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LAY SUMMARY

The human body is made up of 206 bones and more than 300 joints. Synovial joints like
hip, shoulder, and knee are extraordinary bio-tribological systems in humans. These
joints face significant challenges during their usage as they transmit high loads and
provide a wide range of movements to the body. Arthritis is a disease led to the failure
of these joints, which can affect anyone irrespective of age, gender, and race. Many
solutions are available to overcome the problem, including steroid injections and
implants. However, steroid injections have several drawbacks, such as short life
expectancy, painful while injecting, and work only for a few patients. Bio-implant
devices replace joints with metallic, ceramic, or polymeric materials. The average life
expectancy of a bio-implant is 10-15 years, making it a better choice than steroid
injections. However, it also has some drawbacks like the material used for the implant
may corrode, wear, or toxicant the human body environment. These problems can
further lead to several diseases like Alzheimer, Neuropathy. Therefore, bio-implant

manufacturing is very crucial.

Manufacturing of bio-implants is a two-step process: initially, the base of the bio-
implant needs to be manufactured by using an economical biomaterial with desirable
properties (corrosion-resistant, wear-resistant, and biocompatibility.). The second step
involves the surface modification of the developed implant employing the best suitable

biomaterial and surface modification techniques.

Surface coating is one of the well accepted surface modification techniques of bio-
implants to achieve the desired properties. Thermal spray technology (plasma spray) is
approved by the food and drug administration (FDA) USA to deposit biomaterials on
bio-implant surfaces. However, high processing temperature in thermal spray changes
biomaterial’s characteristics such as phase change and oxidation. Cold spray, a
relatively new technology, can overcome the above problems because of its low
processing temperature. The most widely accepted commercially used biomaterials are
hydroxyapatite and titanium alloys for the surface modification of bio-implants.
Literature reports that plasma-sprayed baghdadite can replace hydroxyapatite due to its

better mechanical properties.



Therefore, a new material combination, titanium/baghdadite composite, was deposited
on biomedical steel using the cold spray in this work. Moreover, the coatings'
mechanical, chemical and biological performance were investigated. It was observed
that during the deposition biomaterials remained same. The deposited coatings were
successful in reducing the corrosion and wear of bio-implant SS316L steel surface.
Moreover, the surface remained biocompatible and were successful to mitigate the
titanium/hydroxyapatite composite coatings. Thus, the investigated coatings can be used
to enhance the service life of bio-implant surface. Though, some in-vivo testings of these
coatings needs to be done in order to recommend them for actual bio-implants.
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ABSTRACT

As per the published data, the orthopedic implant market is growing exponentially. The
life of implants is expected to be up to 15-20 years, depending upon various factors such
as gender, age, and patient's body mass index. Hence, it is crucial to enhance the service
life of orthopedic implants, which may further enhance the comfort of the implant users

by delaying the implant replacement surgeries.

Corrosion and wear contribute significantly to the degradation of bio-implants. Released
ions and worn-out material (wear debris) leave toxic effects on the human body and
promote several diseases such as Alzheimer's and Neuropathy. Therefore, the
manufacturing of bio-implants is crucial. SS316L is a biomedical steel having excellent
mechanical, good corrosion, and wear properties and is widely used for bio-implants
manufacturing. The manufacturing of implants is a two-step process that includes
manufacturing base parts and surface modification of these parts to improve their
surface characteristics. Corrosion and wear largely depend on the surface properties of
the bio-implants. The Food and Drug Administration U.S. has approved thermal spray
coatings for implant surface modifications. However, the high temperature involved in
thermal spraying causes changes in the material's original characteristics. In this regard,
the cold spray process has been considered very promising for depositing temperature-
sensitive materials on SS316L. Cold spraying has many advantages over thermal
spraying, such as no change in phase, no oxidation, and better mechanical properties
due to low processing temperature. A plenty of research work has been published on
surface preparation in cold spraying. There are studies regarding substrate roughness
effect on bonding in cold spray, however most of these are for the cold spraying of softer
materials on soft/hard substrates. Therefore, a need was realized to understand the effect
of surface preparation for cold spraying hard particles on hard substrate. Cold spraying
of titanium-based powders on the SS316L substrate with different level of surface

roughness is unavailable.

In the current work, single-pass Ti/20TiO, composite powder was cold-sprayed on
SS316L steel substrates having three different roughness levels to understand the effect
of substrate roughness on the coating adhesion. Ti/20TiO, coated substrates were

analyzed using scanning electron microscopy (SEM), energy dispersive spectroscopy
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(EDS), and scratch tester. The mirror-polished (MP) was found to be the most suitable
surface condition to deposit the chosen Ti-based powders on SS316L steels with a good
adhesion. This may be attributed to adequate Ti-particle deformation, which led to
proper jetting formation and afterward good adhesion. Therefore, titanium-based
powders in distinct compositions have been deposited on MP SS316L using high-
pressure cold spray. Two types of reinforcement’s viz. TiO. and baghdadite (BAG) were
used. BAG is used to explore it as a replacement for mechanically weaker
hydroxyapatite (HA). The deposited coatings were analyzed using SEM, EDS, and X-
ray diffractometer (XRD). Furthermore, the coated and uncoated SS316L steel were
characterized for porosity analysis, density calculation, surface roughness measurement,
microhardness measurement, wettability, and biocompatibility. Corrosion and sliding
wear behavior of the cold spray coated and uncoated SS316L steels were studied under
a dry and simulated body fluid environment.

Among the cold-sprayed Ti/TiO. coatings, Ti/20TiO2 coating exhibited a relatively
rough, hard, and dense surface in comparison with the uncoated SS316L surface, the
average surface roughness, microhardness, and density were found to decline with the
increase in TiO2 content. Electrochemical corrosion studies of the Ti/TiO2 composite
coatings revealed that all the coatings reduced the corrosion of the substrate. However,
corrosion performance dropped with the increase in TiO2 content. Dry sliding wear
results indicated that only Ti/20TiO2 composite coating was successful in reducing the
wear losses of SS316L steel. Superior microhardness and better retention of TiO: in
Ti/TiOz coating have been ascribed as the reasons for its superior performance. All the
other Ti/TiO2 coatings failed to protect the substrate against sliding wear. In general,
abrasion wear was recognized as the dominant mechanism of wear for these coatings.
Signatures of adhesive wear mechanisms were also observed over the worn-out coating
surfaces. From the combined results of corrosion and sliding wear, Ti/20TiO2 coating
can be recommended as a potential candidate to reduce the corrosion and wear of
SS316L steel.

For the cold-sprayed titanium/baghdadite (Ti/BAG) coatings, the average density and
surface roughness of the coatings were observed to reduce with the increase in BAG
content. The average microhardness and scratch resistance of Ti/BAG coatings
increased up to 15% of BAG content, and beyond that the both start declining. Cold-
sprayed Ti/BAG coatings were found hydrophilic in nature, and the hydrophilicity was
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seen improving with the increase in BAG content. The coatings showed good cell
viability, which was found to enhance with BAG content.

The electrochemical corrosion tests were performed for 2 hours (hr), 16 hr, and 40 hr of
immersion times in simulated body fluid environment. All the Ti/BAG coatings
successfully reduced the corrosion rates for all the cases of immersion times. Moreover,
the corrosion resistance was found to increase with the increase in BAG content as well
as immersion time. Formation of passive oxide (TiO>) and dissolution of BAG into CaO,
SiO2, and ZrO; have been ascribed as the reasons for their excellent corrosion
performance in simulated body fluid environments. The corrosion rates of the Ti/BAG
composite coatings were compared with Ti/HA coatings, which established the TiI/BAG
as a better option for the given environment. Sliding wear tests were performed
following ASTM G99 standards. It was observed that Ti/15BAG composite coating
performed best among all the investigated coatings against sliding wear under the dry
as well as the simulated body fluid environment. The superior performance of
Ti/15BAG coating could be attributed to a better combination of its microhardness and
scratch resistance. Signatures of micro-cutting, micro-cracks, delamination, and
material transfer were observed on the worn-out Ti/BAG coatings, indicating abrasive
and adhesive wear as the sliding wear mechanism. Once again, Ti/BAG coatings were
found to be superior to the reported Ti/HA coatings in terms of wear rate. Based upon
the overall results, Ti/15BAG composite coating can be recommended as the best choice
to reduce the corrosion and wear of SS316L steel in dry as well as simulated body fluid
environments. Moreover, Ti/I5BAG composite coating was found to perform better

than Ti/20TiO- coating against corrosion and wear.

