorous is called as

phosphorous molar volume, V and was calculated by the equation (Kaur et al. 2015),

P__Vm
V= 3050 (2.11)

where X, is the mole fraction of P,O:s.

The average distance between phosphorous ions, <d,,> was given by the

equation (Kaur et al. 2015),
P
<dpp>=" /b:’m (2.12)
avg

2.2.5 Mechanical properties

Poor mechanical strength and brittle nature of glasses limit their wide usage in
many technological fields especially in biomedical applications. So, the efforts were
made to carry out mechanical property studies to tailor these properties by changing the

appropriate composition.

In the present study elastic modulus and mechanical properties of the glasses were
evaluated by Makishima Mackenzie model and also measured by microindentation

studies.
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Makishima and Mackenzie model

Elastic moduli of oxide glasses were calculated by Makishima and Mackenzie
(1973) model using dissociation energy of oxide per unit volume (G;) and packing
density (Vy). In the present study, young’s modulus (E) of synthesized glasses were

theoretically calculated using formula,

E =8.36 x V; $.G;X; (2.13)

where packing density, Vi = ViZXiVi and packing factor, V; of Na,O, CaO, BaO and

P,Os are 11.7, 9.9, 14.28 and 34.79 cm®mol respectively (Makishima and Mackenzie
1973). G; is the dissociation energy per unit volume of an oxide. G; of Na,O, CaO, BaO
and P,Os are 8.9, 15.50, 9.7 and 15.0 kcal/cm? respectively (Makishima and Mackenzie
1973).

Poisson’s ratio (o) was found out by the equation proposed by Makishima and
Mackenzie (1975),

1
7.2X Vt

0=0.5— (2.14)

Bulk modulus, K (in GPa) is the measure of resistance of a material to uniform
compression and it was calculated by the formula (Makishima and Mackenzie 1975)

given below,

K =10 x VZ 2.GiX; (2.15)
Microindentation studies

Mechanical properties such as hardness, fracture toughness and brittleness were
measured in the present work by simple indentation technique by applying a known load

to the diamond tip. Length of generated crack was measured using optical microscope.
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Four sided diamond pyramid indenter known as Vickers indenter was impressed into
surface of sample by applied force or load of 1 to 1000 gf for prescribed dwell time in

Vickers microindentation technique.

Vickers hardness (Hy) was calculated using the formula,

Hy, = 1.854x§ (2. 16)

where ‘P’ is the applied load (in N) and ‘d’ is the half of the average of two diagonal
lengths of indentation (in pm). Hardness measures the resistance of a sample to
permanent deformation by a compression load. Vickers hardness of a material depends
on their bond strength, packing density of ions, presence of defects, surface features etc.
Schematic diagram of residual impression formed on surface of sample by Vickers
indentation is given in Figure 2.6.

Crack initiation and propagation results in mechanical failure of glasses and crack
initiation is related to brittleness (Sehgal and Ito 1999). Radial-median crack is initiated
around the indentation at a given indentation load by Vickers indenter. Schematic
diagram of cracks propagating from four corners of Vickers indentation is given in Figure
2.7. Stress concentrated at the crack tip lead to the catastrophic failure of glass (Kato et
al. 2010).

Crack propagation was evaluated by measuring fracture toughness (Kic) which

was calculated using the formula developed by Anstis et al. (1981), with ¢c/a > 2.5.

1
Kic = 0.016x (HEV)E x (55) (2.17)

where ‘c’ is the half crack-length and ‘a’ is the half of the average of two diagonal

lengths of indentation (in pm) and E is the Young’s modulus (in GPa).
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Figure 2.6: Schematic diagram of residual impression formed on surface of sample by

Vickers indentation
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Figure 2.7: Schematic diagram of cracks propagating from four corners of Vickers

indentation (Marshall 1990)

Brittleness or index of brittleness (y) was calculated by a formula proposed by
Lawn and Marshall (1979),

(2.18)
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Sehgal et al. (1995) used the brittleness to measure the degree of crack initiation in
glasses.

Micro-hardness (H,) of the glass samples was measured with Vickers diamond
pyramid indentation technique (Omni Tech MVVH-S Auto, Quantimate VV2.5) by applying
a load of 0.98 N for 10 sec. Prior to the analysis, all the glass samples were finely
polished as discussed earlier. The mean value of hardness was calculated as the mean of
ten measurements taken on each sample. The fracture toughness (Kic) was calculated
from the crack-length which was generated under an external load of 19.6 N for 10 sec.
The crack-length was measured using optical microscope. The nature of indentations with
cracks was also detected with SEM (JEOL-JSM 6380LA) after gold sputtering on
samples.

Mechanical properties of the glasses synthesized at 1000, 1100 and 1200°C were
studied and compared in the present work. Better mechanical properties such as lower
brittleness and crack-length were obtained for glasses melted at 1200°C in comparison
with samples melted at lower temperatures. So, these glasses were selected for further
studies such as thermal, optical, dissolution and bioactivity properties.

2.2.6 Thermal analysis

In Differential Thermal Analysis (DTA), differential thermal sensor is measuring

the temperature difference between reference and sample which are kept inside furnace.

Three main thermal parameters such as glass transition (Tg), onset of
crystallization (Tx) and melting (Tn) temperatures were determined from Differential
Thermal Analysis (EXSTAR TG/DTA 6300) of the synthesized glasses in the present
work. The analysis was carried out from ambient to 1000°C in nitrogen atmosphere using
powdered alumina as reference material. As quenched pulverized samples were used for

DTA measurements and accuracy of temperature measurement was +3°C.
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Thermal stability (AT) of glasses was calculated from T4 and Ty values as shown
in equation (2.19). Thermal stability indicates the resistance against crystallization of

samples and was given as,
AT=Tyx- Ty (2.19)

Hruby’s parameter (Kq) was calculated as follows, which indicates the glass

forming ability of samples,

Kgl = (Tx - Tg)/(Tm _ X) (220)

2.2.7 Optical properties
Refractive index measurements

Refractive index of glasses mainly depends on polarizability of ions coordinated
with anion, field strength of ions, number of non-bridging ions etc. Refractive index of
glass samples usually increases with increase in either polarizability of ions or electron

density of atoms.

In the present work, refractive indices of glass samples were measured with Abbe
(MAR-33) refractometer using light of wavelength 589.3 nm at room temperature. Mono-
bromo naphthalene was used as the contact layer between the glass and refractometer
prism. The reading was taken on three different glass samples of same composition which
were fine polished as discussed earlier and the average was taken. The accuracy of

measured refractive index was +0.001.

UV-Visible spectroscopy

UV-Visible spectroscopy is the measurement of attenuation in intensity of light

with in a range of wavelength after it passes through sample or after it reflects from
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sample. Transition of electron with in a molecule from a lower energy level to higher one
after the absorbance of ultra-violet radiation of frequency, v results in UV-Visible
absorption spectra. The plot between absorbance or transmittance versus wavelength or
frequency of incident radiation gives absorption spectrum.

Due to lack of long range order, conduction and valence band in amorphous
materials such as glasses do not have sharp cut off but have band tails and thus there are

no sharp absorption edge existing for glasses.

The optical absorption spectra were evaluated to understand the electronic band
structure, band tail and localized states of glasses. After obtaining UV-Visible absorption
spectra of glasses at the higher photon energy or in the Tauc region, absorption
coefficient o(v) was related to the optical band gap energy (Eg) using power law which
was derived by Davis and Mott (1970) as shown below,

B(hv—-Eg)"

- (2.21)

afv) =

where B is a constant, Eg is the optical band gap energy, hv is the incident photon energy.
‘n’ is an index related to the nature of inter-band electronic transitions and it takes values
as 1/2, 3/2, 2 and 3 for allowed direct transitions, direct forbidden transitions, allowed
indirect transitions and forbidden indirect transitions respectively. Tauc region is
associated with the transition between extended valence band and the conduction band.

1/2

The extrapolation of the linear region of the plots between (ahv)™“ and hv to the X-axis

1/2

where (ahv)™“ = 0 gave the optical band gap energy values.

At the lower photon energy or in the Urbach region, a(v) is an exponential

function of photon energy, hv, as derived by Urbach (1953),

a(v) = Qo exp (;’—Z) (2.22)
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where o, IS a constant and E, is the Urbach energy which indicates the width of the
localized states in the normally forbidden band gap i.e. band tailing. E, is related to the
optical electronic transition between a localized band tail and extended band. The inverse
of the slope of the linear portion of plot between In(a) versus hv gave the Urbach energy

values.

Optical basicity and oxide ion polarizability

Evaluation of polarizability nature of glasses is helpful to design new functional
optical materials with high optical performance and non-linear optical properties. The
molar electronic polarizability (om) Of each glass was calculated from Eq4 and molar
volume (Vr) using the given equation (Dimitrov and Komatsu 2010) which was derived

from familiar Lorentz-Lorentz equation,

Ol = —m <1— §—§> (2.23)

B 4mNayg

where Nayg is the Avogadro’s number (6.02x10% /mol). Average anion or oxide ion
polarizability (o,) can be calculated from o and cation polarizability (o) using the
equation (Dimitrov and Komatsu 2010) given below,

o = (ot — X ) (Ni) (2.24)

where N, is the total number of oxygen ions per formula unit. Values of o; used for
calculation of average anion polarizability were 0.021, 0.175, 0.469 and 1.595 for P°*,

Na®, Ca®" and Ba®" respectively (Dimitrov and Komatsu 2010).

The molar refraction (Ry) can be expressed as a function of molar polarizability
(om) (Dimitrov and Komatsu 2010),

R = 2.52 am (2.25)
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The metallization criteria (M) indicates the insulating nature of prepared glasses

by the formula (Dimitrov and Komatsu 2010),

M, = 1- fj—: (2.26)

Insulators are having large M. close to one (Rn/Vm <1) whereas it is smaller values close
to zero (Rn/Vm > 1) for metallic solids.

Optical basicity is the ability of oxygen anions to transfer electron density to
surrounding cations, which is related to acid or basic property of the glasses and depends
on the degree of polarization of ions (Dimitrov and Komatsu 2010). The relation between
average optical basicity (A) and oxide ion polarizability was derived by Duffy (2004) as

follows,

% =0.755 ot 0.631 (2.27)

Optical absorption spectra of glass samples were recorded in the 200-850 nm
wavelengths with fiber optic spectrometer USB4000 (Ocean Optics Inc., USA).
Thickness of each sample was measured using micrometer with an accuracy of £0.01 mm
and all the glass samples had the thickness in the range of 1.0-1.2 mm. In order to make
optically flat surfaces, both the surfaces of the glass samples were fine polished as
discussed earlier. The analysis was carried out on three different glass samples of the

same composition to check the reproducibility of the results.

2.2.8 Dissolution studies

Dissolution studies of glasses are needed to design glasses for various
technological applications since hygroscopic and poor chemical durability nature of
phosphate glasses limit their broad usages. There are three types of dissolution studies

such as static, dynamic and semi-dynamic tests based on solution flow. In static test,
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solution is not replenished throughout the study period whereas in dynamic test, solution
is flowing through the entire system. In case of semi-dynamic conditions solution is

replenished at the particular intervals of study.

Dissolution tests of the polished glass samples were carried out in deionized water
in static condition for 28 days at 37°C by immersing the samples in deionized water. Prior
to the immersion tests, all the glass samples were polished as discussed earlier in order to
keep the same surface conditions. The circular glass discs with dimensions of 10 mm
(diameter) x 3 mm (thickness) were used for analysis. In order to keep the constant
surface area to volume of solution ratio (0.1 cm?ml) for all the samples based on
Kokubo’s criteria (Kokubo and Takadama 2006) and 1SO 23317:2014(E) standard (“ISO
23317:2014 - Implants for surgery -- In vitro evaluation for apatite-forming ability of
implant materials”), the mass of the each glass sample to be immersed in solution was
found out from its density value and was nearly kept as 1 gm for all the compositions
under study. Initial pH of deionized water was set as 7.4 using diluted HCI acid and
NH4OH solution. The samples were taken out at the intervals of 1, 7, 14 and 28 days for
analysis. Weight losses of glass samples were measured using analytical weighing
balance (Contech, CA 234, accuracy +0.10 mg). The immersed solutions were used for
measuring the pH (micro controller pH meter, Equip Tronics, EQ-621) and ion
concentrations. The cation (Na* and Ca®") concentrations were measured by Flame photo
meter (Elico CL 378) with below detectable limit of 0.1 ppm and the anion (PO,%) were
measured by phospho-molybdenum blue method (Pradhan and Pokhrel 2013) using UV-
Visible spectrometer (U-2000 spectrophotometer).

To calculate the dissolution rate, the weight loss per unit surface area of glass
sample (W) in deionized water was calculated by the following equation (Lee et al.
2013),

w, = Wo—Wo /(WO < $) (2.28)
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where W, is the measured initial weight of sample (in mg), W is the weight at time t (in
mg), S is the surface area of sample (in cm?) and t is the time of immersion (in hr.). The
dissolution rate was found out from the slope of the linear fit of weight loss (W) vs time
graph.

The concentrations of ions released into the solution were normalized in to initial
composition of glass. The normalized elemental mass release or cumulative ion release

(in mg/cm?) was calculated by the following equation (Ma 2014) as,

Cumulative ion release = (€ x V)/( £, x S) (2.29)

where C is the measured concentration of ion in the solution (in ppm), V is the volume of
solution (in L), and f; is elemental concentration of glass sample (in wt%).

Dissolution nature of glasses was studied by XRD, SEM/EDS and FTIR analysis
at the same conditions described earlier. XRD was carried out on glass samples at all the
intervals of dissolution study, whereas SEM/EDS and FTIR were conducted on glass

samples which were taken out after 28 days of immersion in solution.

2.2.9 In vitro bioactivity test of glasses

In order to evaluate HAp (Hydroxyapatite) forming ability or bioactivity of glass
samples, in vitro bioactivity test of polished glass samples were carried out in
physiological solutions. The test of polished glass samples were carried out in sterile/cell
culture tested Phosphate buffer saline (PBS, 1x, pH 7.4, code-TL1101) and Hank’s
balanced salt (HBS, 1x, pH 7.4, code-TL1010) solutions supplied by Himedia, India
under the same conditions as discussed in the section 2.2.8. The ionic concentration and
pH of immersed solution were measured as discussed in previous section 2.2.8. The

cumulative ion release from glass surface was calculated using equation 2.29. The
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bioactivity of glass samples were confirmed by XRD, SEM/EDS and FTIR analysis at the

same conditions described earlier. XRD was carried out on samples at all the intervals of

study, whereas SEM/EDS and FTIR were conducted on glass samples which were taken

out after 28 days of immersion in solutions.

The ionic composition of human blood plasma is similar to physiological

solutions such as commonly used SBF (simulated body fluid) and HBS solution etc. and

it is given in Table 2.2 for comparison purpose.

Table 2.2: lonic composition of human blood plasma and simulated body fluids

Composition | Na* | K" [Mg™ | ca® [ CIT | HCO;5 | HPO,” | H,PO,” | SO,* | Glucose

(in mM/L)

Human 142.0 | 3.6- |1 2.1- | 95.0- | 27.0 |0.65- |- 1 <6.9

blood 55 2.6 |107.0 1.45 (3.88-

plasma 5.55)

SBF 1420|165 |15 25 |148.0(4.2 1.0 - - -

HBS 1417 |57 |08 |17 |1450 4.2 0.7 - 0.8 |5.55

PBS 157.0 | 4.10 | - - 140.0 | - 11.98 | 2.06 - -
Glass with composition 45P,05-29Ca0O-11Na,0-15BaO possesses better

mechanical properties (lower brittleness), thermal properties (higher thermal stability and

crystallization temperature) and lower dissolution rate in deionized water in comparison

with other prepared samples. It showed better bioactivity in physiological solutions such
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as Hank’s balanced salt (HBS) and Phosphate buffer saline (PBS) solutions. So, this
particular composition of glass was selected for coating on metallic biomedical implant

materials in order to evaluate its corrosion resistance and bioactivity properties.

2.3 PREPARATION OF GLASS COATINGS

Stainless steel 316 L, duplex stainless steel (DSS) 2205 and Ti6Al4V alloy were
used as substrates for glass coatings. The metallic substrates were cut into small pieces of
required dimension (10x10x3 mm) and polished using emery paper of grit size from 80
to 1500 for constant duration followed by subsequent cleaning and ultrasonication using

acetone.

Thermal enamelling technique (Sola et al. 2014) and glass with composition
45P,05-29Ca0-11Na;0-15Ba0O were selected for coatings. Glass was ground until it
became powder. 0.3 gm of sieved glass powder with particle size less than 45 pm was
used for making suspension in 2 ml. iso-propanol. The amount of glass powder and
solution volume was optimized after several experimental trials in order to get a
homogeneous crack free glass coatings. The substrates were put in this suspension and
then heat treated at 60°C for 1 hour for the evaporation of iso-propanol resulting in proper
sedimentation of glass powder on substrates. After that, this sample was heat treated at a
temperature selected between glass transition (Tg) and onset of crystallization
temperature (Tx) of glass (Sola et al. 2014). It was placed in the preheated furnace at
500°C and heat treated up to 560°C with heating rate of 10°C/min. in air. The coated

specimen was held at 560°C for 20 min. and was allowed to cool to room temperature.

The sample code for coated substrates was given as 316 L/Glass, DSS/Glass and
Ti6Al4V/Glass. The flow chart of processes involved in glass coating method is given in

Figure 2.8.
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Figure 2.8: Flow chart of process involved in glass coating synthesis and processing

2.4 CHARACTERIZATION TECHNIQUES OF GLASS COATINGS
2.4.1 Structural and compositional studies

The structure of coated and uncoated substrates was studied by using XRD. The
conditions and diffractometer used for XRD analysis were same as reported in section
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2.2.1. The surface morphology and elemental composition of coated substrates have been
studied with Scanning Electron Microscope (SEM) attached with Energy Dispersive
Electron Spectroscopy (EDS) using Zeiss, EVO 18. Prior to the SEM analysis, all the
glass coated samples were gold sputtered in order to avoid the charging effect on non-
conducting surfaces of glasses under electron beam. The conditions used for EDS

analysis were same as reported in section 2.2.3 and error in EDS data was nearly 1-2 %.

2.4.2 Electrochemical corrosion study

Corrosion is an electrochemical process of oxidation and reduction reactions. In a
corrosion process, electrons are released from a metal (oxidation) and gained by elements
in the solution (reduction). The electrons or current passing through the corrosion media
or electrolyte is measured and controlled electronically. Corrosion characteristics are

unique for a particular material.

The schematic diagram of polarization cell setup is given in Figure 2.9 (b). In a
corrosion experimental set up, reference electrode, counter electrode and working
electrode or sample are placed in an electrolyte which is selected based on application of
testing sample. Electrodes are connected to a potentiostat and electrochemical potential or
voltage is created between electrodes in an electrolyte solution. Potentiostat is used to
measure the corrosion potential (Ecor) as an energy difference between working and
reference electrodes. A potential is imposed on a working electrode for a given period
and the resulting current is measured. In potentiodynamic experiments, applied potential
is increased with time and the current is monitored constantly. The current or current

density is plotted against the potential as shown in Figure 2.9 (a).

The general technique used for corrosion tests of coatings are DC polarization (DCP) and
Electrochemical Impedance Spectroscopy (EIS). DCP test is the potentiodynamic
corrosion testing technique. When an electrode is polarized, it can cause current to flow

via electrochemical reactions that occur at electrode surface. The amount of current
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generation is controlled by the kinetics of the reactions and the diffusion of reactants both
towards and away from the electrode. In a cell where an electrode undergoes uniform
corrosion at open circuit, the open circuit potential is controlled by the equilibrium
between two different electrochemical reactions. One of the reactions generates anodic
current and the other cathodic current. The potential at which the anodic and cathodic
currents are equal is called open circuit potential (Eoc). The value of the current for either

of the reactions is called corrosion current (Icor)-

(a) (b) _ Eoctn
Extrapolated
-200 1 cathodic current
T | Reference l
S el Vl electrode
£
= -400
K
S
£ 500+
]
A Working __| |
-600 - ' ! electrode
Extrapolated | - Counter
700 - anodic current lcor electrode
! / Electrolyte
-800 . . — .
-5 -4 -3 -2 -1
log I (mA/cm?)

Figure 2.9: (a) Potentiodynamic polarization curve or tafel plot and (b) schematic

diagram of electrochemical polarization cell

The electrochemical corrosion studies of all the three uncoated and coated
substrates were conducted in a synthetic body fluid such as Hanks’s balanced salt (HBS,
1x, pH 7.4, code-TL1010, supplied by Himedia, India) solution at 37°C using ACM
instruments, Gill AC (serial No.1480).) The sample surface area was kept as 1 cm? and
the solution volume as 200 ml. The potentiodynamic polarization tests were carried out
at the scanning rate of 1 mV/sec. by using three electrode system (platinum electrode,

saturated calomel electrode and glass coated/uncoated substrate as working electrode).
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Before starting the polarization test, the working electrode was immersed in HBS

solution nearly for 10 min. to achieve a stable open circuit potential (Eqc).

The polarization resistance (R,) was calculated using the Stern-Geary equation
(Stern and Geary 1957) according to ASTM G102-89 (Reapproved 2015) standard
(“ASTM G102 - 89(2015)E1 - Standard Practice for Calculation of Corrosion Rates and

Related Information from Electrochemical Measurements”),

Ry = BaPe (2.30)

P~ 2.3031cor(BatBe)

where B, and B, are the Tafel proportionality constants for the anodic and cathodic

reactions respectively.

XRD and SEM/EDS analysis were carried out on uncoated and coated samples to

evaluate the electrochemical corrosion behavior.

2.4.3 In vitro bioactivity test of glass coatings

In vitro bioactivity test of coated substrates were carried out to evaluate HAp
forming ability or bioactivity of samples. The test was carried out in Hanks’s balanced
salt (HBS, 1x, pH 7.4, code-TL1010, supplied by Himedia, India) solution. The surface
area of sample to volume of solution ratio was kept constant (0.1 cm?ml) based on
Kokubo’s criteria (Kokubo and Takadama 2006) and ISO 23317:2014(E) standard (“ISO
23317:2014 - Implants for surgery -- In vitro evaluation for apatite-forming ability of
implant materials™). The samples were kept in HBS solution in an incubator at 37°C and
the tests were carried out under static conditions for 14 days. The samples were taken out

at the intervals of 3, 7 and 14 days for measuring the pH of solution (micro controller pH
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meter, Equip Tronics, EQ-621) and ion release rate. The concentration of PO,>, Ca** and
Na® ions released from the coated substrates were measured using the methods as
discussed earlier. The XRD and SEM/EDS analysis were carried out after bioactivity
tests in order to evaluate bioactivity behavior of coated samples. XRD was conducted on
all the samples taken out from the solution at regular intervals and SEM/EDS were

carried out on samples which were taken out after 14 days of HBS solution immersion.

To verify the electrochemical corrosion nature of uncoated substrates, the in vitro
bioactivity test was also conducted to find out the weight loss of uncoated samples in
HBS solution at the same conditions as mentioned above. The weight losses of uncoated
substrates and pH of immersed solution were measured at the intervals of 3, 7 and 14
days by using analytical weighing balance (Contech, CA 234, accuracy + 0.10 mg) and
pH meter respectively. The weight loss per unit surface area of sample (W) was

calculated by the equation 2.28.

The synthesized glasses showed better bioactivity in HBS solution in comparison
with PBS solution as observed from the in vitro bioactivity studies of glasses. So, HBS
solution was used for in vitro corrosion and bioactivity studies of coated substrates. The
samples were rinsed with deionized water after electrochemical corrosion and in vitro

bioactivity tests and gently dried at room temperature for further analysis.

2.5 ERROR ANALYSIS

Uncertainties are a part of experimental measurements so, error analysis is
necessary to keep the error in measured readings as small as possible. Error in the
measured quantities was estimated by taking the standard deviation of mean (SDOM)
(Taylor 1997) of all measured readings in the present experimental methods. Error in the
calculated quantities was estimated using the quadrature sum of uncertainty rule of error

propagation.
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2.5.1 Standard Deviation of Mean (SDOM)

Average of N measurements (X) such as Xy, Xo, ...... xn Which were taken by using

same apparatus was calculated as follows,

g = SatXet .. tXN (2.31)

Standard deviation (o) was calculated as,

oy = J LS (% —%)° (2.32)

N-1
Standard deviation of mean (SDOM) or error of the N measurements (oz) was

calculated as,

Ox
o= = (2.33)

Final result (X) of N measurements was represented as,

(o

]

X =X+o0g = X+ (2.34)

=

2.5.2 Quadrature sum of uncertainty

Some quantities can not be measured directly, which was calculated from the
measured quantities. In such cases, error also propagates through calculations and the
final result contains propagated errors. Uncertainty in calculated quantity was obtained by

adding uncertainty in quadrature as given below (Taylor 1997).

If ‘X” was calculated from measured quantities m, ..... ,r with uncertainties

om, ... ...., 0r as,
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) = M X (2.35)

then the fractional uncertainty in “x” was obtained by summing quadrature of fractional

uncertainties of measured quantities,

LB J(%m)z bt () (3 et (B (2.36)

6x was obtained by multiplying |x| with quadrature of fractional uncertainties

with measured quantities.

In the present work, error in measured quantities was calculated by SDOM
method. Error in calculated quantities was obtained by quadrature sum of uncertainty
rule of error propagation. Errors were not given for theoretically calculated parameters

and all the errors were rounded to one significant digit.
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Chapter 3

EFFECT OF BaO ADDITION ON THE STRUCTURAL AND MECHANICAL
PROPERTIES OF Na,O-CaO-P,0s GLASSES

Phosphate glasses of composition (26-x)Na,O-xBaO-29Ca0-45P,05 (x = 0, 5,
10, 15 mol%) were prepared with and without the addition of BaO by melt-quenching
technique at three different melting temperatures such as 1000, 1100 and 1200°C. Effect
of BaO addition and melting temperature on the structural and mechanical properties of
glasses has been studied. XRD patterns indicated the amorphous nature of samples. Q*
and Q? phosphate tetrahedra was observed to be the main structural unit of these glasses
and the vibrational frequency associated with P-O-P band remained constant with BaO
substitution as per FTIR analysis. Density of glasses increased with BaO content,
whereas molar volume hardly showed any compositional effect for glasses prepared at
different temperatures. The microhardness was measured using Vickers indentation
method and nature of crack formation was studied by SEM. The hardness and fracture
toughness of glasses have not shown any compositional effect. The changes in the
brittleness and measured crack-length were associated with plastic flow of deformation
in the glass materials. Lower density and higher molar volume have obtained for glasses
prepared at higher melting temperature. Lower brittleness and crack-length was found

in glasses prepared at higher melting temperature.

3.1 RESULTS AND DISCUSSION

Na,0-BaO-Ca0-P,05 glasses with composition mentioned in Table 2.1 were

synthesized and subjected to the following investigations.
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3.1.1 Structural investigations of synthesized glasses

X-ray Diffraction (XRD) studies of synthesized glasses

Figure 3.1 shows the X-ray diffractograms of glasses synthesized at different
melting temperatures. Presence of broad hump in between Bragg angle, 20-40° and the

absence of sharp reflections in the XRD spectra indicated the amorphous nature of all the

synthesised samples.

The shift of the amorphous hump towards the higher angular side with BaO

content indicated the lower spacing between atoms and thus increases in the compactness

of the glass structure.

Intensity (a.u.)

Figure 3.1: XRD pattern of glasses prepared at (a) 1000°C, (b) 1100°C and (c) 1200°C
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Fourier Transform Infra-red Spectroscopy (FTIR) studies of synthesized glasses

FTIR spectra of Na,O-BaO-CaO-P,Os glasses recorded up to 2000 cm™ are

shown in Figure 3.2. The different vibrational bands present in the glasses are tabulated

in Table 3.1.

—An] @ . [—B13 © |

3 :
g4 g I
= = H H 1
= = * A
2 4 = H N |
= H ’ - i
=< 3 i [ W i
. : TV
- 0F o S ZwBey &
2 8§ ZgoRry ¥
-1 L 1 1 =1 1 1 L
2000 1500 1000 500 2000 1500 1000 500

Wave number (cm ) Wave‘numher (em™)

g F]
= : H
] B H
= ; H
= : :
g e N d
= ¢ ;
-~ ;
ofF : o e I : w i
[ g ® E8sgy ¥
-1 L 1 !
2000 1500 1000 500

Wave number (cm™)

Figure 3.2: FTIR spectrum of glasses prepared at (a) 1000°C, (b) 1100°C and (c) 1200°C
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Table 3.1: Assigned vibrational bands in FTIR spectra of Na,O-BaO-Ca0O-P,0s glasses

Vibrational

modes (in

em™) AO |A5 |A1I0|A15|BO |B5 |B10(B15|CO |C5 |Cl10 |[C15

Vas (POy) | 1285 | 1283 | 1278 | 1273 | 1282 | 1279 | 1281 | 1280 | 1281 | 1276 | 1276 | 1272

Vas (PO3) | 1108 | 1110 | 1102 | 1100 | 1104 | 1103 | 1110 | 1108 | 1103 | 1103 | 1101 | 1099

Vs(PO3)/ | 992 | 988 |979 |- 985 982 | 991 | 988 |982 |983 |979 |-

P-O-Na

Vas(POP) 889 889 (888 |888 |887 |888 |893 892 |887 [891 |891 |890

Vs(POP) 776 | 775 (774 | 773 774 | 773 | 777 | 777 |773 |775 |773 |771

Vs(POP) | 722 | 728 |727 |726 |722 |724 |731 |737 |722 |725 |726 |725

VvV (PO,>) |536 [537 |529 |526 |- - 537 | 535 |- - - -

3(PO,) 489 | 492 | 484 | 481 | 489 |486 |- - 485 | 490 | 485 | 487

The data shows Q? and Q' to be the main tetrahedral structural units present in the

synthesized phosphate glasses. Bending vibration of H,O was associated with the bands
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observed in the region of 1600 cm™ (Rai et al. 2014, Jastrzebski et al. 2011). The
stretching frequency of asymmetric PO, group of Q? units or asymmetric P=O groups
were obtained in between 1285-1272 cm™ (Byun et al. 1995, Kiani et al. 2012). The
vibrational frequencies of asymmetric and symmetric PO; group of Q' units were
observed in between 1099-1108 cm™. Band associated with symmetric PO5 group of Q*
units or P-O-Na linkages were observed between 979-992 cm™. The bands present at
887-893 cm™ were attributed to the stretching frequency of asymmetric P-O-P linkages of
Q? units (Kiani et al. 2012). The bands present in wavenumber region of 771-777 cm™
were obtained due to the symmetric P-O-P linkages of Q' units. The vibrational
frequencies of P-O-P linkages formed between Q* and Q? groups were present at 722-737
cm™ (Jha et al. 2015). Bands associated with the fundamental frequency of PO,> groups
or harmonics of P=0O bending vibrations and bending mode of PO, group, 6(PO,) were
obtained between 526-537 cm™ and 481-492 cm™ respectively (lvascu et al. 2011).