Laser surface melting was performed to eliminate the pores and improve the mechanical
properties of as-sprayed coatings. Laser treatment of the coatings led to the
recrystallization of Ti in deposited coatings without any adverse effect on the substrate.
Equiaxed grains formed in the top layers of laser-treated Ti/BAG coatings, improved
the density and microhardness of the as-sprayed coatings. All the laser-treated coatings
were subjected to electrochemical corrosion tests in the simulated body fluid
environment for 2 hr of immersion time. It was observed that the laser treatment
improved the corrosion resistance of Ti/BAG coatings as compared to the respective as-
sprayed coatings. Reduction in porosity and improvement in density are believed to be

the reason for their better corrosion behavior in simulated body fluid. The sliding wear
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performance of the laser-treated coatings was also better than these as-sprayed coated
counterparts under the simulated body fluid environment. The enhanced microhardness
of laser-treated Ti/BAG coatings has been ascribed as the reason for their better sliding
wear resistance. The signatures of micro-cutting, delamination, and material transfer
were seen on the surfaces of the worn-out laser-treated coatings, however, these were
relatively less severe than that of the respective as-sprayed coatings. Abrasion and
adhesion wear were recognized as the main mechanism of wear. Among the laser-
treated coatings, the Ti/15BAG coating was found to be the best to control corrosion
and wear. Moreover, for the tribological joints of the bio-implant, laser-treated cold-
sprayed Ti/15BAG coating can be recommended as a better choice since porosity is not

a major concern at these joints.
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CHAPTER 1

INTRODUCTION

The human body is made up of 206 bones and more than 300 joints. Synovial joints like
hip, shoulder, and knee are extraordinary bio-tribological systems in humans. These
joints face significant challenges during their usage as they transmit high loads and
provide a wide range of movements to the body. Among them, the hip is one of the
busiest joints in performing its function. A typical schematic of a hip joint is shown in
Fig. 1.1. At the hip, the upper part of the femur, the femoral head, separates the lower
part of the pelvic, the acetabulum, by a synovial fluid cavity. Synovial fluid helps in
lubrication between the contacting surfaces and also helps in supporting the load carried
by the bones. The ends of these long bones are supported by a tissue called cartilage, as
shown in Fig. 1.1. Cartilage helps to support the load carried by the bones at the joint

and helps in lubrication between the contacting surfaces (Singleton and LeVeau, 1975).
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Figure 1.1: Schematic of a typical bio-tribological system (hip joint) (Singleton and
LeVeau, 1975)

Cartilage is a deformable and porous tissue. It has a biphasic structure, contains 75

percent of water, and the rest is the extra-cellular matrix (ECM). The matrix consists of



collagen, proteoglycans, non-collagenous proteins, and chondrocytes. Collagen is the
main fiber present in ECM and is responsible for cartilage shape. Proteoglycans are
responsible for the cartilage's hydration and enduring the compressional load.
Chondrocytes are specialized cells that help synthesize and maintain the cartilage
matrix. The outer surface of the cartilage contains hyaluronans. Macconaill (Macconaill,
1961) reported that the load-bearing capacity of the joint majorly depends on the
interstitial fluid present in the cartilage. From the tribological point of view, pressure
and film thickness of interstitial fluid are the two most crucial factors for natural joints.
It is reported that synovial joints like the hip show coefficient of friction (CoF) around
0.001 (Sophia Fox et al., 2009). High CoF during sliding may lead to cartilage damage
and Osteoarthritis (OA). In vivo, CoF for the whole joint varies from 0.001 to 0.03.
Friction between the articulating surfaces causes energy dissipation at the joint (Sophia
Fox et al., 2009). High friction leads to high shear strain which further leads to the wear
of cartilage. Cartilage damage leads to disruption of lubricant and further deterioration
of subchondral bones.

Cartilage provides lubrication through synovial fluid. The word synovia, described as a
fluid oily in nature between the natural joints, was given in the sixteenth century by
Paracelsus. Synovial fluid contains hyaluronate, lubricin, and glycosaminoglycans as
major components (Sophia Fox et al., 2009). Research shows two types of lubrication
regimes, that is, fluid film lubrication and boundary lubrication for articular cartilage of
the hip joint. Further, research revealed that the typical hip joint works as a journal

bearing of a machine, and a thin film type of lubrication is present (Ure, 1955).

On the other hand, experimental data showed boundary lubrication at the hip joint
(Ogston and Stanier, 1953), (Crockett, 2009). Further investigations have been
conducted to understand the reason for it. The results revealed that cartilage loses its
interstitial fluid and forms a boundary type of lubrication under loading conditions.
However, cartilage gains its lubricity back (this phenomenon of losing and regaining
lubricity is called rehydration) and works as a lubricant for the development of fluid film
lubrication during rest (Burris and Moore, 2017). During boundary lubrication,
molecules like hyaluronate, lubricin, and phospholipids (PLs) work as boundary
lubricants and play a significant role in maintaining low friction and wear at the joint
(Daniel, 2012; Ogston and Stanier, 1953).



1.1 Arthritis

Arthritis is a group of diseases representing more than 100 diseases affecting the joints
and/or surrounding tissues such as bones, muscles, and tendons. These diseases affected
more than 323 million people in 2017 all across the world (“Erratum: Global, regional,
and national incidence, prevalence, and years lived with disability for 354 diseases and
injuries for 195 countries and territories, 1990-2017: a systematic analysis for the
Global Burden of Disease Study 2017 (The Lancet (2018),” 2019). There is no
permanent solution available to prevent or cure Arthritis, using behavioural or medical
help except few cases. Arthritis is categorized into two main groups; inflammatory
arthritis and degenerative arthritis (Lorig et al., 1987).

Inflammation is a healing process of any tissue or organ that protects the viral, bacterial,
or burn condition. However, inflammation occurs without reason in conditions like
inflammatory arthritis, indicating that one's immune system is striking its joint. It is
more predominant in females than males. In these situations, joints become stiff,
inflammatory, and painful. Bone erosion is the most common effect of these symptoms.
The most popular type of inflammatory arthritis is rheumatoid arthritis (Jstergaard et
al., 2008). The immune system's attack on joints also promotes degenerative arthritis;
however, the main cause of failure is the breakdown of the extra-cellular matrix,
intracellular alarming, and plasma protein damage of cartilage tissue. Sometimes this
condition may occur because of some major abnormalities in the joint. This cartilage
thinning and joint space narrowing phenomenon is called osteoarthritis (OA). However,
OA also reportedly follows the inflammation of the synovial membrane (Abramoff and
Caldera, 2020). OA is prominently affecting the younger generation. Kurtz et al. (Kurtz
et al., 2009) reported in their study that OA caused 41% of younger patients (less than
65 years) to have a hip implant in 2006, which will increase to 52% in 2030.

1.2 Solutions to Arthritis

Among the synovial joints, the hip is one of the essential joints when it comes to load-carrying
capacity. Arthritis is one of the most common reasons for hip joint failure, as discussed above.
Other than that, it can also fail in some adverse conditions like joint abnormalities, excessive
load transmission, and some accidental injuries. Once the hip joint fails, there is no promising

recovery solution. However, some temporary solutions such as non-steroid anti-inflammatory



drugs or Intra-articular Steroids Injections (IASI) are available in the market. They may help to
save the joint for a few months. Another possible solution is hip implantation.

1.2.1 Steroid Injections Therapy

IASI therapy procedure includes injecting steroids into the hip capsule to overcome the
inflammatory, stiffness, and painful condition. The most popular steroids used in this therapy
are corticosteroid and hyaluronic acid (Altman, 2003), (Bowman et al., 2018). Delgado-Noguera
et al. (Delgado-Noguera et al., 2016) reviewed the advantages and disadvantages of
corticosteroid injection therapy on children with inflammatory arthritis and concluded that
corticosteroid injection could be effective for rheumatoid arthritis patients. Qvistgaard et al.
(Qvistgaard et al., 2006) studied the effect of corticosteroid and hyaluronic acid in the intra-
articular treatment of degenerative arthritis. They concluded corticosteroids could be more
beneficial in combating osteoarthritis than hyaluronic acid. Hyaluronate is a high molecular
weight molecule that naturally occurs within the cartilage and synovial fluid, and its primary
function is to help synovial fluid serve as a lubricant (Sophia Fox et al., 2009). Hyaluronic acid
is generally used to improve the synovial fluid's viscosity and the joint's gliding motion.
However, these steroids have some disadvantages, such as bone loss and erythema (Sedrak et
al., 2021). 1ASI therapy is quite painful and costly; infection while injecting is high, and short
life expectancy is an issue. There are always compatibility issues, and these injections do not
work for all patients (Oren-Ziv et al., 2015), (Smolen and Aletaha, 2015).