The observed shift in the various band positions was not uniform with added BaO
composition. Asymmetric PO, and PO3; groups associated with glasses prepared at 1000
and 1200°C were shifted towards the lower frequency with BaO content due to the
decrease in O-P-O bond angle resulting from the larger size of Barium ions (149 pm)
than Sodium (116 pm) (Byun et al. 1995). This was not observed in the glasses prepared
at 1100°C, in which shift in the band position of P-O-P linkages formed between Q' and
Q? tetrahedra towards the higher frequency region was observed along with the increase
in the intensity of symmetric PO3 (Q*) end groups. This indicated the formation of Q!

end groups and thus more number of linkages between Q' and Q? tetrahedra.

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS) of synthesized glasses

The representative images of SEM and EDS spectra of synthesised glasses with
and without BaO are given in Figures 3.3 and 3.4 respectively. The homogeneous nature
of synthesized glasses was observed in SEM analysis and there was no evidence of phase

separation as observed from XRD data. The representative EDS data of glasses prepared
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at 1200°C is given in Table 3.2. Elemental composition of the glasses analysed from
EDS was in a reasonable agreement with the calculated values of the batch composition

and the contamination from silica crucibles used for melting was less (Si< 1%).

Figure 3.3: SEM images of synthesized glasses (a) CO and (b) C15
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Figure 3.4: EDS spectra of synthesized glasses (a) C0 and (b) C15
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Table 3.2: Mass % of elements calculated from batch composition and obtained from

EDS analysis for glasses prepared at 1200°C. Minimum and maximum values are

reported
Sample code Co C5 C10 C15
Batch 46.54 44.43 4251 40.74
Oxygen
(0)] EDS | 44.70-45.68 | 42.43-43.12 | 40.87-41.26 | 38.73 - 39.46
Batch 28.96 27.65 26.45 25.35
Phosphorous
(P) EDS | 29.37-31.14 | 28.21-29.99 | 27.76-29.92 | 26.69 - 27.78
Batch 12.08 11.53 11.03 10.57
Calcium
(Ca) EDS | 13.57-14.27 | 11.08-12.43 | 11.00-10.74 | 11.33-12.25
Batch 12.42 9.58 6.98 4.60
Sodium
(Na) EDS | 11.07-13.26 7.59 - 8.46 6.17 - 6.31 5.68 - 6.10
Batch - 6.81 13.03 18.73
Barium
(Ba) EDS - 7.47-8.11 14.82-15.31 | 19.16 - 19.73

Density measurement of synthesized glasses

Measured density, molar volume and other calculated structural properties are

listed in Tables 3.3 and 3.4. The density of glasses was observed to increase with BaO

addition in all the samples prepared at three melting temperatures, owing to the higher

molecular weight of BaO (153.33 gm/mol) in comparison with Na,O (61.98 gm/mol).

The strength of cross-linking in the glass structure increased with BaO additions due to

the higher field strength of Ba** (0.24x10%° m™) ion which can strongly attract non-
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bridging oxygen than that of Na* (0.19x10%° m®). A divalent (Ba*") ion can bond with
two non-bridging oxygens, whereas a monovalent (Na*) ion is bond with only one. This
resulted in the effective cross-linking of the glass structure with BaO content (Shelby
2007). Molar volume of glasses was not varying much with BaO content due to nearly
equal molar volume of BaO (26.80 cm®mol) and Na,O (27.30 cm®mol) (Hafid et al.
2002).

Table 3.3: Density (pmes), molar volume (Vy), oxygen packing density (pox), OXygen
molar volume (V,) and cross-link density (CLD) values of Na,O-BaO-CaO-P,0s glasses

Sample Prmes Vi Pox Vo CLD
Code
(gm/cm?) (cm*/mol) (mol/L) (cm*/mol)
A0 2.594 +0.002 | 37.11 +0.03 75.46 13.25 3.11
A5 2.716 +0.003 | 37.12 +0.04 75.44 13.26 3.15
A 10 2.846 +0.007 | 37.03 +0.09 75.61 13.23 3.18
A 15 2.966 +0.004 | 37.07 +0.07 75.53 13.24 3.22
BO 2.592 +0.002 | 37.13 +0.08 75.41 13.26 3.11
B5 2.715 +0.003 | 37.14 +0.05 75.40 13.26 3.15
B 10 2.833 +0.005 | 37.20 +0.04 75.28 13.28 3.18
B 15 2.953 +0.002 | 37.24 +0.06 75.20 13.30 3.22
Co 2.588 +0.003 | 37.19 +0.05 75.30 13.28 3.11
C5 2.710 +0.002 | 37.21 +0.07 75.26 13.29 3.15
C 10 2.823+0.004 | 37.33+0.03 75.01 13.33 3.18
C15 2.950 +0.006 | 37.28 +0.06 75.10 13.32 3.22
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Table 3.4: Number of bonds (Ny), inter ionic distance between Ba?*[R(Ba®*)] and Na*
[R(Na")] ions, phosphorous molar volume (V."), average phosphorous-phosphorous

distance (<d,.,>) values of Na,O-BaO-CaO-P,0s glasses

Sample | Np(x10%) R(Ba™) R(Na") VP <dpp>
code
(cm®) (nm) (nm) (cm*/mol) (nm)
A0 874 - 0.62 33.73 0.824
A5 890 1.07 0.66 33.74 0.825
A 10 909 0.85 0.73 33.66 0.824
A 15 924 0.73 0.82 33.70 0.824
BO 873 - 0.62 33.76 0.825
B5 890 1.07 0.66 33.76 0.825
B 10 905 0.85 0.73 33.81 0.825
B 15 920 0.74 0.83 33.85 0.825
(6] 873 - 0.62 33.81 0.825
C5 888 1.07 0.67 33.82 0.825
C10 902 0.85 0.73 33.93 0.826
C15 919 0.75 0.83 33.89 0.826

3.1.2 Mechanical properties of synthesized glasses

There are three types of deformation processes which affect the hardness of a

material such as densification, elastic and plastic (shear) deformation (Kjeldsen et al.
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2015, Rouxel et al. 2010). Hardness is the resistance to deformation of a body while
applying a certain load and fracture toughness is the resistance to fracture under certain
load or the maximum energy that can be absorbed before fracture happens (Rocha-Rangel
2011).

Figure 3.5: SEM images of synthesized glasses after indentation (a) A5, (b) A15
and (c) C15

Some representative images of nature of Vickers indentation on the glass surfaces
observed from SEM micrographs after applying 19.6 N is shown in Figure 3.5. Radial/

median cracks are seen to extend from the four corners of indentation pattern as indicated
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by arrow 1 and the lateral cracks are represented by arrow 2. The white reflections of the
bright region obtained by the lifting of small amount of material from glass surface are
shown by arrow 3. Chipping of material from the closely spaced shear faults indicating
the presence of plastic flow of deformation is indicated by arrow 4.

Table 3.5: Measured microhardness (H,), calculated brittleness (), fracture toughness
(Kic) and measured half crack-length (c) of Na,O-BaO-CaO-P,0s glasses

Sample Hy X Kic C
code
(GPa) (um™?) | (MPam'?) | (um)
A0 3.90+0.14 | 11.85+0.13 | 0.33+0.04 | 24745
A5 3.79+£0.31 | 10.68+0.29 | 0.36 +0.05 | 2388
A 10 4.09£0.24 | 13.42+0.21 | 0.31+£0.05 | 258 +7
A 15 3.97 +0.13 | 12.41+0.10 | 0.32£0.04 | 253 +4
BO 3.76 £0.20 | 10.83+0.15 | 0.35£0.04 | 23516
B5 3.66 £0.27 9.82+£0.21 | 0.37+0.05| 23348
B 10 3.56 £0.25 8.84 £0.17 | 0.40£0.05 | 224 7
B 15 3.47 £0.14 7.76 £0.12 | 0.45+0.04 | 21146
Cco 3.60 +0.20 9.40£0.17 | 0.38£0.05 | 229 %7
C5 3.42£0.24 8.04 £0.22 | 0.43+0.05| 2189
C10 3.35+0.22 6.99£0.18 | 0.48 £0.06 | 203 +7
C15 3.39 £0.15 7.28 £0.12 | 0.47 £0.04 | 207 6
40Ba0O-10CaF,-50P,05 | 2.78 £0.04 8.33+0.03 | 0.33+0.01 | 1462
glass (Narayanan and
Shashikala 2015)
20Ba0-5La,;03-50P,05 4.00 - 0.48 -
glass (Kurkjian 2000)
20Na,0-10Al,03- 4.10 - 0.50 -
50P,05 glass (Kurkjian
2000)
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Vickers hardness (H,), fracture toughness (Kic) and brittleness (y) values of
synthesized glasses are given in Table 3.5. The theoretically calculated values of modulus
were increased with BaO content as shown in Table 3.6. There was no change observed
for the measured H, and K,c with the substitution of BaO in all the glasses prepared at
different temperatures and the values were come within the error limit, which was
associated with the trend in molar volume as the molar volume is the measure of rigidity
of the glass network. The structural back bone of phosphate glasses is P-O-P linkages
(Shelby 2007) and thus the strength of glass is mainly correlated to these linkages. The
observed shift in the P-O-P band position was negligible with BaO content as per IR
spectra, which indicated that P-O-P linkages was not strengthened with BaO additions
and it might be a reason for insignificant changes in hardness and fracture toughness.

The trend observed in the brittleness and crack length with BaO addition was
similar. Densification and plastic flow of modes of deformation can change the
brittleness of glasses (Sehgal and Ito 1999) and plastic flow initiates cracks in the
structure under a certain load (Hermansen et al. 2013). The chances of densification
under a certain load is difficult in glasses with density greater than 2.4 gm/cm® and so
plastic flow was having significant role in the brittleness and crack-length of synthesised
glasses rather than densification (Sehgal and Ito 1999). The variations in the brittleness
and crack length were different in glasses prepared at different melting temperature as
shown in Table 3.5. The reduction in plastic flow with BaO content in the glasses
prepared at 1000°C as indicated by the arrow 4 in Figure 3.5 (a) & (b) was the reason for
increase in these properties, whereas it has decreased due to higher amount of plastic
flow in the glasses prepared at 1100 and 1200°C as shown in representative image, Figure
3.5 (c). The large amount of cross-linking in the glass network was indicated by the
calculated values of Poisson’s ratios of 0.25-0.26 (Abd EI-Moneim 2001).

The present results were compared with the work of other researchers, which has

given in Table 3.5.
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Table 3.6: Theoretically calculated mechanical properties of Na,O-BaO-CaO-P,0s

glasses
Sample Young’s modulus | Bulk modulus | Poisson’s Packing
Code (GPa) (GPa) ratio density
AO 64.648 44.382 0.258 0.574
A5 65.317 45.157 0.260 0.578
A 10 66.163 46.180 0.262 0.584
A 15 66.792 46.904 0.263 0.587
BO 64.600 44.320 0.258 0.574
B5 65.286 45.114 0.260 0.578
B 10 65.872 45.774 0.261 0.581
B 15 66.496 46.489 0.262 0.584
Co 64.507 44.193 0.257 0.573
C5 65.162 44,943 0.259 0.577
c10 65.640 45.452 0.260 0.579
C15 66.411 46.370 0.262 0.584

3.1.3 Effect of melting temperature on the properties of synthesized glasses

Density of synthesized glasses of a particular composition was decreased,
whereas molar volume was increased for glasses prepared at higher melting temperature.
This was due to the higher cooling rate of melt at fixed quenching time and lower
viscosity of melt at higher melting temperature which resulted in lesser structural

rearrangement of atoms (Shelby 2007).

While considering a particular composition of glass with fixed BaO content,
glasses prepared at higher melting temperatures have lower brittleness and crack-length,

which was attributed to their slightly lower density values. As the density of glasses
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decreased, compactness of structure also decreased and thus ease of densification and
plastic flow in glasses was more, which decreased the brittleness (Sehgal and Ito 1999).
Arrow 4 in Figure 3.5 (b) & (c) indicates higher amount of chipping of material for the
same composition of glasses (Al5 & C15) which were prepared at higher melting
temperature and this indicated the presence of more amount of plastic flow of

deformation.

3.2 SUMMARY

BaO added Na,O-CaO-P,0s glasses were prepared at three different melting
temperatures 1000, 1100 and 1200°C. Effect of BaO addition and melting temperatures
on the structural and mechanical properties of these glasses was subjected to study. All
the synthesized samples were amorphous in nature as shown by XRD pattern. Glass
structure was mainly constituted with Q' and Q? structural units according to FTIR
spectra. All the glass samples were homogeneous in nature. Density of the glasses has
increased with BaO addition, whereas molar volume did not show any compositional
effect. Hardness and fracture toughness were independent of composition in all the
glasses prepared at different melting temperatures. The brittleness and crack-length have
increased with BaO content in glasses prepared at 1000°C, whereas it has decreased in
glasses prepared at 1100 and 1200°C, which are mainly due to the plastic flow of
deformation.

Lower density and higher molar volume was found for glass samples prepared at
higher melting temperature. Lower brittleness and crack-length have been obtained for
glasses melted at higher melting temperature and these were attributed to the changes in
density and plastic flow of deformation of glasses.

The glasses prepared at 1200°C were selected for further studies due to their
better mechanical properties (lower brittleness and crack-length) in comparison with

other synthesized samples.
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Chapter 4

EFFECT OF BaO ADDITION ON THE THERMAL AND OPTICAL
PROPERTIES OF Na,O-CaO-P,0s GLASSES

Effect of BaO addition on the thermal and optical properties of phosphate glasses
with composition (26-x)Na,0-xBaO-29Ca0-45P,05 (x = 0,5,10,15 mol %) melted at
1200°C have been studied. The glass transition and onset of crystallization temperature
have increased with BaO content, which can be attributed to the higher field strength of
Ba®" ions. The thermal stability of the glasses has increased with BaO addition. The
thermal stability values of all the synthesized glasses were greater than 100°C indicating
their fiber drawing capability. The glass forming ability has increased with initial
addition of BaO. The observed increase in refractive index values was ascribed to the
higher electron density of Ba®* ions. The optical band gap energy has increased due to
the formation of stronger ionic cross-links and more covalent P—O—Ba bonds. The
additions of BaO above 5 mol % did not make any changes in the band gap energy
values. The changes observed in the optical band gap energy values were related to the
calculated optical basicity and metallization criteria of glasses. No uniform variation was
observed in the Urbach energy values of BaO added glasses. However, the decrease in
Urbach energy with initial BaO additions can be attributed to the reduction in the

formation of defects and/or interstitial bonds.

4.1 RESULTS AND DISCUSSION

(26-x)Na,0O-xBa0-29Ca0-45P,05 (x = 0, 5, 10, 15 mol%) glasses prepared at
1200°C were selected for studying the effect of BaO addition on the thermal and optical
properties. This glass system was selected based on their better mechanical properties

mentioned in chapter 3.
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4.1.1 Thermal properties of synthesized glasses

DTA data of as quenched glasses are given in Figure 4.1 and the thermal

properties derived from these patterns are given in Table 4.1. The first inflection in the

DTA thermogram corresponds to the glass transition temperature (Tg). The exothermic

and endothermic peaks correspond to peak crystallization (T.) and melting (Tn)

temperatures of glasses respectively (Tulyaganov et al. 2006). The onset of crystallization

temperature (Ty) is found out as shown in Figure 4.1.

Table 4.1: Thermal properties obtained from DTA analysis and density of Na,O-BaO-

Ca0-P,05 glasses

Ty Ty Tm Thermal Hruby’s | Density
Sample stability | parameter
Code °C,(+3) | °C, (+3) | °C, (3) gm/cm?
(AT)9 OC (Kgl)
Co 374 528 726 154 0.777 2.588
C5 384 570 695 186 1.488 2.710
Cc10 390 584 794 194 0.923 2.823
C15 418 626 826 208 1.040 2.950
48Ba0-2CaF,- 428 543 831 115 0.399 3.508
50P,05 (Narayanan
and Shashikala 2015)
~ 365 ~ 490 ~ 730 - - -

28Ca0-27Na,0-
45P,0s5 glass (Franks
et al. 2001)
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The data of samples without (C0) and with BaO (C5) are given in Figure
4.1 for comparison purpose as representative graphs and the baseline fit has been carried
out to find out the deviations from the thermogram. The thermal properties of phosphate

glasses prepared by other researchers are given in Table 4.1 for comparison purpose.

3 kIl T
E g = Baseline fit bl g Baseline ft
2l F .‘
'S ]
* P I x
% = 10
S 10- a
: 2
: S
g 0 )
E
E ] o 107
z £
$Mo- g
: £
ke
g
220 1 T T T T T T i -30 T T l ' ' ' : ‘
200 400 600 800 1000 00 400 600 800 1000

Temperature (°C) Temperature (°C)

Figure 4.1: DTA thermograms of glass samples (a) without (C0) and (b) with BaO (C5)

The observed results can be explained as following. The temperature required to
activate rotational motion of a molecule while it undergoes heating is called as glass
transition temperature, T4 (Ma 2014). Density of covalent cross-links and strength of
ionic cross-links formed between cations and Oxygen anions in the glass structure can
control Ty. Close packing of the atoms and/or increase in the cross-link density results in
higher Tq4 of glasses. The measured density of the glasses was mainly correlated to the

cross-link density as mentioned in chapter 3 (B Edathazhe and Shashikala 2016). The
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density of glass has increased with BaO content indicating the increase in cross-link

density thereby increase in Ty,

The addition of Ba** (0.24x10%° m™) ions with higher filed strength by replacing
Na* (0.19x10%° m™) increased the strength of ionic cross-links formed between Ba®* and
non-bridging oxygen ions resulting in higher T4 values (Hafid et al. 2002). The slightly
higher ionic nature of Ba-O bond resulting from lower electronegativity values of Ba**
(0.89) ions in comparison with Na* (0.93) increase the covalent nature of P-O-Ba bond in
comparison with P-O-Na as the covalent nature of a bond is directly related to its strength
(Jermoumi et al. 2003). It has been reported that increase in the valancy of cations and
covalent character of bond linkages of the phosphate chains resulting from the presence
of higher field strength cations can increase Ty (Ma 2014). The observed shift to the
lower frequency side and final disappearance of symmetric stretching vibration of PO3
group of Q' tetrahedra (982-979 cm™) with BaO content in the FTIR spectra of the
present system of glasses (B Edathazhe and Shashikala 2016) indicated the reduction in
the end group (Q) formation and increase in Tyas reported in case of Hafid et al. (2002).
So, the increase in Ty of present system of glasses was mainly attributed to the formation
of stronger ionic cross-links with BaO content. The bond formed between the metal
polyhedra and phosphate anions can regulate the compositional dependence on the
thermal properties such as Ty of glasses with same O/P ratios and different modifying
oxides (Ma 2014).

The stability of glasses against crystallization on reheating process is referred as
their thermal stability (AT). The increase in the onset of crystallization temperature (Ty)
as shown in Table 4.1 indicated the suppression of crystallization with BaO additions.
Ba* ions can hinder the mobility of phosphate chains in the melt due to their higher field
strength in comparison with Na" ions, which can result in increase of Ty and T4 values
(Groh et al. 2014). Glasses with AT >100°C are suitable for fiber drawing (Rasool et al.
2013) and so all the synthesized glasses are stable enough to draw fibers. The ability of

sintering and resistance towards crystallization is higher in glasses with higher thermal
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stability which is an important factor when coating glasses using thermal methods such as
thermal enamelling technique. Since, the sintering viscous flow and
dissolution/bioactivity of glasses can be adversely affected with crystallization (Al-
Noaman et al. 2012), it is better to select a glass with higher thermal stability for coating.
The heat of crystallization attributed to the area of crystallization peak in DTA
thermogram was reduced with BaO content, which was also an indication of the
improvement in the thermal stability of glasses. Crystalline phases containing Barium
may be formed at slower rate rather than Barium-free crystalline phases formed in glasses
without BaO. This can also be one of the reasons for reduction in the intensity of
crystallization peak with the addition of BaO (Massera et al. 2014) as observed in the

present work.

The incorporation of nucleating agents in to glasses enhances the crystalline phase
formation in the glass matrix, which obviously reduces their crystallization temperature,
Tx (Massera et al. 2014). T4 has increased with 5 mol% of BaO addition in the present
study, indicating the entering of Ba** ions into the crystal structure and thus altering of
crystalline phase composition/structure which was formed in the glasses during heating
process rather than acting as a nucleating agent. The reduction in the melting
temperature, T, with 5 mol % of BaO addition also substantiated this result (Massera et
al. 2014). The increase in Ty, with the addition of BaO from 5 to 15 mol % was attributed
to the formation of stronger P—O—Ba bonds and replacing of weaker P—O—Na bonds.
Since P—O—Ba bonds are stronger, more energy was required to break the stronger

bonds during melting and thus increase in T, was observed.

Glass forming ability or ease of vitrification when cooling a melt towards Ty is
denoted with Hruby’s parameter (Kq) (Ma 2014). Hruby’s parameter was found to
increase when comparing the end members of composition such as CO and C15. Ma et
al. (2014) have reported that addition of higher field strength ions can increase the glass

forming ability of melt.
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4.1.2 Optical properties of synthesized glasses
Refractive index of glasses

The measured refractive index of the glasses is given in Table 4.2 and it increased
with the BaO addition. Refractive index of glass mainly depends on electron density and
polarizability of ions present in it. Electron density of the Ba* ions is higher than that of
Na* because of which passage of light through glass matrix with Ba?* ions was hindered
and thus increasing the refractive index (Dimitrov and Komatsu 2010). Based on
Lorentz-Lorentz equation (Lorentz 1880) refractive index and density of glasses are
having correlation to each other. Increase in the compactness of glass structure (or
density) can prevent the movement of light through glasses and thereby increasing the
refractive index. This was substantiated by the measured density (B Edathazhe and
Shashikala 2016) of present system of synthesized glasses as shown in Table 4.2,

UV-Visible absorption spectra and band gap studies of glasses

The optical band gap energy (Eg) of glasses derived from Figure 4.2 (a) is given in
Table 4.2. Not much variation in the band gap energy values was observed with 5 to 15
mol % of BaO content, however initial addition of 5 mol % increased the band gap
energy. lonic cross-links were formed in the glass structure with the addition of divalent
ions such as Ba*" and Oxygen bond strength also increased due to the formation of such
P—O—Ba—O—P linkages resulting in the requirement of higher amount of energy for
optical transitions by excitation of electrons. lonicity of Oxygen ions reduced by the
formation of such cross-links which lowered the top of the valence band and thus
increased the band gap energy according to Khor et al. (2013). Also the addition of
higher field strength ions, Ba?* improved the strength of bonding and thus reduction in
the number of electrons of Oxygen ions contributing in the electronic transitions resulted

in higher band gap energy values (Khor et al. 2013).
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Figure 4.2: (a) (¢hv)? and (b) In () as a function of photon energy, hv of Na,0O-BaO-
Ca0-P,0s glasses

The optical basicity (L) of the glasses which is given in Table 4.3 indicates the
electron donating power of the glass matrix. The addition of BaO to BaO-free base glass
(C0), reduced the optical basicity which indicated the reduction in the number of
electrons taking part in the optical transitions and thus substantiating the rise in band gap
energy values. The increase in the metallization criteria (Mc) or the insulating nature of
glasses as shown in Table 4.3 also supported the increase in the band gap energy values
(Dimitrov and Komatsu 2010).

The measured optical properties of the present glasses were compared with the

work of other researchers, which is given in Table 4.2.

76



Table 4.2: Density, refractive index, optical band gap energy and Urbach energy of
Na,0-BaO-Ca0-P,0s glasses

Sample Density Refractive Band gap Urbach
code index (n) Energy (Ey), Energy (E.),
gm/cm? +0.001 +0.1 +0.05
eV eV
Co 2.588 1.522 1.76 2.46
C5 2.710 1.535 3.29 0.70
C 10 2.823 1.551 2.98 1.06
C15 2.950 1.557 3.23 0.52
48 BaO-2CaF,-50P,05 3.508 1.576 3.04 0.68
glass (Narayanan and
Shashikala 2015)
2.589 1.547 3.44 0.390
50Ca0-50P,05 glass
(Venkateswara  Rao
and Shashikala 2014)

Urbach energy (E,) of glasses found out from Figure 4.2 (b) is given in Table 4.2.
Urbach energy is the direct measure of extent of band tailing in the glass structure. The
addition of BaO, increased the band gap energy values and lowered the Urbach energy or
density of localized states in the band structure of the glasses. According to the Davis and
Mott (1970), higher the states of disorder in the non-crystalline materials, greater the
density and tail of the localized states present in the energy gap. Presence of defects,
impurities and broken as well as dangling bonds result in the formation of localized states
within the energy gap. Davis and Mott (1970) proposed that the presence of high density
of localized states lowers the band gap energy of glasses. The decreasing trend of Urbach

energy with BaO content might also be attributed to the reduction in the defects
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formation. The presence of interstitial bonds resulted in the formation of localized states
and increased the Urbach energy of glasses (Altaf et al. 2005). As the Ba®* ions was
unlikely to move into the interstitial position due to their higher ionic radii (149 pm) than
that of Na* (116 pm), the addition of BaO was expected to reduce the Urbach energy as
observed

Table 4.3: Optical properties of Na,0O-BaO-CaO-P,0s glasses calculated from molar
volume and optical band gap energy values

Calculated Molar Oxide ion Metallization | Optical
Sample | molar volume | polarizability | polarizability criteria basicity
code (am3) (aog (Mc) )
cm®/mol A° A°
Co 37.19 10.378 3.61 0.296 2.101
C5 37.21 8.775 3.02 0.405 1.652
C10 37.33 9.094 3.11 0.386 1.721
C15 37.28 8.847 3.00 0.402 1.638
4.2 SUMMARY

The effect of BaO addition on the thermal and optical properties of Na,O-CaO-
P,Os glasses has been studied. The increase in the glass transition temperature of glasses
with BaO content was attributed to the formation of stronger ionic cross-linking in the
glass structure. The crystallization tendency of glasses has decreased with increase in
BaO content. The glass forming ability of glasses was found to increase with initial
addition of BaO. All the synthesized glasses were suitable for fiber drawing due to their

higher thermal stability values greater than 100°C. The refractive indices of glasses have
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increased with BaO content in accordance with the measured density values resulting
from their higher electron densities. The initial addition of BaO increased the optical
band gap energy of glasses, whereas the increase in BaO content has negligible effect on
it. The changes in the optical basicity and metallization criteria of glasses substantiated
the observed trends of band gap energy values. The decrease in the Urbach energy values
was due to the reduction in the formation of defects and/or interstitial bonds in the glass

structure.
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Chapter 5

EFFECT OF BaO ADDITION ON THE DISSOLUTION AND IN VITRO
BIOACTIVITY PROPERTIES OF Na,O-CaO-P,0s GLASSES

The phosphate glasses with composition (26-x)Na,O-xBa0O-29Ca0-45P,0s5 (X =
0, 5, 10, 15 mol %) were subjected to the dissolution test in deionized water and in vitro
bioactivity test in Phosphate buffer saline (PBS) as well as Hank'’s balanced salt (HBS)
solutions. The effect of BaO on the dissolution and bioactivity properties of Na,O-CaO-
P,Os glasses has been studied under static dissolution conditions for 28 days and the
dissolution nature of glasses was analyzed by XRD, SEM/EDS, FTIR and ions release
rate measurements. The dissolution rate of glasses in deionized water has increased with
time and decreased with BaO content. The glasses without BaO and with 15 mol % of
BaO showed the formation of crystalline hydroxyapatite (HAp) phases within 14 days of
immersion in PBS, whereas the glasses with 5 and 10 mol % BaO showed the formation
of amorphous calcium-phosphate (ACP) and/or poorly crystallized HAp phases.
Crystalline hydroxyapatite phases were formed on all the glass samples within 7 days of
immersion in HBS solution and the bioactivity of glasses was found to improve with BaO

content.

5.1. RESULTS AND DISCUSSION

(26-x)Na,0-xBa0-29Ca0-45P,05 (x = 0, 5, 10, 15 mol %) glasses prepared at
1200°C were selected for the dissolution and in vitro bioactivity studies.
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5.1.1 Dissolution studies of synthesized glasses

Glasses were immersed in deionized water for 28 days to find out their dissolution
rates. Weight loss of glasses has been measured using sensitive weighing balance. The
increase in the weight losses was observed in all the compositions of glasses as the time
of immersion increases, whereas addition of BaO decreased it drastically as indicated in
Table 5.1.

Table 5.1: Weight losses and dissolution rates of Na,O-BaO-CaO-P,Os glasses in

deionized water

Weight losses (in mg/cm?)
Days
CoO C5 C10 Cc15
1 10.64 +1 0.68 +0.2 0.48 +0.07 0.41 +0.05
7 19.32 +2 1.92 +0.5 0.51 +0.06 0.43 +0.04
14 31.03 +2 6.28 +1 0.74 +0.05 0.45 +0.04
28 50.71 +3 16.90 +2 1.46 +0.06 0.47 +0.02
Dissolution rate 6.2 x 10 2.6 x 107 1.5x 107 8.9x10°
(mg/cm?/hr)

The reduction in the dissolution rate of glasses by three orders of magnitude with
increase in BaO content upto 15 mol % is an interesting factor to note. Addition of BaO
formed stronger ionic cross-links and more compact glass structure which resulted in the
decrease in the dissolution rate as indicated in Table 5.1. As mentioned in the chapter 4,
the formation of stronger P—O—Ba linkages at the expense of slightly weaker P—O—
Na increased the strength of the glass network (Hafid et al. 2002), which was attributed to
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the higher filed strength of Ba®* ions (0.24x10% m™) than that of Na" (0.19x10%° m™).
In general, higher dissolution rates of BaO-free phosphate glasses were mainly due to the
hygroscopic nature of covalent P—O—FP linkages which was comparatively sensitive to
moisture attack or less chemically durable than P—O—M (M — Modifier cation) linkages
and the modifying oxides such as BaO can convert the bridging P—O—P bonds into the
non-bridging P—O—Ba. These factors are supported by our previous work (B Edathazhe
and Shashikala 2016) which was given in chapter 3 as follows. The observed increase in
density and shift in the amorphous halo of XRD spectra towards the higher angular value
with BaO content indicated the increase in compactness of glass structure. The reduction
in the intensity and final disappearance of the IR vibrational bands associated with P—
O—Na linkages (982-979 cm™) substantiated the replacement of P—O—Na with P—
O—Ba.

Acid/base catalysis, hydration and hydrolysis reactions are the three major
processes leading to the dissolution of phosphate glasses in aqueous solutions.
Penetration of water molecules in to the bulk glass forms hydrated layer on its surface at
the initial stages of dissolution. Cations present in such layer get detached from PO,
tetrahedra and exchange with H* ions in the solutions. H* ions in the hydrated layer
attack P—O—P linkages of glass structure followed with breakage of those linkages and
finally the dissolution of entire phosphate chains. As the time of immersion proceeds
more number of ions were released due to these reactions resulting in the higher
dissolution rate of glasses (Tosi¢ et al. 2013, Bunker et al. 1984). According to Déhler et
al. (2015), hydration and hydrolysis are having the primary and secondary effect on the
dissolution process of glasses respectively. They made this conclusion based on the study
of dissolution of polyphosphate glasses containing 45 mol % of P,Os in Tris-buffer

solution.