1.2.2 Bio-implantation

Bio-implant is the equipment used to substitute and entertain a missing natural body
part. A hip implant is a device used to replace an arthritic hip for the proper functioning

of the hip joint. The schematic of hip implant is shown in Fig. 1.2.
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Figure 1.2: Schematic representation of hip implant components

In the 1890s, the concept of hip implants came into existence when German scientist
Professor T. Gluck presented his work to replace the femoral head of a tuberculosis
patient’s hip joint with ivory (Gluck, 1890). However, this solution did not last long due
to the development of infections using these materials. Later in 1923, Smith-Peterson
proposed to use glass to replace the femoral head. However, it had some issues due to
which, in 1938, they used cobalt-chromium (Hernigou, 2014). These implants also
failed to achieve desired objectives due to wear problems. John Charnley developed a
cemented low friction hip implant (in 1961) which proved to be a benchmark in the
history of the hip implant. He achieved low friction and minimal wear using stainless
steel as femoral head material and polyethylene as acetabular material (Bezwada et al.,
2012).

Over the years, with the advancement in technology, hip implant life has reached up to
10-15 years. Nowadays, patients, irrespective of their age, are having these treatments,
so it is necessary to enhance the service life of these implants. To achieve better
performance, the fixation of the implant is crucial. There are two types of fixations
which have been tried by clinical surgeons, are, cemented fixation and uncemented
fixation. In cemented fixation, the femoral stem is covered by bone cement, and the
acetabular cup is made up of cemented material and directly fixed into the pelvic bone;
cemented material is generally polymethyl methacrylate (PMMA). PMMA is a polymer

that does not make any chemical bond with the bone. For uncemented fixation, the



surface of the implants is usually made rough and porous using a coating of material
like hydroxyapatite (Morshed et al., 2007), (D’ Antonio et al., 2001). The latter helps in
bone growth onto the surface of the implant. The major components of a typical hip
implant are the femoral stem, femoral head, and acetabular cup. A couple of hip implants
are available in the market - modular and monoblock designs are the most common
among them. In modular design, the femoral head and stem are made as different parts
and connected through a taper locking mechanism. The acetabular cup consists of a shell
fixed to the pelvic bone and a liner attached inside the shell. In monoblock design, the
femoral head and stem come in one piece. The acetabular cup also comes in one piece
(Gao et al., 2017). Several factors influence the life of a hip implant, such as gender,
age, and body mass index of the patient (X. Zhang et al., 2019). Diseases like
hypertension and diabetes in patients also adversely affect the life of hip implants
(Memtsoudis et al., 2010). Moreover, implanted material is the most influential
parameter affecting a hip implant's life.

1.3 Biomaterials

Biomaterials are the materials used to replace human bones or tissues without leaving
any harmful effects on the human body. The life of implants largely depends on the
properties, functions, biocompatibility, and structure of biomaterials. Thus, the selection
of biomaterials is critically important for bio-implantations. Several materials have been
tried over the years, from ivory to titanium (Ti) alloys (Gluck, 1890), (Ghosh et al.,
2018). The following combinations have been tried for hip implantation based on the
materials used; metal-on-polyethylene (MoP), metal-on-metal (MoM), ceramic-on-

metal (CoM), ceramic-on-ceramic (CoC), ceramic-on-polymer (CoP).

1.3.1 Ceramics

Since the first use of hip arthroplasty, ceramics have been popular for hip implants because of
their high wear resistance. Ivory was one of the first ceramic materials that have been used for
hip implantation [1]. Following that, many other materials were explored, including alumina,
zirconia, titania, and hydroxyapatite (Khanna et al., 2014), (Luo et al., 2018), (Herrera et al.,
2015). Ceramic materials are usually hard and brittle, which causes the generation of an irritating
noise (squeaking) during rubbing in CoC (Askari et al., 2015). The fracture of ceramic hip
implants is also a very common cause of implant failure because of their poor fracture toughness
(Yoo et al., 2005).



1.3.2 Metals and Their Alloys

Metals are the most widely accepted biomaterials for hip implants because of their good
mechanical, chemical, and biological properties. Popular metallic materials used by surgeons
for hip implantation have the common problem of higher elastic modulus, resistance to bone
growth, and poor wear resistance. Smith and Peterson (Hernigou, 2014) used cobalt-chromium
as an implanted material; the low chemical inertness of cobalt-chromium is a concern for
implants. After a few years, John Charnley used stainless steel as a hip implant biomaterial;
stainless steel has low strength, good corrosion resistance, and ductility. Later, it is followed by
the use of Ti and its alloys, which is now the most popular choice for hip implantation among

other metal counterparts because of their excellent corrosion resistance and biocompatibility.

1.3.3 Polymers

The use of polymers as implanted liner material for hips has grown over the years because of
their good biocompatibility and high load-carrying capacity. The three important categories of
polymers for hip liners are; polyethylene ether ketone (PEEK), highly cross-linked polyethylene
(HXPE), and now ultra-high molecular weight polyethylene (UHMWPE). Charnley introduced
UHMWPE in 1962 to overcome the bioavailability issue of stainless steel for hip implant
application. The most important characteristic of these polymers is that they do not chemically
react with the human body environment and hence gained much popularity for hip implant
bearings. However, lack of wear resistance and degradation in the human body are the major

problems with these materials.

1.4 Problems Associated with Bio-implants

Bio-implants face several issues when implanted into the human environment, including
biocompatibility, corrosion, and wear. Therefore, it is important to consider these issues
before implanting the biomaterial in the human body. These issues are discussed below

in detail;
1.4.1 Biocompatibility

The ability of a material to sustain itself in a biological environment without leaving
any harmful effect on surroundings can be defined as biocompatibility (Asri et al.,
2017), (Jacobs et al., 1998). The biocompatibility of bio-implants depend on numerous
factors, including biomaterial composition, surface roughness, surface wettability, and

size of the implants (Singh and Dahotre, 2007). The biological reaction between
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implants and its surrounding sometime leads to the degradation of biomaterials and toxic
effect on the body's environment. Corrosion of biomaterials under the human body leads
to the release of ions, which can be toxic to the human body and can also reduce the life
of implants. For example, Co-Cr alloy-based implants release cobalt and chromium
ions, forming cancerous tumours. Similarly, corrosion of stainless steel leads to the
release of chromium and nickel, which caused to affects the skin and central nervous
system. Ti-based alloys such as Ti6Al4V lead to the release of vanadium and aluminum,
and these cause diseases such as Alzheimer's and Neuropathy (Jacobs et al., 1998). Wear
of biomaterials generates debris, damaging the nerves of the human body when flowing
inside the human body. Also, this wear debris reacts with the biological system and
causes osteolysis and allergy (Tritschler et al., 1999; Wang et al., 2017). The design of
implants also influences the biocompatibility of bio-implants; it makes the surgery
painful and also affects the life of implants. Biofilm formation is one of the major factors
that influence the biocompatibility of implants. It forms when pathogens attach to the
implant surface and produce an extra-cellular polymeric substance. Biofilm on implant
surfaces can severely affect implants' life and lead to health issues (Arciola et al., 2012;
Barros et al., 2015)

1.4.2 Corrosion

Corrosion is defined as the deterioration of material while exposed to the surrounding
environment. It is one of the major reasons behind the failure of metals and their alloys
when implanted in the human body (Eliaz, 2019). The human body environment is
highly corrosive; implants release ions in the human body through chemical or
electrochemical reactions. These chemical reactions proceed towards a thermodynamic
equilibrium, which can be evaluated through electrochemical behavior testing in
electrochemical cells. In electrochemical cells, oxidation and reduction are the two
important processes taking place at the anodic and cathodic sites, respectively. At an
anode, metal or its alloys are forced to release electrons by supplying electric energy
from the external source, which leads to oxidation at the anode. At equilibrium,
electrons flowing on both surfaces become equal; hence, the net current flow into the
cell becomes zero. In other words, the rate of oxidation and reduction become equal. At
equilibrium, the current flowing through the electrodes is called corrosion current (i)

and the corresponding potential is called open circuit potential or corrosion potential



(Eocp OF Ecorr) (Popov, 2015). The human body is corrosive as it has a pH value of 7-
7.35 (Kokubo and Takadama, 2006).