The measured anion (PO,%) and cation (Na* and Ca®") concentrations for 28 days
of immersion are given in Figure 5.1. They increased up to 14 days and reached a steady
state beyond that. Dissolution was more in the initial days due to the fast release of
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Figure 5.1: lonic concentration of (a) PO,*, (b) Ca®*, (c) Na" and (d) pH in deionized

water

cations which increased the ionic strength of solution and further release of ions was

prevented by the electrostatic interactions. The decrease in the ion release rate in glasses
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with BaO content substantiated the weight loss data/dissolution rate in which the lowest
value was observed for glasses with higher BaO content as discussed earlier. The higher
amount of anions were released from glasses with less BaO content (CO & C5), whereas
nearly same rate of both anion and cations were released from glasses containing higher
amount of BaO (C10 & C15) indicating the reduction in the dissolution of PO,* ions
with BaO additions due to the formation of stronger P—O—Ba—O—P linkages as
discussed in chapter 4. P—O—P bonds are susceptible to moisture attack, whereas the
P—O—M linkages are stable towards moisture and solution attacks (Lee et al. 2013).

The amount of phosphate anions in the original glass structure (45% P,0s) is
more than that of Na* and Ca®* and so it was expected to obtain higher rate of PO,>
release rather than cations as shown in Figure 5.1 (a), similar to observations made in
another study of MgO added P,0s-Na,O-CaO glasses by Lee et al. (2013). H” ions in the
solution were exchanged with cations (Na" and Ca*") of glasses leading to an increase in
pH or basic nature, whereas the release of PO,¥ions due to the breakage/dissolution of
P—O—P chains and exchange of these ions with OH" ions in the solution resulted in the
reduction in pH or acidic nature of solution. The initial decrease in pH followed with time
independent variations after 14 days in all the samples as shown in Figure 5.1 (d) was
attributed to the ions release rate. The initial stages of dissolution process of phosphate
glasses in deionized water was controlled by the hydration reaction in which the outer
hydrated layer was formed on glass surfaces according to the study of Bunker et al.
(1984). The observed initial decrease in pH and increase in weight losses confirmed the

consumption of OH" ions from the solution and thus the formation of hydrated layer.

The increase in pH with BaO content was attributed to the lower rate of anions
release and amount of anion release was significant or higher than that of cations. The
release of more number of PO,> anions (~220 & 125 mg/cm? respectively) in comparison
with cations made the immersed solution of CO and C5 acidic (~5.5), whereas the release
of nearly same rate of both anion and cations resulted almost steady and neutral pH (7.4-
6.9) of C10 and C15. Variation in pH and weight losses was more prominent in glasses

84



containing less BaO (CO & C5) when compared to C10 and C15 which supported the
reduction in the dissolution rate of glasses with BaO content. However, changes in pH
were negligible or within error limit for all the samples in the final days due to the steady
rate of ions release. The observed ion release rates, pH and weight loss profiles of
samples in deionized water were correlated with each other and no such remarkable

differences was observed in these properties between C10 and C15 glasses.

Figure 5.1 indicates that time dependence of various ions release rate to be
different, which indicates the selective (or incongruent) dissolution of all the

constituentsof glasses in deionized water (Tosi¢ et al. 2013).

The changes in the surface morphology of glass samples after the immersion in
deionized water for 28 days were analyzed with SEM. Some representative SEM images
are given in Figure 5.2 and surface of unimmersed C15 is shown in Figure 5. 2 (a) for
comparison purpose which shows a clear and homogeneous surface. Figure 5.2 (b) and
(c) indicate a white layer formation on the surface of CO and C5. The magnified image of
grain structure of this formed layer on C5 is given in Figure 5.2 (f) and the grains are
uniform with varying diameter of 600-850 nm. Lesser amount of white layer was formed
on the cracked surface of C10 as indicated in Figure 5.2 (d). Merging of pits to form
honey-comb like structure was observed in C15 as shown in Figure 5.2 (e) and these pits
were having varying diameter of 0.6-4.0 um. Tosi¢ et al. (2013) have reported that pits
were formed on the surface of polyphosphate glasses in the initial days of immersion and
white layer was formed on prolonged duration of immersion. It is worthy to note that the
addition of 15 mol % of BaO enabled Na,O-CaO-P,0s5 glasses to survive without any
layer and crack formation and only pits were formed on its surface which indicates the
initial stages of dissolution even after 28 days of immersion in deionized water and

reduction in the dissolution rate of glasses with increase in BaO content.

EDS analysis recorded on the surface of immersed samples is given in Table 5.2.
The amount of Phosphorous and Sodium have decreased in all the samples, whereas the
amount of divalent ions such as Calcium (only in case of CO & C5) and Barium (in C5 &
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C10) have increased after immersion in deionized water for 28 days. Such changes were

due to the difference in the rates of release of various cations.

Figure 5.2: SEM images of (a) untreated C15 and treated (b) CO, (c) C5, (d) C10, (e) C15
in deionized water for 28 days and (f) grain structure of white layer formed on C5
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According to Tosi¢ et al. (2013), divalent ions (Ba** and Ca®") were released slowly in
comparison with monovalent ions (Na*). The decrease in the concentration of divalent
ions along with no clear evidence of surface layer formation observed in C15 indicated
the relatively lesser amount of white layer formation on their surface. Thus EDS also
supported selective dissolution of ions from all the glasses which was due to the observed

difference in the release rate of various ions (Tosi¢ et al. 2013).

Table 5.2: Mass % of elements on Na,O-BaO-CaO-P,0s glasses before and after the

immersion in deionized water for 28 days

Sample code Co C5 C10 C15
Before 45.19 42.77 41.06 39.09

Oxygen
(0) After 51.67 45.95 49.88 55.29
Before 30.25 29.10 28.84 27.24

Phosphorous

(P) After 28.82 23.86 21.90 22.50
Before 13.92 11.76 10.87 11.79

Calcium
(Ca) After 16.45 13.67 9.17 4.69
Before 12.17 8.03 6.24 5.89

Sodium
(Na) After 3.06 0.90 0.97 4.32
Before - 7.79 15.07 19.45

Barium
(Ba) After - 15.61 18.16 13.20

All the synthesized glasses were in amorphous state as per XRD studies

mentioned in chapter 3 (B Edathazhe and Shashikala 2016). Absence of sharp reflections
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and retaining of amorphous nature of all the immersed samples as shown in Figure 5.3
indicated the formed white layer might be the surface layer of glass with changed ratios
of oxides and confirmed the absence of precipitation during the dissolution in deionized
water under the given experimental conditions as reported in case of Tosi¢ et al. (2013).
Amorphous hump present in the BaO-free samples (C0) was slightly shifted towards
lower angular side specifying the depletion of ions from these glasses (Brauer et al.
2010), whereas no such shift was observed in BaO added samples supporting their lower

ion release and dissolution rate.
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Figure 5.3: XRD spectra of Na,O-BaO-CaO-P,0s glasses after the immersion in
deionized water for 28 days
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Selective (or incongruent) type of dissolution was observed in all the

compositions of glasses according to XRD, SEM, EDS and ions release data.
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Figure 5.4: FTIR spectra of Na,O-BaO-Ca0O-P,0s glasses after immersion in deionized

water for 28 days
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Dissolution of glass samples led to the depolymerzation of glass network, which
can be verified by comparing FTIR spectra of samples before (B Edathazhe and
Shashikala 2016) and after immersion in deionized water. The results were consolidated
and given in Figure 5.4 and Table 5.3. The characteristic vibrational modes present in
between 722 and 1281 cm™ were reported in chapter 3 (B Edathazhe and Shashikala
2016). The bands associated with Q? (meta) chains and Q' (pyro) phosphate groups
became less prominent, whereas new orthophosphate (PO,>, Q°) groups have appeared
between 415 and 438 cm™ indicating the depolymerization of glass matrix i.e. the

breakage of longer phosphate chains and conversion into smaller phosphate groups.

(Q*-Q?) bands were shifted towards the higher wavenumber side due to increase
and decrease in non-bridging O—P—O and bridging P—O—P bond lengths
respectively. The attack of solutions on bulk glasses and thus breakage/dissolution of P—
O—P linkages led to the conversion of bridging oxygens in to the non-bridging ones
which resulted in the depolymerization of glass network by the conversion of longer Q?
chains to smaller pyrophosphate (Q%) to orthophosphate (Q°) groups. The shift in PO3
(Q") band position was more prominent in CO and C5 than other samples which might be
due to the conversion of more Q? chains into Q' groups and it supported the higher
dissolution of glasses with less BaO content. Bands associated with P—O—P linkages
between Q*-Q? (722 cm™) were slightly shifted towards the higher wavenumber side in
BaO-free sample (C0), whereas these bands have disappeared along with the appearance
of P—O—P linkages of Q' at 760-775 cm™ in BaO added samples, which can be
attributed to faster dissolution of Q? chains than Q*. Longer phosphate chains (Q%) are
more susceptible for dissolution rather than smaller groups (Q") (Déohler et al. 2015). All
these points were ascribed to the reduction in the depolymerization of Na,O-CaO-P,0s

glasses with BaO content.

Vanishing of vibrational bands attributed to P—O—Na linkages (982-979 cm™)
from glasses containing up to 10 mol% BaO were due to the leaching of Na* ions.
Intensity of O-H bands (3000-3500 cm™) (Arepalli et al. 2015) has decreased with
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increase in BaO content, which supported the reduction in the dissolution rate of glasses.
The bands present in between 2300-2400 cm™ might be due to the adsorption of CO,
from air (Raouf et al. 2015) at the time of pellet formation for analysis and these were

present in all the samples before and after the immersion in deionized water.

Table 5.3: Assigned vibrational bands in FTIR spectra of Na,O-BaO-CaO-P,0s glasses

before and after the immersion in deionized water for 28 days

Characteristic Before immersion After immersion
vibrational modes Co C5 | C10 | C15 Co C5 C10 C15

(incm™)
vasPO, of Q2 units | 1281 | 1276 | 1276 | 1272 | 1276 | 1269 | 1266 | 1266

vasPO3 of Q' units | 1103 | 1103 | 1103 | 1099 | 1131 | 1121 | 1098 | 1095

vsPO3 of Q' units/ | 982 | 983 | 979 | - - - - -
P—O—Na linkages
vas POP of Q% units | 887 | 891 | 891 | 890 | 836 | 839 | 887 | 888

vsPOP of Q*-Q* | 722 | 725 | 725 | 725 | 726 - - -

linkages
vsPOP of Q" units - - - - ; 760 | 775
v POP mode (Jha et - - - - 589 - - -
al. 2015)
80=P-0 “/ §P=0 - - - - - 5437 | 500C)

*) (Jha et al. 2015)
5PO, of PO,> 485 | 490 | 485 | 487 | 484 - - -

dPO; (Spevak et al. - - - - 460 441 456, | 447
2013) 447
Crystalline 8PO,> | - - - - | 438, | 418 | 429, | 415
(Al-Noaman et al. 422 418
2012)
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5.1.2 In vitro bioactivity tests of synthesized glasses

The glasses (CO, C5, C10 & C15) were immersed in PBS and HBS solutions for
28 days. At the intervals of 1, 7, 14 and 28 days, the immersed samples were taken out
and subjected to further studies.
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measurements in PBS solution
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The variations in the release rate of anion and cations of PBS and HBS immersed
glass samples are shown in Figures 5.5 and 5.6 respectively. The release rates of both
anion (PO,¥) and cation (Na* & Ca?") in to PBS have increased up to 7 days followed
with negligible variations up to 28 days. The steady rate of Ca** and Na" ions releases in
to HBS were observed from 14™ day onwards. The constant rate of ion release obtained
for all the glasses in the final days of PBS and HBS immersion was ascribed to the
accumulation of these released ions on the glass surfaces and also substantiated the
calcium-phosphate (Ca-P) layer/HAp formation.
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Comparing the Figures 5.1, 5.5 and 5.6, it can be seen that rate of cation release in
to deionized water has decreased with increase in BaO content, whereas, it has increased
in PBS and HBS solutions along with reduction in anion release. This can be attributed to
higher ionic strength of PBS and HBS solutions than that of deionized water. Cations
were usually released during the initial stages of dissolution which increased the ionic
strength of solution and thus decreased the dissolution rate of glasses by preventing the
release of phosphate anions due to electrostatic interactions in the hydrated layer (Burling
2006). The amount of release of Na* was more than that of Ca®* in both solutions, which
was due to the higher mobility rate of monovalent Na* ions rather than divalent Ca®* with

larger atomic size.

pH of both solutions has slightly increased on the first day for all the glasses due
to the dissolution of more number of cations. As shown in Figure 5.5 (d), pH of PBS
decreased up to 14™ days due to increase in the anion release rate in comparison with
cations in all the samples. It attained almost a steady state in BaO added samples from
14™ days onwards which can be related to their constant ion release rate. As shown in
Figure 5.6 (d), pH of HBS has decreased from 1% day onwards in samples containing
below 10 mol % of BaO, whereas it remained almost same after 14 days of immersion for
samples containing 10 and 15 mol % of BaO which can be correlated to anion release rate
rather than cations. As the BaO content increases, pH of PBS solution reached nearly
neutral level (~6.7) at the final days, whereas it became basic (~8.5) in case of HBS.

However, pH of both solutions has increased with BaO content due to the higher
amount of cation release rather than anions. It is reported that acidic pH hinders the
bioactivity and biocompatibility of glasses due to the cytotoxic effects and also it
increases the dissolution rate of glasses (Uo et al. 1998). The lowest phosphate (PO,)
concentration in physiological solution can lead to the fastest HAp formation and higher
exchange of cations initiates bone mineralization mechanism (Brauer et al. 2010). So it
can be expected to achieve better bioactivity and biocompatibility properties along with
the lower dissolution rate (or lower PO,> ion release) and fastest HAp formations as can
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be observed from increase in the cation release rates and pH variation with BaO addition
in Na,O-CaO-P,0s glasses.

While comparing the PO,%, Na* and Ca®* ions release rate in to PBS and HBS
solutions which is given in Figures 5.5 and 5.6 respectively, it can be seen that lesser
amount of ions were released into HBS solution in comparison with PBS due to higher
ionic strength of HBS solution which might prevent further ionic release by electrostatic
interactions. Delahaye et al. (1998) have reported that dissolution rate decreases as the
ionic strength of solution increases due to increase in electrostatic interactions occurring
in the hydrated layer (Ahmed et al. 2004). Franks et al. (2000) have reported that higher
ionic strength of solutions can slow down the dissolution process or decrease the
dissolution rate by preventing the diffusion of ions from the glasses. Franks et al. (2000)
have also reported that formation of surface layer during immersion hinders further
diffusion and exchange of ions from the glasses. Comparison of constant ion release rate
after 7 days in HBS and after 14 days in PBS solution gave the information that Ca-P
layer formation was faster in HBS solution than in PBS. This was further confirmed by
XRD data. Faster Ca-P layer formation hindered the further ion release and thus rate of

ion release in to HBS was less than that of PBS solution (Franks et al. 2000).