Most biomaterials release ions when exposed to the human body environment.
However, on exposure, they form protective oxide layers between the metal and
electrolyte (biological fluid) and provide resistance against corrosion. The corrosion
response of biomaterials depends on various factors such as composition, surface
properties, and microstructure (Jacobs et al., 1998). For instance, stainless steel has
chromium and, when exposed to bio-fluid, forms chromium oxide and protects the steel
substrate against corrosion (Chen and Thouas, 2015). Similarly, Co-Cr-based alloys also
form a protective chromium oxide layer (Eliaz, 2019). In the case of Ti and its alloys,
they form TiO, TiO2, and Ti.O3 when exposed to body fluid. These oxides are very thin,
mostly in nanometres, and protect Ti sublayers against corrosion (Pouilleau et al., 1997).

Pitting, galvanic, fretting, crevice, stress corrosion cracking, and fatigue corrosion are
some popular types of corrosion occurring in implant biomaterials (Chen and Thouas,
2015). Pitting is characterized as a localized form of corrosion. It normally occurs due
to the collapse of passive layers over the metallic subsurface (Olmedo et al., 2008).
Galvanic corrosion is more common when two or more metals with different nobility
are placed in a corrosive environment and connected electrically. The metal with lesser
nobility works as the anode (experiences high corrosion) and will lead to galvanic
corrosion (Soares et al., 2021). Fretting corrosion occurs due to the small amplitude
vibrations induced by rubbing action under a corrosive environment. Orthopedic
implants undergo fretting corrosion at the interface of the joints, such as the femur stem
and bone in the hip, at the time of implantation or after some years of service (Tritschler
et al., 1999). Crevice corrosion occurs in the space between two surfaces, usually
because of the stagnant electrolyte. In orthopedic implants, it is a very common
phenomenon (for example, at the interface of the femoral head and femoral stem)
(Levine and Staehle, 1977). Degradation of materials under cyclic loading in a corrosive
medium leads to fatigue corrosion. This leads to the formation of cracks into the
implanted surfaces. Corrosion-induced pitting accompanied by cyclic loading is
normally the cause of crack initiation in implants (Fleck, 2008). Besides this, stress
corrosion cracking is a very common type of degradation of implanted biomaterials. It

occurs due to the tensile stress-induced crack under corrosive media. The tensile stress



may develop because of heat treatments, cold working, machining, and/or welding
(Jafari et al., 2015).

1.4.3 Wear

Wear is defined as a progressive loss of material under the action of rubbing between
two contacting surfaces. It is one of the primary reasons for the failure of bio-implants.
Wear of implant surfaces causes the loosening of implants and leads to osteolysis
(Harris, 2001). Therefore, improving the wear resistance of implants is one of the key
areas in orthopedic implants. CoC bearing surfaces show the minimum volumetric wear
among MoP, CoP, MoM, and CoM bearings (Ciulli et al., 2014). However, the fracture
of ceramic surfaces and squeaking limit its application for implantations.

On the other hand, MoM shows good mechanical, chemical, and biological properties
but lacks wear resistance. Cobalt-chromium alloys on cobalt-chromium alloys are some
of the most widely used MoM bearing implants system because of their better wear
resistance than the other MOM systems (Chan et al., 2018). Poor wear resistance causes

the generation of wear debris, which further leads to damage to nerves (Harris, 2001).

Based on the interaction between the bearing surfaces, abrasion, adhesion, fretting, and
tribo-corrosion wear are recognized as some of the popular wear mechanisms in bio-
implants. Abrasion is defined as the removal of material because of the rubbing of two
solid surfaces. The sliding of one surface over the other is the main cause of abrasion.
After implantation, total joint replacements such as knee or hip face abrasive wear under
the human body (Hembus et al., 2018). Adhesive wear is defined as the transfer of one
material over the other contacting surface. It occurs mainly due to the formation of weld
junctions between the contacting surfaces. The reason for the formation of these weld
junctions is the rise in temperature at the contact due to the shearing action. Adhesive
wear of metallic biomaterials is a common mode of implant wear (Toh et al., 2017).
Fretting wear is a low amplitude, high-frequency mode of wear under the action of
rubbing. It is inevitable in the implants at the time of implantation as well as after a few
years of service. Bio-implants face fretting wear at the interface of the joints, such as
the femur stem and bone in the hip (Tritschler et al., 1999). Tribo-corrosion is another
type of implant wear in the human body environment. It is a combined effect of
corrosion and wear type of failures. Total joint replacements (hip, knee, shoulder) are

some of the highlighted areas for tribo-corrosion (Mathew et al., 2009).
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1.5 Surface Modification of Bio-implants

Surface modification of bio-implant surfaces is a widespread area of research. The
surface modification of implants aims to achieve a combination of good biological,
chemical, and mechanical responses from the surface under the human body
environment. A range of surface modification techniques have been explored to improve
the quality of implant surfaces. Based on the mechanisms, three routes (chemical,
mechanical, and physical) are identified as surface modification routes for implant
manufacturing. Food and Drug Administration (FDA) US has approved plasma spraying
(one of the physical routes for surface modifications) for coating bio-implant surfaces
(Sun, 2018).

In the present research work, Ti, titanium oxide (TiO2), and baghdadite (BAG) have
been selected as the coating materials on stainless steel 316L (SS 316L). Different
compositions of Ti/TiO, and Ti/BAG composite powders have been prepared by
mechanical mixing of Ti, TiO2, and BAG powders. Cold spray, a relatively new thermal
spray technology, is used to obtain composite coatings of Ti/TiO2 and Ti/BAG
composite coatings on SS316L substrate. The as-sprayed coatings are characterized
using scanning electron microscopy/ energy dispersive spectroscopy (SEM/EDS) and
X-ray diffraction (XRD). Subsequently, the electrochemical corrosion response of the
coated and uncoated samples has been evaluated under simulated body fluid
enviornment. The sliding wear behavior of as-sprayed coatings has also been
investigated under dry and simulated body fluid environments. Furthermore, post-laser
processing of as-sprayed Ti/BAG composite coatings is explored to investigate its effect

on microstructure, corrosion, and sliding wear.
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CHAPTER-2

LITERATURE REVIEW

This chapter presents a comprehensive literature survey related to the present research
work. It contains the work done on corrosion of bio-implants, wear of bio-implants, and
several surface modification techniques used for bio-implant applications. After a
comprehensive review of cold-sprayed coatings for biomedical applications, research
problem has been formulated at the end of the chapter.

2.1 Corrosion of Bio-implants

Corrosion of bio-implants (metallic) is inevitable because of the corrosive human body
environment. The body fluid consists of many anions such as phosphate, bicarbonate,
and chloride, cations like K*, Mg*, Ca*, and Na* high molecular weight species and low
molecular weight polymeric components with dissolved oxygen (Manivasagam et al.,
2010). These molecules can disturb the equilibrium of corrosion reactions over the
implanted biomaterials in terms of misbalancing the pH value and transporting protein
with metal ions. As per the ISO guidelines (ISO, n.d.), the tolerable limit of implant
biomaterials for corrosion rate is 1 micron/year. The most common types of failure for
implants are fretting, pitting, uniform, fatigue, stress corrosion cracking, and galvanic

corrosion (Sciences, 1999).

Corrosion usually leads to erosion of biomaterials and further causes the implant's
fracture. Liu et al. (Liu et al., 2019) studied the fretting-induced crevice corrosion for
SS316L under a simulated body fluid environment. Results of their study indicated that
fretting plays a substantial role in the initiation of crevice corrosion, which contributes
to the bio-implants failure. It is because fretting disrupts the protective passive oxide
layer from the implant steel surface. Amel-Farzad et al. (Amel-Farzad et al., 2007)
examined a femoral SS316L implant fractured inside the human body (Fig. 2.1). They
observed the signatures of crevice corrosion pitting, crevice-induced cracking, and
fatigue. A drop in pH and the sulfide inclusion were believed to be the reason for its
failure. In another study, Aksakal et al. (Aksakal et al., 2004) examined failed SS316L
and Ti6Al4V bio-implants from 1993 to 2002. Metallurgical analysis of their work
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revealed that corrosion was the major cause of these implant failures. Kheder et al.
(Kheder et al., 2021) examined the oral tissues after a few months of dental implantation
and found worn-out titanium particles in the system. Tribo-corrosion is believed to be
one of the reasons for the degradation of this implant. However, no adverse biological
effects were observed because of corrosion-induced ions release. Wang et al. (Wang et
al., 2022) studied the CoCrMo failed hip implants regarding the chemical nature and
formation mechanism of fretting corrosion particles. Gilbert et al. (Jeremy Gilbert et al.,
1994) examined the fractured hip implant made up of cobalt alloy. They observed that
the fracture initiated from the grain boundaries, which occurred due to the intergranular
corrosive attack at the grain boundaries of the microstructure.