XRD crystalline reflections obtained for CO and C15 were same, whereas
amorphous nature was observed in C5 and C10 even after the immersion in PBS for 28
days. The representative XRD spectra of CO and C5 are given in Figure 5.7 and the
crystalline phases are marked in the figure. The crystalline reflections corresponding to
(211) plane of HAp (Caip(PO4)s(OH),) [JCPDS Card No. 01-072-1243] were observed at
~31.74° in CO and C15 within 14 days of immersion in PBS. An extra broad hump (42-
52°) has appeared in all PBS immersed samples due to an amorphous calcium-phosphate
(ACP) layer formation (“Measurement of Crystallinity and Phase Composition of
Hydroxyapatite by XRD - Hitpages” 2016), which became more prominent or intense
due to the higher amount of formation of such layer as the days of immersion increased.
R. L. and Alshathly (2014) suggested that the appearance of an amorphous halo in
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between 32-40° in SBF immersed boro-phosphate glasses was due to the formation of

amorphous HAp or poorly crystallized HAp or combination of both.
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Figure 5.7: XRD pattern of (a) CO and (b) C5 after immersion in PBS for 28 days

XRD pattern of HBS immersed CO and C15 are only given in Figure 5.8 for
comparing the BaO-free and BaO added glasses. The crystalline bioactive phases such as
hydroxyapatite (HAp) and Ca,P,0O; were formed in all the samples after the immersion in
HBS solution for 7 days. The sharp HAp reflections at ~31.93° corresponding to (211)
planes was observed in all glass samples except in C5 where (300) plane of HAp was
observed [JCPDS Card No. 01-072-1243]. The reflections present at ~45.65 was
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attributed to the (232) plane of Ca,P,07 [JCPDS Card No. 00-033-0297]. In additions to
this, less intense HAp reflections were also observed in all samples at an angle of 56.56",
65.51°, 75.52" and 84.34° (JCPDS Card No’s 01-074-0565, 01-089-6437 and 01-074-
0566).
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Figure 5.8: XRD pattern of (a) CO and (b) C15 after immersion in HBS for 28 days

The shift in the position of amorphous hump was not observed in PBS and HBS

immersed samples after the 1% day of immersion, whereas it was observed in case of
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deionized water indicates the lower dissolution rates of glasses in PBS and HBS solutions

due to their higher ionic strength in comparison with deionized water.

IO_pm

Figure 5.9: SEM images of (a) CO, (b) C10 and (c) C15 after immersion in PBS for 28
days

White layer formation was observed in the micrographs of all PBS immersed
samples and some representative images are shown in Figure 5.9. Less dense white
precipitate was observed on C5 and C10 in comparison with other samples, which
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substantiated absence of sharp XRD reflections and thus amorphous calcium-phosphate
(ACP) formation on these samples.

White layer formation was observed in the micrographs of all HBS immersed
samples and some representative images are shown in Figure 5.10, which supported the
additional HAp reflections appearing in XRD spectra. As the BaO content increases, the
formed layer became denser and it contained almost spherical shaped particles as shown
in Figure 5.10 (c). It is worth to note that Barium substituted phosphate glasses can be
bioactive.

2

Figure 5.10: SEM images of (a) CO, (b) C15 and (c) grain structure of layer formed on
C15 after the immersion in HBS for 28 days
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Ca/P molar ratio was calculated from the elemental compositions of glasses and
the data obtained from EDS spectra of PBS and HBS immersed samples is given in Table
5.4. Presence of Sodium and Barium obtained in the EDS indicates the incorporation of
such ions into the formed Ca-P layer on both PBS and HBS immersed samples.
(Ca+Na+Ba)/P ratio was varied between 0.65-0.75 and 0.71-0.99 in case of PBS and
HBS immersed samples respectively. These ratios were matching with the Ca-P phases
such as CasH,PsO2 (Tetra calcium dihydrogen phosphate, Ca/P=0.67), Ca;(P5016)2
(Hepta calcium phosphate, Ca/P=0.7), Ca,P,0O; (Calcium pyrophosphate, Ca,P,07,
Ca/P=1) and CaHPO,4.2H,0 (Dicalcium phosphate dehydrate or brushite, Ca/P =1) rather
than HAp (Ca/P=1.67) (Laeny 2008). However these are the initial phases of HAp

formation.

Table 5.4: Mass% of elements on glass samples after immersion in PBS and HBS

solutions for 28 days

PBS HBS
Composition CO C5 C10 | C15 Co C5 C10 | C15

Oxygen (O) | 61.53 [ 52.16 | 54.12 | 53.37 | 52.16 | 48.73 | 47.92 | 45.34

Phosphorous (P) | 20.35 | 28.07 | 19.18 | 19.75 | 28.07 | 25.61 | 22.09 | 20.23

Calcium (Ca) 12.54 | 12.73 | 9.88 | 7.20 | 12.73 | 10.84 | 9.58 | 15.21

Sodium (Na) 362 | 6.83 | 227 | 358 | 6.83 | 6.01 | 465 | 3.74

Barium (Ba) - 8.02 | 15.62 | 16.09 - 8.07 | 11.63 | 14.07

Ca/P 048 | 0.35 | 040 | 0.28 | 0.35 | 0.33 | 0.34 | 0.58

(Cat+Na)/P 0.72 | 0.68 | 056 | 0.53 | 0.68 | 0.64 | 0.62 | 0.83

(Ca+Na+Ba)/P - 0.65 | 0.74 | 0.71 - 0.71 | 0.74 | 0.99
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The rate of increase of Calcium content on the surface of BaO added glasses was
higher than that of BaO-free samples (CO) after PBS immersion, which supports
formation of more quantity of Ca-P layer on the surface of BaO added samples. No such
remarkable decrease in the quantity of Calcium was observed on the surface of HBS
immersed glasses containing up to 10 mol % of BaO even after the release of Ca®* ions
indicating the reaccumulation of these ions and Ca-P layer formation on glass surfaces.
The relevant variations in Ca/P molar ratio between end members of composition (CO
and C15) indicate the enhanced formation of Ca-P layer on HBS immersed samples with
the addition of 15 mol % of BaO. The noticeable decrease in the mass % of P might be
one of the reasons to increase Ca/P ratio. Thus EDS data supported the formation of Ca-P
layer on the surface of Na,O-CaO-P,0s glasses with additions of BaO in both PBS and
HBS solutions and amorphous Ca-P getting converted in to crystalline HAp on prolonged

duration of immersion by consuming Ca** and PO,> ions from solutions.

FTIR spectra of PBS immersed glass samples are given in Figure 5.11 (a) and
Table 5.5. PO,* modes of HAp and non-apatite HPO,* vibrations have appeared ~ at
1016-1018 cm™ and 531-534 cm™ respectively after PBS immersion. R. L. and Alshathly
(2014) have reported a band at 525 cm™ in SBF immersed boro-phosphate glasses, which
corresponds to the extremely small size HAp crystallites. So, amorphous calcium-
phosphate or poorly crystallized HAp or HAp crystallites of extremely small size or
combination of all these were present in all PBS immersed glass samples according to
XRD and FTIR spectra. Presence of doublet was observed in CO and C15 at 3438 and
3472 cm™ due to the vibrations of loosely bound water in brushite (CaHPO4.2H,0)
(Suguna and Sekar 2011).

FTIR spectra of HBS immersed samples are given in Figure 5.11 (b) and Table
5.5. The various bands associated with HAp and Ca,P,0; phases have appeared in the
range of 432-496 cm™ after HBS immersion. Bands present at 1628-1636 cm™ was either
attributed to the vibrations of surface adsorbed H,O of HAp lattice (Jha et al. 2015) or C-
O bending vibration of CO3* (Rajkumar et al. 2012). Presence of broad O—H bands at
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3650-3700 cm™ in all the samples might be due to the reduction of O-H groups and
substitution of COs> in the HAp lattice (A-type substitution) (Mller and Mdiller 2006).
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Figure 5.11: FTIR spectra of Na,O-BaO-CaO-P,05 glasses after immersion in (a) PBS
and (b) HBS solutions for 28 days
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Table 5.5: Assigned vibrational bands in FTIR spectra of Na,O-BaO-CaO-P,0s glasses

after the immersion in PBS and HBS solutions for 28 days

Characteristic PBS HBS
vibrational modes (in cm™) Co | C5 | C10 | C15 CO C5 | C10 | C15
Surface adsorbed H,0O/ - - - - 1636 - 11631 | 1628
bending mode of HCO3*
vasPO2 (Q7) 1269 | 1269 | 1267 | 1265 | 1270 | 1269 | 1266 | 1264
vasPOs3 (Qh) 1105 | 1100 | 1097 | 1097 | 1104 | 1101 | 1097 | 1097
vPO,> mode of HAp 1016 | 1017 | 1018 | 1018 | - - - -
(Raouf et al. 2015)
vsPO3(QY)/P-O-Na - - - - - 984 | 980 | -
vasPOP (Q%) 896 | 896 | 896 | 895 | 895 | 897 | 895 | 897
vsPOP (Ql) 777 | 778 | 779 779 - 777 | 768 | 769
vsPOP (Ql-Qz) 723 | 726 | 725 724 | 724 | 732 | 722 | 723
v4 PO,> mode of HAp - - - - | 520, | 507 | 512 | 523
(Radev et al. 2009) 505
Non-apatite HPO,* (Spevak | 532 | 531 | 532 | 534 - - -
et al. 2013)
Symmetric bending mode - - - - 493 - 493 | 496
of B-CayP,07 (Rajkumar et
al. 2012)
oPO2 - - - - 487 487 - -
PO group of HAp/ 3(PO,) - - - - 456 | 455, | 446 | 452,
of PO,> (Spevak et al. 473 465
2013)
Calcium deficient - - - - 432 | 432 - 433
HAp/crystalline 5PO,* (Al-
Noaman et al. 2012)
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The slight increase in the intensity of O-H vibrational modes (3400- 3600 cm™)
and also sharpening of phosphate bands (700-1300 cm™) with BaO content might be due
to the decrease in the HAp lattice disorder caused by the substitution of PO,> and HPO,*
(Ahmad et al. 2017). Sheha (2007) has reported that replacement of Ca?* in the HAp
crystal lattice with Ba®>* ions increased the intensity of O-H bands due to the different
electronegativity and polarizing power of both ions. Asymmetric stretching vibration of
PO, and PO; groups was red shifted from 1270 to 1264 and 1105 to 1097 cm™ as well as
symmetric PO; and POP groups were red shifted from 985 to 977 and 777 to 769 cm™
respectively as BaO content increases from 5 mol % to 15 mol %. This observed red shift
to the low wavenumber side might be due to the replacement of Ca®* ions in HAp crystal
lattice with Ba** ions (R. L. and Alshathly 2014).

The various stretching modes of phosphate groups present in between 1265-977
cm™ have become more intense after the HBS treatments and their intensity has also
increased with BaO content. O’Donnell et al. (2009) have reported that HAp formation
increased the intensity of phosphate (P—O) stretching mode. It can be concluded from
FTIR spectra of HBS immersed samples that bioactivity of Na,O-CaO- P,0Os glasses has
improved with BaO addition and some amount of Ba** ions was incorporated into HAp
crystal lattice. Vibrational bands present in between 1265-777 cm™ can be attributed to
the different phosphate groups which were more intense in PBS immersed samples in
comparison with HBS immersed ones. This was due to the accumulation of phosphate
ions on PBS immersed samples being more due to the presence of higher concentration of
PO, ions in PBS.

Formation of HAp was confirmed by XRD and FTIR, whereas the observed
molar ratios from EDS were not consistent with it. The freshly formed layer accumulated
on the top surface of glasses in the final days of immersion needed still more time to
nucleate. The layer which was formed during the initial days of immersion accumulated
beneath these fresh layers, which can be analyzed well with FTIR and XRD having larger

penetration depth (>10um) rather than EDS with small penetration depth (~1-2pm).
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Moreover, Ca/P ratio obtained from EDS was not representative for the formed layer
composition and if the thickness of layer was less, the signal coming from several
microns below the surface could be influenced substantially by the composition of

original glasses.

5.2 SUMMARY

Effect of BaO addition on the dissolution and in vitro bioactivity properties of
Na,0-Ca0O-P,0s5 glasses was studied for 28 days under static dissolution conditions.
Dissolution rate of glasses in deionized water increased with time, whereas it decreased
by three orders of magnitude with BaO content. All the glass samples retained their
amorphous nature even after 28 days of immersion in deionized water and they have
dissolved selectively or incongruently. Depolymerization of glass network and
appearance of new orthophosphate (Q°) groups after immersion in deionized water was
confirmed by FTIR. Bioactive nature of all PBS and HBS immersed glass samples were
confirmed by ion release, XRD, SEM/EDS and FTIR analysis. The steady rate of Ca?*
and PO4> ions release in to PBS and HBS solutions in the final days of immersion,
increase in Calcium content on the surface of glass samples observed from EDS and
white layer formation shown in the micrographs supported the accumulation of these ions
and calcium-phosphate layer formation on the surface of all glasses. Not much influence
of BaO addition was found on the bioactivity of Na,O-CaO-P,0s glasses in PBS, in
which amorphous calcium-phosphate (ACP) and/or poorly crystallized HAp with
extremely small size crystals was formed in glasses containing 5 and 10 mol % of BaO,
whereas crystalline HAp was formed with the addition of 15 mol % of BaO. Bioactivity
of glasses in HBS solution has improved by the formation of crystalline HAp with BaO
content. Based on ion release rate and XRD studies, faster HAp formation was found to
take place in HBS solution when compared to PBS. The higher cation release rate and
lower phosphate dissolution observed in HBS solution with BaO content supported the

enhancement of bioactive nature and lowest dissolution rate of glasses respectively. The
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increase in pH of both PBS and HBS solutions with increase in BaO content might

improve the biocompatibility by reducing the cytotoxicity of glasses.
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Chapter 6

ELECTROCHEMICAL CORROSION AND IN VITRO BIOACTIVITY
PROPERTIES OF BaO CONTAINING Na,O-CaO-P,0s PHOSPHATE GLASS-
CERAMIC COATING ON 316 L, DUPLEX STAINLESS STEEL 2205 AND
Ti6Al4V

Phosphate glass with composition 11Na,0O-15Ba0-29Ca0-45P,0s was coated
on biomedical implant materials such as stainless steel 316 L, duplex stainless steel
(DSS) 2205 and Ti6Al4V alloy by thermal enamelling method. The structural and
compositional properties of glass coated substrates were studied by X-ray diffraction
(XRD), Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy
(EDS) analysis. The coatings were partially crystalline in nature with porous structure
and pore size varied from micro to nanometer ranges. Electrochemical corrosion and in
Vitro bioactivity tests of coated and uncoated samples were carried out in Hank’s
balanced salt (HBS) solution at 37°C. Polarization resistance (Rp,) was derived from
potentiodynamic polarization curves and it has increased for 316 L substrate, whereas it
has decreased for DSS 2205 and Ti6Al4V after coating. The formation of crystalline
hydroxyapatite (HAp) layer on the surface of all coated samples was observed after
electrochemical corrosion test, which improved the corrosion resistance. The observed
electrochemical corrosion behavior can be explained based on protective HAp layer
formation, composition and diffusion of ions of glass coated surfaces. pH and ion release
rate measurements obtained from in vitro bioactivity test of coated samples substantiate
their electrochemical corrosion resistance (Rp). The lower rate of Na™ and Ca** release
from coated 316 L supports its higher electrochemical corrosion resistance among other
coated samples. DSS is having higher electrochemical corrosion resistance among other
uncoated samples. Formation of amorphous calcium-phosphate (ACP) layer on the
surface of all coated samples after in-vitro bioactivity test was confirmed by XRD,

SEM/EDS and ion release measurements. It was a comparative study of corrosion
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resistance and bioactivity of glass coated and uncoated biomedical implants such as 316
L, DSS 2205 and Ti6Al4V.