Merritt and Brown (Merritt and Brown, 1995) examined the chromium ions released
from stainless steel and cobalt-chromium alloys. They observed that the red blood cells
interact with Cr®* ions and rapidly convert them into Cr®* ions. Cr®* ions are proven to
leave carcinogenic and mutagenic effects on DNA (Schaffer et al., 1999). Ti-based
alloys are also known to leave toxic effects on the human body. TiAl4V releases Al and
V ions when exposed to the human body environment. Walker et al. (Walker et al.,
1989) studied the effect of aluminum ions on the structure of the liver and brain. They
observed that aluminum altered the structure-property of the brain and liver, which
could be much more severe for the brain than the liver, leading to Alzheimer’s disease.
Costa et al. (Costa et al., 2019) studied the effect of vanadium ions released by the
corrosion of Ti6AI4V implants. They suggested that the vanadium ions may leak to
blood vessels from the implants and may bound to hyaluronic acid and human serum
albumin in synovial fluid. Their cell viability analysis concluded that the amount of
vanadium observed at the joints might lead to a potentially dangerous condition.
Venkatraman et al. (Venkatraman et al., 2020) reviewed the toxicity due to cobalt after
hip arthroplasty. Their review suggested that cobalt can disrupt neuronal metabolism

and cause spasticity (muscle stiffness).
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Figure 2.1: Stainless steel corrosion-induced failed implant (femoral head) (a) after

cleaning (b) before cleaning (Amel-Farzad et al., 2007)

2.2 Wear of Bio-implants

The human body is made up of many tribological joints, in which rubbing action of one
surface over the other leads to the degradation or wear of bio-implants. The major mode
of implant failure during wear is abrasion. Besides this, bio-implants also fail due to
erosion, fretting, tribo-corrosion, material transfer (adhesion), and fatigue wear.
Abrasion involves the cutting or ploughing action of a hard surface on a softer surface
because of rubbing action. There are two modes of abrasion: two body abrasion and
three body abrasion. Rubbing of two surfaces in direct contact is known as two-body

abrasion. Three-body abrasion occurs when the worn-out material is also involved in
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the rubbing action (Affatato and Brando, 2013). Adhesion occurs when the material gets
transferred from one surface to the other due to generation of high temperature at the
contact under the action of sliding load. This high temperature leads to the formation of
weld junctions at the contact (asperities in contact), which get ruptured under the
application of shear force, leading to loss of materials. Tribo-corrosion involves the
corrosion-induced wear of implants, during which the surface of the implant gets
deteriorated due to corrosion leading to the formation of wear debris. Erosion wear in
bio-implants is caused due to the interaction of implant surfaces with the surrounding
body fluid environment. Fatigue wear is also one of the prominent causes of joint failure.
It occurs when local stresses generated in the bio-implants exceed the fatigue strength
of the material. Fretting wear is another mode of wear where the material gets worn out
due to small amplitude high-frequency vibrations. Bio-implants may face one or more
mechanisms of wear depending upon the location, movements, and patient conditions
(Skjoldebrand et al., 2022).

The wear of bio-implants leads to the generation of wear debris, which can damage the
nerves of the patient. Cooper et al. (Cooper et al., 1992) discussed the effect of
uncemented fixation in total hip arthroplasty in terms of wear at the interface of bone
and implant. They observed that uncemented fixation leads to the generation of wear
debris which can cause osteolysis. Schematic representation of the implant loosening
and osteolysis due to wear of implants is shown in Fig. 2.2 (Syggelos et al., 2013). The
release of wear debris provokes a cellular host response. Macrophages (the most
important cells of the tissue) interact with the wear debris and release some soluble
chemicals, which flow between the implant surface and bone through the joint fluid. It
further interacts with the bony tissue, leading to osteolysis and implant failure. Sochart
(Sochart, 1999) investigated the relationship between wear and aseptic loosening of hip
implants (235 hips). He reported that 14% of the hip implants faced osteolysis, and the
revision of these implants is associated mainly with osteolysis. Wang et al. (Wang et al.,
2017) investigated wear debris generated from the CoCrMo MoM hip implant after wear
testing inside the hip simulator. They observed that formed wear debris release ions,

which can cause numerous biological issues to the patient.
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Figure 2.2: Schematic representation of the implant loosening and osteolysis due to
wear of implants (Syggelos et al., 2013)

2.3 Manufacturing of Bio-implants

Bio-implants manufacturing is a two-step process: base parts manufacturing and surface
modification of base parts. Additive manufacturing is one of the most promising routes
for manufacturing of base parts nowadays. For instance, Singh et al. (Singh et al., 2018)
prepared a hip implant using fused deposition modelling (FDM) and investigated its
corrosion performance and in vitro biocompatibility in the human body environment.
Based on the analysis, they concluded that they had achieved appreciable corrosion
response and biocompatibility. Further, they suggested depositing bio-compatible
coatings for better results. Casting is another popular method to prepare the base part of
the bio-implants. Mohammadi et al. (Mohammadi et al., 1995) processed Ti rod and cast
bio-implant out of it. In another work, Dargusch et al. (Dargusch et al., 2022) fabricated
biodegradable magnesium-based bioimplants using a roll casting process. The results of
their study revealed that they could achieve appreciable mechanical and biological
properties. However, further improvements were suggested to be done in order to
achieve better mechanical, chemical, and biological responses. In this context, surface
modification of these bio-implants is needed and which is discussed in the next section

in a greater detail.
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2.4 Surface Modification of Bio-implants

Surface modification of bio-implant surfaces is a widespread area of research. Surface
modification of implants aims to achieve an improved biological, chemical, and
mechanical response under the human body environment. A report published in 2016
by Sathguru Management Consultants Private Limited estimated that the Indian
orthopedic implant business would reach 2500 million USD by 2030 (Paper, 2016).
Hence, it is crucial to enhance the service life of orthopedic implants, which may further

improve the business.

A range of surface modification techniques has been explored to improve the quality of
implant surfaces (Catauro et al., 2019; Choy, 2003; Mohan et al., 2012; Su et al., 1997;
Uwais et al., 2017). Based on the mechanisms, three routes (chemical, mechanical, and
physical) are identified as surface modification routes for bio-implant manufacturing
(Fig. 2.3). A schematic representing the various requirements expected from a typical
coating for the protection of bio-implant is shown in Fig. 2.4.
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Figure 2.4: A schematic representation of the required characteristics of the coating
for the bio-implant protection, Adapted with permission from Ref. (Liao et al.,
2022), copyright 2022 Elsevier (Appendix)

Surface modification using the chemical method is one of the popular routes to enhance
corrosion, wear, and biological performance. Some of the most widely used chemical
methods are sol-gel, chemical vapor deposition (CVD), and electrochemical treatment.
Sol-gel is a chemical process of converting small molecules into solid materials. This
method is popular for forming ceramic coatings such as hydroxyapatite (HA), TiO2, and
SiO2 (Kim et al., 2004; Qin et al., 2020). CVD involves deposition of a coating by
chemical reaction on the implant surface by the surrounding gas under vacuum. Darr et
al. (Darr et al., 2004) deposited hydroxyapatite (HA) on the Ti substrate using CVD.
Corona-Gomez et al. (Corona-Gomez et al., 2017) deposited diamond-like carbon
(DLC) coating on CoCrMo alloy using CVD and tested its response for wear in the

human body environment. The electrochemical method includes anodic oxidation,
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cathodic treatment, and electrophoretic deposition. As the name suggests, these process
involve the combination of electrical energy and chemical reaction. The coatings can be
deposited by supplying energy to the electrochemical cell, which triggers chemical
reaction between the electrodes and electrolyte. These are effective, economical, and
low-temperature processes to obtain high-quality coatings on a metallic substrate.

However, these process pose significant environmental hazards.

The mechanical routes of surface modification include surface texturing, blasting,
grinding, and machining. These surface treatments help in achieving the required
surface response (adhesion, differentiation, and proliferation of cells) and good implant
fixation with the host tissue (Le Guehennec et al., 2008). Additionally, these methods
also help to clean the implant surface from impurities.

The physical routes of surface modification utilize electric, thermal, or kinetic energy.
Physical vapor deposition (PVD), ion implantation, laser deposition, and thermal
spraying are some of the most widely used physical methods to improve the surface
characteristics of implants (Bakhsheshi-Rad et al., 2017b). Among these, thermal spray
(TS) deposition is one of the most widely accepted surface modification techniques for
bio-implant manufacturing. The Food and Drug Administration (FDA) USA has
approved thermal spraying (plasma spraying) as a surface modification technique for

implant manufacturing (Sun, 2018).
2.5 Thermal Spraying

Thermal spray utilizes thermal and kinetic energy to deposit materials over a biomedical
surface. A schematic representation of thermal spraying process is shown in Fig. 2.5.
Any material (metal or non-metal) that melts without decomposing can be sprayed to
build up coatings using thermal spray technologies. On impact, because of the elastic
and plastic deformation of molten or semi-molten particles, splats form, and bonding
occurs. Therefore, the processing medium and heating source are required to deposit
coating material onto the substrate. Thermal spraying processes have a wide range of
applications, including developing coatings and repairing implant surfaces. Schematic
representation of feedstock particle temperature and particle velocity for different

thermal spraying processes is shown in Fig. 2.6.
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various thermal spray processes (Amin et al., 2016)

2.5.1 Flame Spray

The flame spray is the first coating technique developed in the thermal spray
chronology. The flame spray equipment and processing costs are low compared to the
other thermal spray processes. Here chemical energy of the fuel (acetylene, propane,
propylene, and hydrogen) is utilized to generate flame in the presence of oxygen. The
temperature of the generated flame varies from 3000 °C to 3500 °C. This high

temperature helps to melt feedstock material (powder or wire). With the help of carrier
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gas, the molten material is propelled towards the substrate surface. The speed molten
material is generally low (100 m/s). The key processing parameters to achieve the
desired coating in this process are fuel-to-oxygen ratio and flow rate. The coatings
deposited using flame spray are relatively porous and have a coarser microstructure
(Amin et al., 2016; Ndumia et al., 2021). Sarao et al. (Sarao et al., 2012) fabricated
titania/hydroxyapatite coatings on titanium substrate using flame spray and reported that
the deposited coatings successfully protected the substrate against corrosion in Ringer’s

solution.
2.5.2 Electric Arc Spray

M.U Scoop developed this process in 1910. Economically, it is the most efficient
process to produce coatings in the thermal spray category. It utilizes an electric arc to
heat the feedstock wire materials. Compressed air or nitrogen can be used to propel the
feedstock materials towards the substrate. This process is only applicable to electrically
conductive materials (Ndumia et al., 2021). The transfer of heat energy from coating to
the substrate is relatively lesser than the other thermal spray processes because of the
non-existence of flame/plasma. Splats formed in this process are usually of the same
size but coarser than the other processes. However, the size distribution depends upon

the process parameters (Amin et al., 2016).

2.5.3 Detonation Gun (D-Gun) Spray

This process is based on the explosion of the gas mixture. A mixture of fuel, oxygen,
and feedstock material is detonated inside a long barrel by electric spark. On explosion,
it generates shock waves that help to heat and accelerate the mixture towards the free
end. This process can be detonated 1-15 times in a second. After each cycle, the barrel
is purged with inert gas before loading the mixture. This process produces high
temperature and high velocity such that the powder particles melt completely and strike
onto the substrate with supersonic velocity. This produces dense and highly adhered
coatings (Davis, 2004). The size of the splats formed during the deposition is usually
finer than the other thermal spraying processes. The coatings prepared using D-Gun
generally show lesser oxide content due to the smaller splat size and lesser dwell time
(Aminetal., 2016). Amin et al.(Bulinaet al., 2021) prepared HA coating on Ti substrate
using D-Gun spray and reported that the HA has not experienced decomposition due to

vary small exposure time.
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2.5.4 High Velocity-Oxy Fuel (HVOF) Spray

As the name suggests, HVOF spray is a high-velocity process, in which the molten
material with supersonic velocity strikes the substrate surface. A mixture of fuel
(hydrogen, propylene, or kerosene) and oxygen is ignited inside the combustion
chamber. The generated stream of combusted gas passes through a Laval nozzle to
achieve supersonic velocity. The feedstock materials are fed into the combustion
chamber either axially or radially at the exit of the nozzle to strike on the substrate
surface. The process produces a dense coating with good adhesion onto the substrate
surface (Amin et al., 2016; Davis, 2004). HVOF sprayed coatings are usually known for
their good wear and corrosion resistance behavior due to their good bond strength and
hardness. Henao et al. (Henao et al., 2018) explored the microstructural, mechanical,
and biological behavior of HVOF-sprayed hydroxyapatite/titania composite coating on
titanium alloy in Hank’s solution. Results of their study indicate that the HVOF sprayed

coatings can provide a promising solution for implant surface modification.
2.5.5 Plasma Spray

Plasma is a state of matter that can be achieved by supplying sufficient energy to gas for
ionizing and producing heat. The plasma spray process utilizes DC electric heat source
to generate plasma. Gases like helium, argon, and/or hydrogen are used in plasma
spraying. The temperature of generated plasma may vary from 8000K to 20000K,
making it possible to melt almost any material. The feedstock powder is introduced in
the pressure stream and is propelled towards the substrate surface with a high velocity
(100-300 m/s) (Amin et al., 2016; Davis, 2004), leading to the formation of splat-micro
structured coating. Plasma spraying is one of the most accepted surface modification
techniques for biomedical applications. However, the selection of process parameters is
crucial in plasma spraying as they influence the phase structure of the deposits.
Atmospheric plasma spray produces porous coatings, which are good for bone-tissue
engineering. Plasma spraying in vacuum enviornment is usually done for achieving
dense and high strength bio-coatings on implant surfaces (Tejero-Martin et al., 2019).
Berndt et al. (Berndt et al., 2014) discussed the dissolution behavior of hydroxyapatite
while spraying using various thermal spraying processes. Plasma spray restricts the

crystallinity of hydroxyapatite in deposited coating due to which FDA has approved
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plasma spray for the deposition of hydroxyapatite coatings for biomedical applications
(Sun, 2018).
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Figure 2.7: Schematic diagram of plasma spray process showing its working
principle (Unabia et al., 2018)

2.5.6 Cold Spray
(A) History

S. H. Thurston, in 1900 (Thurston, 1900), filed a patent for depositing a metal over
another with the ballistic impingement of powder particles by high-pressure gas, and
claimed that this technology works on a maximum velocity of 350 m/s at room
temperature. However, this technology was limited because of its low velocity. Later in
1958, Rocheville (Rocheville, 1963) filed another patent based on the same method but
using a De Laval nozzle to enhance the velocity of the sprayed particles. This technology
also failed to achieve higher powder particle velocity because of the powder feeder and
nozzle design. Later on, Professor Anatoli Papyrin and his colleagues (Alkhimov et al.,
1990) accidently invented cold spray technology in 1980s at the Institute of Theoretical
and Applied Mechanics Russia while studying the supersonic flow of particles in a wind

tunnel.

A series of works has been published by the A.N. Papyrin and A.P Alkimov from 1986

to 1989, claiming a device and a method to deposit powder particles (1-200 micron)
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with highly pressurized unheated gas with gas stream velocity of 650-1200 m/s
(Anatoly, 1994; Papyrin et al., 2006). Subsequently, plenty of work has been published
to enhance overall performance of cold spray process, including nozzle design
optimization. The nozzle design is one of the key factors to enhance the system's overall
performance. Numerous patents have been filed to optimize design of the nozzle,
including that by Alkimov et al. (Alkhimov et al., 2000), claiming that more spray area
with a limited angle of divergence at the constant gas flow could enhance the
performance of the process. Similarly, many inventions have been reported by the
researchers with regard to the design of the nozzle to achieve better performance
(Schmidt and De, 2006; Sekhar, 2007; Steenkiste, 2007). Henrich et al. (Marcucci
Ribeiro, 2004) made the a very promising design by introducing a De Laval nozzle with
a powder tube and axial injection of the particles into the nozzle. There exist several
other patents claiming the development of portable cold spray systems with better
performance (Kashirin et al., 2003; Nikitin et al., 1999). In terms of feedstock, several
works have been patented/reported to deposit composite powders of ductile and brittle
materials (Application, 2008; Tepzz et al., 2016). Buzdygar et al. (Buzdygar et al., 1993)
published a patent on the deposition of ductile metals and their alloy mixed with