6.1 RESULTS AND DISCUSSION

Synthesized glass with composition 11Na,0-15Ba0-29Ca0-45P,05 is having
better mechanical (lower brittleness), thermal (higher thermal stability), dissolution and
in-vitro bioactivity properties in comparison with other compositions. So, it was selected
for coating on three different metallic implant materials such as 316 L, duplex stainless
steel (DSS) 2205 and Ti6Al4V using thermal enamelling technique and the following

characterizations have been carried out on coated samples.

6.1.1 Structural and compositional studies of coatings

X-ray diffraction (XRD) analysis has been carried out on coated and uncoated
substrates and these patterns are given in Figure 6.1. The crystalline phases obtained in
all the coatings were NaPO3; (JCPDS card No. 00-011-0650), Ba(PO3), (01-070-1214),
Ca(POs3), (00-009-0363), CaP,07 (00-009-0346) and NaBaP (01-085-0214) as marked in
the respective XRD spectra. Absence of various crystalline reflections of substrate in the
spectra of coated samples indicated the uniform distribution of coating on the surface of
substrates. Presence of broad hump at 20-30° and appearance of new crystalline
reflections in the coated samples indicated the partially amorphous/crystalline nature of

coatings.

Some representative micrographs of coated Ti6Al4V are given in Figure 6.2 (a)
and (b) and all the coatings were uniformly distributed on the surface of substrates as
substantiated by XRD. All the coatings have porous morphology with varying pore

diameter of micro to nanometer ranges and these pores were distributed non-uniformly.
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Figure 6.1: XRD spectra of glass coated and uncoated (a) 316 L, (b) DSS 2205 and (c)
Ti6Al4V

There were no cracks observed on the surface of the coatings. Absence of cracks
or delamination of coating from substrates can be observed from the cross sectional view
of coated Ti6AIl4V as shown in Figure 6.2 (c), which indicated the proper adherence of
coating on to substrates without any discontinuity in between them. The measured
thickness of coatings was ~158, ~179 and ~230 um for coated 316 L, DSS and Ti6Al4V
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samples respectively. The lower thickness was observed for coated 316 L and higher for

coated Ti6Al4V for the same duration of synthesizing conditions.

Figure 6.2: SEM images of glass coated Ti6Al4V (a) & (b) at different magnifications
and (c) cross-sectional view of coating

The elemental composition of the glass and coated substrates at the top surface,
interface and substrate as indicated by EDS are given in Table 6.1. Interface was referred
to as region ~ 20-30 um between coating and substrate as marked in Figure 6.2 (c). The
concentration of Phosphorous, Barium, Sodium and Calcium slightly decreased from

surface to interface of coatings as observed from EDS analysis carried out on the cross-
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sectional images of coated samples which indicated the diffusion of these elements from
coating to substrate. Variation in the diffusion was the reason for obtaining the different
thickness for coatings which were prepared under similar experimental conditions. The
diffusion may increase or decrease the coating thickness, which again depends on
imperfections in the coating and porosity. Better adherence of coating due to the
formation of chemical bonds near the interface area by the diffusion of elements may
reduce the coating thickness (Azeem et al. 2016). Since the chemical bonding formed by
diffusion may offer better adherence of coating material to substrate, it can reduce the

peeling of glass coating from substrate during corrosion (Toma et al. 2013).

Table 6.1: Mass % of elements present on coated substrates and glass. Column I, Il and
I11 indicate top surface, interface (~ 20-30 um between coating & substrate) and substrate

respectively

316L/Glass DSS/Glass Ti6Al4V/Glass
Sample code Glass
I I " I ] i I I Il
Oxygen 470 (372 | 21.0 | 459 | 400 | 7.2 | 469 | 31.3 | 11.8 | 395
(®)
Phosphorous | 28.3 | 15.8 | 14.4 | 31.4 | 232 | 1.8 | 249 | 14.7 | 13.7 | 27.8
(P)
Calcium 159| 64 | 6.1 | 95 | 6.6 - 151|133 | 75 | 123
(Ca)
Sodium 44 | 24 | 1.7 | 46 | 18 - 3512 | 10 | 6.1
(Na)
Barium 229|121 | 113|228 | 193 | - |18.8 | 165|146 | 19.7
(Ba)
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6.1.2 Electrochemical corrosion studies

Potentiodynamic polarization curves of uncoated and coated substrates are
presented in Figure 6.3 and the values derived from it are given in Table 6.2.
Polarization resistance (Rp) was calculated from lcor, Ba and B¢ values which are given in
Table 6.2 using equation 2.30. R, of uncoated and coated samples have increased in the
order of 316 L < Ti6Al4V < DSS and DSS/Glass < Ti6Al4V/Glass < 316 L/Glass
respectively. R, of 316 L substrate has increased after coating, whereas it has decreased
in case of DSS and Ti6AI4V.
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Figure 6.3: Polarization curves of (a) uncoated and (b) glass coated substrates
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Table 6.2: Corrosion current (Icor), corrosion potential (Ecor), anodic (Ba) & cathodic

(Bc) Tafel slopes and polarization resistance (Rg) derived from the polarization curve

lcor Ecor Ba Bc Re
Sample code mA/cm? mV mV mV Qcm?
(x107) (x10°)
316 L 0.65+0.16 -283 £19 204 £ 19 96 + 12 4.39

316 L/Glass 0.03+0.01 | -368+21 76+ 9 103 £ 15 66.4

DSS 0.04+0.01 | -144+16 118 +15 | 158 + 16 71.9

DSS/Glass 558+180 | -341+20 304+19 | 386+20 1.32

Ti6Al4V 0.08+0.02 | -130+13 104 +14 | 125+ 14 30.2

Ti6Al4V/Glass | 0.45+0.14 -98+11 77+9 233+ 18 5.60

When comparing the electrochemical corrosion resistance (R,) of coated
substrates, the difference in their corrosion resistance can depend on various factors such
as microstructure, composition and porosity of coatings (Chen et al. 2017).

The bioactive crystalline phases such as Ca,P,0O; and Ca(POs3), present in all
coated samples can support their bioactivity due to the biodegradation of such phases into
HAp (Putlyaev and Safronova 2006). Formation of HAp on the surface of coating can
favorably affect their corrosion resistance (Huang et al. 2013). The crystalline structure of
coating is more suitable for improving their corrosion resistance rather than amorphous

structure due to the closely packed atomic structure of crystals (Chen et al. 2004). Glasses
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are bioactive than ceramics due their higher dissolution rate in solutions (Hench and
Jones 2015), whereas it is having poor mechanical strength in comparison with ceramics
(Kaur 2017). Embedding of crystalline phases in the glassy phase of coating (glass-
ceramic) provides the unusual combination of properties of both glasses and ceramics. It
was reported that higher crystallanity leads to lower dissolution (Islam et al. 2017) and
crystals inhibit the precipitation or adhesion of Ca-P layer on the surface (Massera et al.
2015).

316 L

I \_J llk_ A ]
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316 L/Glass
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Figure 6.4: XRD image of coated and uncoated 316 L after the electrochemical corrosion

studies

XRD patterns of corroded coated and uncoated 316 L substrate are given in
Figure 6.4 as a representative image. Some extra crystalline reflections have appeared

after electrochemical corrosion test on the surface of all coated substrates, which
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correspond to hydroxyapatite (HAp) phase, Cas(PO4)sOH [JCPDS Card No. 01-073-
1731 and 01-072-1243]. Pores on the coating can be filled by HAp layer which prevented
the reaching of solution to substrate surface and thereby increased the corrosion
resistance (Wang and Wen 2014). Intense HAp reflection was observed on the coated 316
L after corrosion test among other coated substrates indicating the formation of slightly

higher quantity of HAp layer on their surface and thus higher corrosion resistance.

The surface morphology of the corroded coated substrates was studied by SEM
and a representative image for coated Ti6AIl4V is given in Figure 6.5 (a). The needle
shaped particles appeared on coated DSS and Ti6Al4V after the electrochemical
corrosion studies and their magnified images are given in Figure 6.5 (b). These needle

shaped particles mainly constituted Calcium and Phosphorous according to EDS data.

Figure 6.5: SEM images of (a) coated Ti6Al4V and (b) magnified image of needle
shaped particles formed on it after the electrochemical corrosion studies
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EDS data which was taken on the surface of coated samples after electrochemical
corrosion test is given in Table 6.3. As mentioned earlier, the composition of the coated
samples also can affect its corrosion resistance. Coated 316 L was having higher
corrosion resistance than that of DSS due to the presence of more amount of Calcium in
coated 316 L as shown in Table 6.1. The presence of divalent ions such as Ca®*" in
glasses led to the formation of stronger ionic-crosslinks and thus decreased the
dissolution or increased the corrosion resistance of glasses (Hafid et al. 2002). The
corrosion resistance of coated DSS was lower than that of other two coated samples due
to the presence of slightly higher quantity of Phosphorous and lower amount of Calcium

on their surface.

Table 6.3: Mass % of elements on the surface of coated substrates as determined from
EDS after the electrochemical corrosion test along with the thickness of coatings before

and after the electrochemical corrosion test

Sample code 316 L/Glass DSS/Glass Ti6Al4V/Glass
Oxygen (O) 43.0 47.8 57.5
Phosphorous (P) 325 36.8 26.1
Calcium (Ca) 20.8 14.2 18.6
Sodium (Na) 4.5 2.2 3.0
Barium (Ba) 22.6 18.8 24.7
Chlorine (CI) 1.2 3.3 2.8
Coating thickness ~158 ~179 ~230
(before), um
Coating thickness ~135 ~74 ~121
(after), um
% Reduction in 14.6 58.7 47.4
coating thickness
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Comparison of EDS data before and after electrochemical corrosion test (Table
6.1 and 6.3) indicated that concentration of Calcium (Ca) on the coated substrates has
increased after the corrosion test, which substantiated the formation of HAp layer as
confirmed by XRD and SEM. The percentage reductions in the thickness of coated
substrates after corrosion test are given in Table 6.3. The rate of reduction in the
thickness was less for coated 316 L indicating their lesser dissolution/corrosion and

higher electrochemical corrosion resistance among other coated substrates.

All the coated substrates were porous in nature and the pores can act as a
localized zone for corrosion where the electrolyte can enter and the internal part of these
pores may get covered with corrosion products. CI* ions present in the solution
accumulate in those pores and it becomes a localized area where the maximum
dissolution occurs (Say and Aksakal 2016). The adsorption of Chlorine (CI’) ions on the

surface of all coated substrates was verified by the EDS data as shown in Table 6.3.

The cathodic current density has increased in a gradual manner in all the coated
substrates as observed from the polarization curve which is given in Figure 6.3 (b).
Passivation-like region was observed in the anodic part of polarization curve of coated
Ti6Al4V indicating their slower corrosion rate at those potentials due to the formation of
passive (protective) layer on their surface (Huang et al. 2013). Passivity can be
considered as an anodic inhibition to the corrosion process and the rate of substrate

dissolution or corrosion is usually reduced by passive layer formation.

When comparing the electrochemical corrosion data of uncoated substrates, it can
be observed that uncoated DSS is having higher corrosion resistance (R;), whereas 316 L
is having lower corrosion resistance in HBS solution. Passive (protective) layer was
formed on the surface of all uncoated substrates during the electrochemical corrosion test
and a representative image of uncoated Ti6AI4V is given in Figure 6.6 (a). Measured
thickness of these passive layers increased in the order of DSS (~7 um) < Ti6Al4V (~30
um) <316 L (~34 um) and it supported the electrochemical corrosion data obtained from
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the polarization curves. A thicker corrosion layer indicated the severe corrosion and thus

lower corrosion resistance (Wang and Wen 2014).
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Figure 6.6: (a) SEM image of uncoated Ti6AIl4V after electrochemical corrosion test and

(b) weight losses of uncoated samples after in vitro bioactivity test

To confirm the electrochemical corrosion results, weight losses of uncoated
substrates in HBS solution were measured at frequent intervals of 3, 7, 14 days and are
given in Figure 6.6 (b). The dissolution/corrosion of ions from the uncoated surfaces
reduced their weight and so weight losses increased in accordance with higher
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electrochemical corrosion rate or lower corrosion resistance (Wang and Wen 2014).
Increase in pH of solution with time and the obtained basic pH in the range of 8.8 -9.1
indicated the dissolution of substrates (Wang and Wen 2014).

The increase in the mass % of elements on the metal substrate after corrosion
when compared with initial composition indicates that the element was oxidized and vice
versa (Kocijan et al. 2011). Table 6.4 indicates that Cr,O3 and Ni,O3 were formed on
uncoated DSS and 316 L after electrochemical corrosion test. The passive layer on these
uncoated substrates mainly constituted Chromium (Cr) and Nickel (Ni) similar to
observations made by Kocijan et al. (2011). The alloyed Cr can enhance the passivation
of stainless steel as explained by the percolation model of passivation (Souto et al. 2001).
The formation of insoluble Cr,03 and continuous network of Cr—O—Cr—O prevented
the dissolution of Iron (Fe) ions from the stainless steels. Small variations from the bulk
composition was observed in Fe concentration after corrosion test indicating the presence

of Fe-oxide in the passive layer as reported in case of Kocijan et al. (2011).

Table 6.4;: Mass % of elements from EDS on uncoated 316 L and DSS before and after

electrochemical corrosion test

Composition | Cr Ni | Mn | Si P S C Mo | N Fe
before | 17.0 | 10.0 | 1.4 | 0.38 | 0.041 | <0.005 | 0.021 | 2.1 | 0.1 | Balance
316
L after | 18.7-|10.0- | - - 0.1 - 2.4- - - 63.7-
195 | 135 4.5 65.2
before | 22.7 | 5.7 |1.37]0.38|0.032 | 0.001 | 0.03 | 2.57 | 0.18 | Balance
DSS
2205 | after | 11.7-| 4.7- | - | 2.3 | 0.05- - 3.3 - - 28.2-
248 | 8.2 0.2 6.1 63.0
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The observed corrosion results of these two stainless steels substrates was also
supported by the work of Kocijan et al. (2011) and Conradi et al. (2011) in which higher
corrosion resistance was observed for DSS than that of 316 L in physiological solutions
such as HBS solution and artificial saliva. The presence of higher Cr content in the
uncoated DSS improved their corrosion resistance through the formation of complex
passive layer (Conradi et al. 2011). The amount of Chlorine (CI) adsorbed on uncoated
316 L and DSS surfaces after corrosion test was 1.3-1.8 and 1.0-1.5 mass % respectively.
The amount of Calcium (Ca) adsorbed on 316 L and DSS surfaces after corrosion test
was 1.6-2.5 and 1.2-2.8 mass % respectively. The amount of Oxygen (O) observed on

316 L and DSS surfaces after corrosion test was 1.2-2.3 and 1.0-9.5 mass % respectively.

The increase in mass % of Vanadium (V) and presence of CI” ions on the surface
of uncoated Ti6AIl4V alloy were identified after corrosion in HBS solution as shown in
Table 6.5. It indicated that passive layer on uncoated Ti6Al4V constituted with V and
some amount of Carbon (2.6-10.3 mass %), Potassium (2.8-3.0 %), Sodium (2.0-4.6 %),
Phosphorous (0.07-0.15 %) and Chlorine (0.8-1.7 %) ions were also adsorbed from HBS
solution on to the metal surface. It has been reported that passive layer of Vanadium
oxide was formed on Ti6Al4V in HBS solution and the CI" ions can increase the
dissolution of V ions (Metikos-Hukovi¢ et al. 2003, Shukla et al. 2005). Dissolution of
Vanadium oxide can support the formation and diffusion of vacancies in oxide layer of
Ti6AI4V (Shukla et al. 2005). Dissolution of vanadyl ions (VO?*) from Ti6AI4V
substrate during corrosion test forms cation vacancies in this substrate. The presence of
ClI" ions in HBS solution can support the diffusion of these cation vacancies and it can
reduce the pitting potential of Ti6Al4V. This lead to the higher susceptibility to localized
corrosion (Metikos-Hukovi¢ et al. 2003). Electrochemical corrosion resistance of
uncoated DSS was higher than that of uncoated Ti6Al4V from the observed result of
present work and Sathiyanarayanan et al. (2002) have also reported that localized

corrosion resistance of DSS is as good as Ti6AI4V.
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Table 6.5: Mass% of elements measured using EDS on uncoated Ti6Al4V before and

after electrochemical corrosion test

Composition Al V O C H N Fe Ti
before 55— | 35- ] 0.13 | 0.08 | 0.012 | 0.05 | 0.25 | Balance
6.5 45
after 20- | 1.0- | 1.0- | 2.6- - - - 69.0-
5.4 6.6 2.1 | 10.3 78.6

While comparing the electrochemical corrosion resistance (Rp) of a particular
substrate before and after coating, corrosion resistance of 316 L has increased after
coating, whereas it has decreased in case of DSS and Ti6Al4V. The corrosion resistance
of substrates may increase or decrease after coating based on porosity and composition of
coating. The porous structure of coated substrates was the reason for reduction in the
corrosion resistance of DSS and Ti6AIl4V after coating and solution penetrated through
pores attacked the substrate metals (Say and Aksakal 2016). In case of coated 316 L, the
adverse effect of porosity on corrosion resistance might be overcome by the formation of
higher quantity of protective HAp layer during electrochemical corrosion test as indicated
by intense HAp reflections observed in them in comparison with other two coated
samples. It can be seen from EDS that presence of CI" ions on uncoated and coated 316 L
was same. Whereas higher quantity of CI" was present in coated DSS and Ti6Al4V when
compared to uncoated DSS and Ti6Al4V as mentioned earlier, which might indicate the
higher rate of attack of CI" ions on these coated samples and thus lower corrosion

resistance with respect to their uncoated substrates.
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6.1.3 In vitro bioactivity test of coatings

The in vitro bioactivity test of coated substrates supported the electrochemical

corrosion results as discussed below.