ceramic.
(B) Principle of Cold Spraying

Cold spraying is a solid-state deposition process where phase change and oxidation-like
problems can be avoided, making it advantageous over other thermal spray processes.
An optimum combination of temperature and velocity is utilized in cold spray to deposit
metallic or composite powders. The temperature of the feedstock powder is maintained
below its melting point. A specially designed De-Laval nozzle is utilized to convert the
high-pressure gas and powder mixture into a supersonic jet. Upon exiting the nozzle,
the powder particles undergo sufficient plastic deformation and bond with the substrate
upon impact (Assadi et al., 2003; Moridi et al., 2014).” The cold spray system consists
of several key components, including carrier gas cylinders, a powder feeder, gas heater,
convergent-divergent nozzle, and spraying arm. The overall cost of the system is
determined by a number of factors, such as the gas type, gas pressure, gas temperature,
nozzle type, and infrastructure requirements. In addition to the system itself, the
consumables needed for the process include carrier gas, coating powders, nozzles, and

electricity. A schematic representing the cold spray process is shown in Fig. 2.8. Based
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on the processing gas pressure, two systems are available commercially: low-pressure
cold spray (LPCS) and high-pressure cold spray (HPCS). The operating pressure range
in LPCS is 5-15 bar, whereas for HPCGS, it varies from 10 to 70 bar. HPCS has many
advantages over LPCS, including higher deposition efficiency, better adhesion strength,
better cohesive bond strength, wider range of feedstock powders and relatively denser
coatings (Champagne, 2007; Karthikeyan, 2004). Helium or nitrogen gas can be used
to achieve high particle impact velocity in HPCS. However, with LPCS, compressed air
can be used as a processing gas, which makes it a relatively economical process. The
HPCS system involves the division of compressed gas into two separate streams. The
first stream, referred to as the propulsive gas, is heated to a high temperature using a gas
heater. The second stream, known as the powder carrier gas, carries the powder
feedstock via a powder feeder into a nozzle. These two gas streams are mixed together
in the upstream section of the nozzle and expand downstream, generating a supersonic
flow. On the other hand, LPCS utilizes a single stream of preheated gas, where the
powder material under atmospheric pressure sucked radially in the diverging section of
the nozzle. The cold spray system has several advantages such as high deposition
efficiency, high deposition rate, compressive residual stresses in coatings, ultra-thick
coatings, and low processing temperatures (Champagne, 2007). The application of cold
spray is wide, with possible uses in aerospace, shipbuilding, and healthcare. Cold
sprayed coatings can be used to enhance the components’ mechanical, thermal, and
electrical properties including high corrosion and wear resistance (Kumar et al., 2015;
Moridi et al., 2014; Singh et al., 2015, 2019).
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Figure 2.8: Schematic of the cold spray system representing its working principle(a)
high pressure cold spray (b) low pressure cold spray (Adaan-Nyiak and Tiamiyu,
2022)

(C) Bonding Mechanism

The bonding mechanism in the cold spray is not fully understood yet. The most popular
theories on the bonding of feedstock in cold spray describe that the Kinetic energy of
powder particles gets converted into heat energy due to high energy impact (Assadi et
al., 2003; Guetta et al., 2009), which further helps in mechanical interlocking (MI) and
metallurgical bonding (MB) with the subsurface. Mechanical interlocking occurs when
the feedstock is harder, the substrate is softer, or both are softer. On impact, feedstock
particles penetrate into the substrate and get interlocked. However, in case of the harder
substrate, bonding between the substrate and particle occurs primarily due to
metallurgical interactions. Both phenomena (Ml and MB) play their part in building up
the coating in the cold spray process. One school of thought suggests that clean metal
surfaces require substantial deformation and pressure to achieve intimate contact. The
bonding process in this method is similar to the explosive welding process. It is
generally acknowledged that the creation of a solid-state metal jet at the point of impact
of particle and substrate is the reason for bonding in cold spray. This jet is believed to
break up surface layers and promote better contact between the two metal plates

(Dykhuizen et al., 1999). In the literature, many theories are given to explain the
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metallurgical bonding or the formation of jetting in cold spray. Adiabatic shear
instability (ASI) is one of the most appreciated theories among all to explain the
metallurgical bonding in cold spray. Assadi et al. (Assadi et al., 2003) introduced ASI
for bonding particles in cold spray. ASI is defined as the combined effect of a sudden
rise in temperature, severe plastic deformation, and loss in flow strength of the particle
at the interface, which occurs within a few nanoseconds of impact (Fig. 2.9). A change
in flow stress, plastic strain, and interface temperature for copper particle impact on
copper substrate is shown in Fig. 2.9. Beyond a certain velocity (critical velocity),
sudden rise in flow stress, plastic strain, and interface temperature are believed the
indication of bonding (ASI) in cold spray. ASI is recognized as a tool for predicting
critical velocities for different material combinations. Critical velocity is defined as the
minimum velocity beyond which material gets deposited on a subsurface. If the impact
velocity is much higher than the critical velocity, then erosion of the substrate surface
may occur. On the other hand, if the impact velocity is lower than the critical velocity,
particles bounce back without depositing.

The critical velocity depends on many factors, such as material properties, gas
temperature, and pressure (Assadi et al., 2016, 2011, 2003; Schmidt et al., 2006; Wang
et al., 2014). It is believed that ASI causes the formation of jet-like features at the outer
periphery of the particle (Assadi et al., 2003; Grujicic et al., 2003). Moreover, it is
observed that the formed jet cleans the substrate surface by removing the oxide layer, if
present at the outer periphery of the particle or on the substrate, hence providing a
coherent surface for the bonding in cold spray (Assadi et al., 2003; Dykhuizen et al.,
1999; Schmidt et al., 2006; Steenkiste et al., 2002). This interfacial jetting mainly
depends upon the particle-substrate characteristics and their interactions (Assadi et al.,
2016, 2003; Guetta et al., 2009; Hassani-Gangaraj et al., 2018; Hussain et al., 2009;
Kumar et al., 2016).
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Figure 2.9: Representation of adiabatic shear instability (ASI) induced jetting or
bonding in cold spraying of the single particle (Assadi et al., 2003), copyright 2023
Elsevier (Appendix).

On the other hand, Hassani-Gangaraj et al. (Hassani-Gangaraj et al., 2019) did not seem
to accept that ASI is responsible for bonding in cold spray. They contradicted Assadi
et al. (Assadi et al., 2003) and postulated a new hypothesis for bonding in cold spray.
They suggested that the high-velocity impact of the particle leads to the generation of
shock pressure waves, which try to release from the edges of the particles. They also
suggested that the particle tries to flatten on high energy impact. If the pressure shock
velocity exceeds the flattening velocity of the particle, pressure waves released from the
edges lead to jetting formation, leading to bonding. This mechanism is named as
hydrodynamic instability. Single particle impact behavior with and without ASI is
shown in Fig. 2.10, which indicates that the ASI does not lead to jetting/bonding in cold
spray. Additionally, the jetting formation due to the release of shock pressure waves are
shown at different time zone in Fig. 2.10. In response to this hydrodynamic plasticity,
Assadi et al. (Assadi et al., 2019) replied that the critical velocity cannot be the function
of the bulk speed of sound (pressure waves) as it does not take material properties and
operating parameters into consideration for cold spraying. Hassani-Gangaraj et al.
(Hassani-Gangaraj et al., 2019) responded to the questions of Assadi et al. [68] on their
mechanistic framework in terms of temperature effects, strength effects, and particle

size effects.
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Figure 2.10: Representation of hydrodynamic plasticity induced jetting or bonding
in cold spraying of a single particle (Hassani-Gangaraj et al., 2018), copyright 2023
Elsevier (Appendix).

Furthermore, several other theories have been proposed to explain the bonding in cold
spraying of metals, some of which are; Ko et al. (Ko et al., 2016) discussed the bonding
of soft particles (Cu and Al) on hard substrate (AIN and ZrOz). They suggested that the
high energy impact of soft particles on hard substrate leads to a restructuring of the
interface and results in atomic mixing and amorphization. Yin et al. (Yin et al., 2021)
discussed the condition for atomic or vortex-like mixing of interfaces in cold spraying.
The suggested that interfacial mixing is only possible if the interface goes through
severe plastic deformation, and it also depends on the properties of the interacting
materials. In another study, Zou et al. (Zou et al., 2009) studied nickel particles at the
interface using electron backscatter diffraction (EBSD) and observed a non-uniform
microstructure with a very small grain size (in nanometres). Dynamic recrystallization
of nickel due to high energy impact was believed to be the reason for this, as it provides
additional softening at the interface. In their review of cold spray process, Schmidt et
al. [72] reported that particle interface temperature could reach close to its melting point

depending upon the impact energy, which promotes bonding.
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(D) Substrate Preparation

Although, pre-deposition substrate surface preparation has been widely studied in cold
spray, however, there are still many contradictions (Hussain et al., n.d.; Kumar et al.,
2016; Sharma et al., 2015; Singh et al., 2020b). Bonding in cold spray occurs due to
either mechanical anchoring of particles to the substrate, metallurgical bonding with the
substrate, or both. Grit blasting is one of the most widely used methods for preparing
substrate surfaces in cold spraying to achieve good bonding strength. It leads to the
activation of the substrate surface by generating rougher peaks and deeper valleys,
which further helps in particle interlocking with the substrate. Kumar et al. (Kumar et
al., 2009) reported that grit-blasted substrate surfaces are better for good bonding in cold
spray. Also, they tried to optimize the roughness value for cold spraying by focusing on
the grit size and mechanical properties of the powder particles and substrate. Richer et
al. (Richer et al., 2006) also reported that rougher surfaces are good for adhesion, and
the surface preparation does not significantly affect the coatings' microstructure,

macrostructure, and deposition efficiency.