The representative SEM image of coated Ti6Al4V after immersion in HBS
solution for 14 days is given in Figure 6.7. Formation of white layer and thus

disappearance of most of pores in the coated surfaces were observed after the immersion.

Figure 6.7: SEM images of coated Ti6Al4V after HBS immersion for 14 days

The increase in the concentration of Calcium on the coated surfaces as shown in
Table 6.6 proved the accumulation of those ions on their surfaces and thus calcium
phosphate (Ca-P) layer formation. The increase in the mass % of Barium on the coated
surface after bioactivity test indicated the incorporation of some amount of Barium into
the formed Ca-P layer. Some amount of Carbon and CI" ions were also adsorbed on glass
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coated surfaces from HBS solution. Composition of Calcium and Phosphorous obtained
from EDS data was not representative for the formed surface layer composition alone
because the signal came from several microns and could be influenced substantially by
the composition of original glass coating if the thickness of layer was less.

Table 6.6: Mass% of elements on coated substrates after HBS immersion for 14 days

Sample code 316 L/Glass DSS/Glass Ti6Al4V/Glass
Oxygen (O) 43.52 39.93 37.65
Phosphorous (P) 21.53 30.58 25.00
Calcium (Ca) 19.90 14.89 18.63
Sodium (Na) 3.95 3.64 2.48
Barium (Ba) 23.53 23.26 2471
Chlorine (CI) 1.50 3.93 3.79
Carbon (C) 3.10 4.64 4.37

XRD patterns of HBS immersed coated samples indicated the absence of sharp
reflections of bioactive crystalline phases after 14 days and thus the layer formed on
coated samples was amorphous calcium-phosphate (ACP). ACP layer can be converted
into crystalline HAp as the days of immersion increases by consuming more Ca** and
PO, ions from the solution (N. Gunawidjaja et al. 2012). The formation of HAp is an
indication of glass or coating to be a bioactive material. The porous structure of coating

helps to nucleate HAp easily and it can attract Calcium and Phosphorous ions from
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solutions due to the higher surface area of porous structure. The porous structure can
reduce the contact angle between HAp crystal nucleus and liquid-solid interface and thus
reduces the Gibb’s free energy in the HAp nucleation process. And the HAp deposition
process on surface speeds up with the increase in the specific area of solid-liquid
interface (Chen et al. 2017).

The basic range of pH (8.7-8.8) of HBS solution was attributed to the cation
release (Na* and Ca?*) from coated samples as shown in Figure 6.8. Variations in the ion
release rate were within error limit and such steady rate of cation (Na* and Ca®*) and
anion (PO,>) releases in the final days of immersion supported the accumulation of these
ions on coated surfaces and thus formation of Ca-P layer (Al-Rashidy et al. 2017). Franks
et al. (2000) have reported that the layer formation on the glass surface when immersed in
solution hindered the ion diffusion and ion exchange process from the glasses and so,
steady rate of ions release observed in the final days of immersion in HBS solution

supported the calcium—phosphate layer formation on the surface of coated samples.

In the initial process of dissolution, Na* ions were exchanged with H™ ions in the
HBS solution and this increased pH of solution as observed in the initial days of
immersion (Kheirkhah et al. 2015). The ion release rate is inversely related to the
corrosion resistance (Lépez et al. 2016) and it was substantiated by the observed cation
release profile. Lower amount of Ca”* and Na* ions were released from coated 316 L,
which supported their higher electrochemical corrosion resistance among other two
coated substrates. The cations are released during the initial days of dissolution and it
leads to the dissolution of entire phosphate chains in the glass structure and finally the
dissolution of bulk coating material will happen. As the ions were dissolved into HBS
solution, ionic strength of solution increased which can hinder the further dissolution of
PO,> ions from the glass due to the electrostatic interactions (Delahaye et al. 1998).
Thus lower amount of cation releases from coated 316 L decreased the cationic strength
of solution and so maximum PO, ions release was observed here in comparison with

other two coated samples (Delahaye et al. 1998).
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Figure 6.8: (a) pH, (b) PO.*, (c) Ca** and (d) Na" ion release rate from coated substrates
after immersion in HBS for 14 days

The reduction in the mass % of Sodium (Na) after electrochemical corrosion test
was comparatively lesser in coated 316 L than other two coated samples, which was
supported by the lower release of Na* ions after immersion test. The lower release rate of
ions from coated 316 L was responsible for its lower corrosion (dissolution) rate or

higher electrochemical corrosion resistance among other coated samples.
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Duplex stainless steel (DSS) 2205 can be an alternative for 316 L for biomedical
applications due to its higher electrochemical corrosion resistance and presence of lower
amount of Nickel. Presence of Nickel causes hypersensitivity effect in patients (Conradi
et al. 2011). DSS can also be an alternative for Ti6Al4V for biomedical applications due
to the same order of magnitude of corrosion resistance of these two materials and lower
cost of DSS than Ti6AI4V.

6.2 SUMMARY

Phosphate glass with composition 11Na,0-15Ba0-29Ca0-45P,05 was coated on
stainless steel 316 L, DSS 2205 and Ti6Al4V alloy using thermal enamelling technique.
Coatings were partially crystalline in nature with porous morphology. The variations in
the thickness of coatings were related to the difference in diffusion of elements across the
interface. The corrosion resistance of glass coated and uncoated substrates has been
studied by electrochemical corrosion test in HBS solution. Corrosion resistance of
uncoated 316 L has increased after coating, whereas it has decreased in case of DSS and
Ti6Al4V substrates. DSS is having higher corrosion resistance among the uncoated
substrates, whereas coated 316 L is having higher corrosion resistance among the coated
substrates. Amorphous calcium-phosphate layer (ACP) was formed on the surface of all
coated substrates after in vitro bioactivity in HBS solution. Duplex stainless steel (DSS)
2205 can be an alternative for 316 L and Ti6Al4V for biomedical applications due to its
better corrosion resistance. Though the glass-ceramic coating did not improve the
electrochemical corrosion resistance of DSS and Ti6Al4V, it helped in the formation of
amorphous calcium-phosphate layer which can get converted into crystalline HAp on
prolonged duration of immersion. However these conclusions have to be further

confirmed by in vivo bioactivity studies.

126



Chapter 7

SUMMARY AND CONCLUSIONS

The results of work presented in different chapters of the thesis are summarized as
given below. This chapter ends with the conclusion of major findings and scope for the

future work.

7.1 SUMMARY

Phosphate glasses with composition (26-x)Na,O-xBaO-29Ca0-45P,05 (x = 0, 5,
10, 15 mol%) were prepared at three different melting temperatures, 1000, 1100 and
1200°C. Effect of BaO content and melting temperature on the structural and mechanical
properties of these glasses were subjected to study. All the synthesized glass samples
were homogeneous and have amorphous structure. The density and compactness of
glasses have increased with BaO content, whereas molar volume was independent of
composition. According to FTIR studies, the glass structure mainly constitutes Q" and Q?
structural units. Hardness and fracture toughness were found to be independent of BaO
content. The brittleness and crack-length have increased with BaO content in glasses
prepared at 1000°C, whereas it has decreased in glasses prepared at 1100 and 1200°C,
which are mainly due to the plastic flow of deformation. Lower density and higher molar
volume have obtained for glasses prepared at higher melting temperature. Lower
brittleness and crack-length was found in glasses prepared at higher melting temperature

attributing to the changes in density and plastic flow of deformation in glasses.

Depending on the above mentioned studies glasses prepared at 1200°C were
found to have better mechanical properties such as lower brittleness and crack-length and

they were selected for optical, thermal, dissolution and in-vitro bioactivity studies.
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Effect of BaO addition on the thermal and optical properties of Na,O-CaO-P,0s
glasses prepared at 1200°C has been studied. Glass transition temperature, crystallization
temperature and thermal stability of glasses have increased with BaO content. Glass
forming ability has increased with initial addition of BaO. All the synthesized glasses
were having higher thermal stability values greater than 100°C and thus they are suitable
for fiber drawing. The refractive index of glasses was increased with BaO content. The
initial addition of BaO increased the optical band gap energy, whereas the increase in
BaO content has negligible effect on it. The changes in the optical basicity and
metallization criteria of glasses supported the variation in band gap energy values. The
decrease in the Urbach energy values with BaO addition indicated the presence of less

number of defects and/or interstitial bonds in the glass structure.

Effect of BaO addition on the dissolution and in vitro bioactivity properties of
Na,0-CaO-P,0s5 glasses was studied in deionized water and phosphate buffer saline
(PBS) as well as Hank’s balanced salt (HBS) solutions under static dissolution conditions
for 28 days. Dissolution rate of glasses in deionized water was found to increase with
time, whereas it was decreased by three orders of magnitude with increase in BaO
content. All the glass samples were in amorphous nature even after 28 days of immersion
in deionized water according to XRD studies. Selective or incongruent type of dissolution
in deionized water was found in all the glasses. FTIR studies indicated the
depolymerization of glass network after immersion in deionized water. Na*, Ca** and
PO,> ions were accumulated on the glass surface indicating the formation of calcium-
phosphate layer. Bioactivity of glasses did not improved with BaO composition after
immersion in PBS solution, whereas the addition of 15 mol % of BaO supported the
formation of crystalline HAp. All the glasses showed the bioactivity in HBS solution by
the formation of crystalline HAp and bioactivity was improved with BaO content. Faster
HAp formation was happened in HBS when compared to PBS. pH of both PBS and HBS
solutions were increased with increase in BaO content, which might reduce the

cytotoxicity and improve the biocompatibility of glasses.
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Phosphate glass with composition 11Na,0-15Ba0-29Ca0-45P,05 was coated on
stainless steel 316 L, DSS 2205 and Ti6AIl4V alloy using thermal enamelling technique.
Coatings have partially crystalline structure with porous morphology. The thickness of
coatings was varied due to the difference in the diffusion of elements across the interface.
The electrochemical corrosion resistance of glass coated and uncoated substrates has
been studied by electrochemical corrosion test in HBS solution. Corrosion resistance of
uncoated 316 L has increased after coating, whereas it has decreased in case of DSS and
Ti6Al4V substrates. DSS is having higher corrosion resistance among the uncoated
substrates, whereas coated 316 L is having higher corrosion resistance among the coated
substrates. Amorphous calcium-phosphate layer (ACP) was formed on the surface of all
coated substrates after in vitro bioactivity studies for 14 days in HBS solution. Duplex
stainless steel (DSS) 2205 can be an alternative for 316 L and Ti6AI4V for biomedical
applications due to its better corrosion resistance. Though the electrochemical corrosion
resistance of DSS and Ti6Al4V was not improved with coating which helped in the

formation of amorphous calcium-phosphate (ACP) layer.

7.2 CONCLUSIONS

e Density of glasses has increased by 13% with BaO content. Glasses prepared at
higher melting temperature (1200°C) were having better properties such as lower
brittleness. Addition of BaO improved the mechanical properties of Na,O-CaO-
P,Os glasses prepared at 1200°C such as decrease in brittleness by 22%.

e Thermal properties of Na,0O-CaO-P,0s glasses have improved with increase in
BaO content such as increase in glass transition temperature (by 11%),
crystallization temperature (by 18%), thermal stability (by 35%) and glass
forming ability (by 33%). All the synthesized glasses are having fiber drawing
capability due to their higher thermal stability values greater than 100°C.

e The refractive indices of glasses increased by 2% with BaO content. The initial

addition of BaO increased the optical band gap energy by 83%, whereas further
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increase in BaO content has negligible effect on it. Urbach energy has decreased
by 78% with increase in BaO content.

Dissolution rate of Na,O-CaO-P,0s glasses in deionized water decreased by three
orders of magnitude with increase in BaO content up to 15 mol%.

HAp was formed on all the composition of glasses in HBS solution and
bioactivity was improved with increase in BaO content. HAp was formed faster
(within 7 days) in HBS solution than that of PBS (within 14 days).

Phosphate glass with composition 11Na,0-15Ba0-29Ca0-45P,05 was coated on
stainless steel 316 L, DSS 2205 and Ti6Al4V alloy using thermal enamelling
technique. Coatings have glass-ceramic structure with porous morphology.

DSS 2205 is having higher electrochemical corrosion resistance among the
uncoated samples. Coated 316 L is having higher corrosion resistance among
glass coated samples.

Amorphous calcium-phosphate (ACP) layer was formed on the surface of all
coated substrates after in vitro bioactivity studies in HBS solution for 14 days,
which can get converted into crystalline HAp on prolonged duration of
immersion.

Among the synthesized samples, 11Na,0-15Ba0-29Ca0-45P,0s glass and coated
316 L are more suitable for biomedical and various technological applications
based on their improved properties. Duplex stainless steel (DSS) 2205 can be an
alternative for 316 L and Ti6Al4V for biomedical applications due to its better

corrosion resistance.
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7.3 SCOPE FOR THE FUTURE WORK
The efforts that can be made in future are,

e to study the biocompatibility properties and in vitro cell culture analysis of
synthesized glasses and glass coatings for designing a suitable material or implant
for biomedical applications

e to dope the various transition metal ions to the synthesized glass matrix for
designing glasses for biomedical optical applications

e to develop the magnetic properties in the synthesized glass matrix by adding
suitable ions for cancer treatments

e to embed metallic nano-particles in the synthesized glass matrix for tissue
engineering applications

e to check the suitability of present system of glasses for applications other than
biomedical fields

e to compare the properties of coating prepared by thermal enamelling technique

with other techniques in order to make a practically successful coating
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