On the contrary, Hussain et al. (Hussain et al., n.d.) showed that the copper particles
make better bonds with the mirror-polished surface of aluminum alloy substrate. Singh
et al. (Singh et al., 2020a) have supported the above statement by experimentally
proving that the adhesion between the copper coating and steel substrate of mirror-
polished surfaces is better. Sufficient penetration and plastic deformation of cold
sprayed copper particles on mirror-polished steel substrate surface leading to good
jetting formation during the deposition has been ascribed as the main reason for the
better bonding. Hard particles striking the softer substrate surface lead to the substrate's
deformation, and hence substrate surface roughness does not leave any significant effect
on bonding and deposition. However, in the case of soft particle striking on hard rough

substrate surface texture significantly affects deposition and bonding behaviour.
(E) Effect of Nozzle Design

In cold spraying, bonding depends on the impact energy of the powder particles. The
nozzle design is one of the key factors in achieving desired impact energy. Sakakai et
al. (Sakaki and Shimizu, 2001) reported the effect of nozzle geometry on coating build-
up by numerical simulation using the computational fluid dynamics approach. They

studied three different nozzle geometries, viz. convergent-divergent nozzle, convergent
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barrel, and convergent-divergent barrel, for the impact velocity of particles and gas. The
study revealed that the convergent-divergent nozzle provides the best particle velocity
and temperature. Li et al. (Li et al., 2006) proposed a convergent barrel using numerical
simulations for cold spraying. They suggested that particles can achieve high
temperature but with low velocity using a convergent barrel under the same processing
conditions compared to a convergent-divergent nozzle, which can facilitate thermal
softening of the particle. Chavan et al. (Chavan et al., 2019) studied the effect of nozzle
throat cross-sectional area on the properties and microstructure of cold-sprayed deposits.
They observed that the nozzle with a throat height to length ratio greater than 0.02
provides the best microstructure and mechanical properties among the others. It is
related to the boundary layer effect on particle velocity distribution. Klinkov et al.
(Klinkov et al., 2011) introduced a new design of cold spray nozzle, which provides a
high-velocity two-phase flow with an intense flow swirling using a double-edged bevel
axis. The design was expected to offer more deposition area with a higher angle of
particle deposition. Particle velocity at the exit of the nozzle also depends on the cross-
sectional shape of the nozzle, as it may lead to a bow-shock effect (Jodoin, 2002).
Tabbara et al. (Tabbara et al., 2011) studied the effect of cross-sectional shape (circular,
elliptical, and rectangular) on particle velocity at the exit of the nozzle. They revealed
that a circular cross-section provides relatively higher particle velocity at the exit of the

nozzle among the studied design.
(F) Process Parameters for Cold Spraying

Powder Shape and Size

The coating properties and deposition efficiency largely depend on the shape and size
of the feedstock powdered material in cold spraying. As per the energy-momentum
theory, large particle size reduces the impact velocity of the particles and hinders the
deposition. However, it is also believed that larger particles carry more heat with them
because of their large surface-to-volume ratio, which helps achieve ASI (Bhattiprolu et
al., 2018; Goldbaum et al., 2012; Grujicic et al., 2004; Ning et al., 2007). ASI is used to
determine the critical velocity of the particles in literature. Assadi et al. (Assadi et al.,
2003) calculated the critical velocity of a copper particle on a copper substrate by
considering a particle size of 25 microns. They also measured the critical velocity

experimentally and found that it decreases with an increase in particle size. However,
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beyond 50 microns, a minimal effect on critical velocity was observed (Schmidt et al.,
2006). The smaller particle size faces a reduced flattening ratio, leading to poor bonding.
Other than this, smaller particles may also lead to bow-shock. Previous studies revealed
that powder sizes ranging from nanowires to 400 microns could be sprayed in cold
spraying. However, to achieve the optimum results regarding deposition efficiency and
coating properties, 1-50 micron particle size is preferable (Gao et al., 2008). Particle
morphology influences the bonding and deposition characteristics of deposits in cold
spraying. Particles with spherical shapes are assumed to give better adhesion and overall
performance. Spherical particles lead to proper splat formation and produce denser
coatings (W. Y. Li et al., 2007).

On the other hand, irregular shape particles are believed to attain more velocity under
the same processing conditions and cause the development of porous coatings. Palodhi
et al. (Palodhi et al., 2021) studied the effect of particle size and morphology on the
critical velocity and deformation behavior. They reported that irregular particles tend to
produce more stress concentration at the sharp edges, which led to the deformation of
particles but not the substrate. This also affects the flattening of particles; the more
curvature, the better the flattening and bonding. Many other studies reported that
spherical particle bonds well, but irregular particle provides higher deposition efficiency
than spherical particles (Huang et al., 2019; Jodoin et al., 2006; Wong et al., 2013).

Processing Gas

The type of processing gas used highly influences the performance of developed
coatings in cold gas spraying. Only inert gas is used in cold spray systems to protect the
coating from oxidation-like problems. Compressed air, nitrogen, and helium have been
widely explored as processing gases. Compressed air and nitrogen are used in the LPCS
system, where the powdered materials' critical velocities are comparatively low. In
HPCS systems, nitrogen and helium are used as a processing gas. Nitrogen is
economically cheap and easily available and hence is widely used. However, helium
coating is better than nitrogen in achieving higher particle velocity at lower stagnation
pressure and temperature. This is because the specific heat of helium is higher than
nitrogen, which leads to better heat transfer between gas and particle. The heated
particles carry more heat, leading to more softening, better deformation, and good
adhesion (Balani et al., 2005). Kuhn et al. (Khun et al., 2016) deposited Ti6AI4V on

Ti6AIl4V by cold spray in a nitrogen as well as helium environments. They revealed that
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coating with helium produced a denser coating showing better adhesion, hardness, wear
resistance, and corrosion resistance. Wong et al. (Wong et al., 2011) discussed the
influence of helium and nitrogen gases on the deposition characteristics of pure cold-
sprayed titanium coatings. They concluded that deposition efficiency and density of the
coatings are the functions of impact particle temperature. They obtained high deposition
efficiency and denser coatings with nitrogen as processing gas than helium while
keeping the same particle impact velocity. It was because of a greater amount of

consolidated region between the particles and the material jetting.

Stand-off-Distance

The stand-off distance (SoD) is one of the major parameters that severely affects the
adhesion, deposition efficiency, and microstructure of the coatings in cold spraying
(Chun et al., 2012; Li et al., 2008). Pattison et al. (Pattison et al., 2008) reported that
small SoD leads to the formation of the bow-shock effect between high-velocity jet and
substrate. Bow-shock is believed to significantly influence the impact velocity of the
feedstock particle and bonding. Bow-shock is defined as the generation of shockwaves
due to gas and particle stream's high-velocity impact on the substrate. Since generated
shockwaves cannot travel further due to the substrate, they tend to remove the particles
from the substrate. Therefore, it is essential to select the SoD in such a way so that the
particle velocity exceeds the gas velocity on impact, which further will help in
minimizing the bow-shock effect (Pattison et al., 2008). Li etal. (Li et al., 2008) reported
in their work that SoD directly influences the deposition efficiency of the process and
affects the microstructure and mechanical properties of the coatings. In another work,
Feng et al. (Feng et al., 2014) studied the effect of SoD on the deposition efficiency and
thickness of NiCoCrAlY cold-sprayed coating. They observed that they were not able
to deposit complete coatings above 50 mm of SoD, and the coating thickness was also

asymmetrical. However, for 25 mm of SoD good homogeneous coatings were achieved.

Traverse Speed

The quality of the coating in cold spraying also depends upon the traverse speed of the
nozzle. It influences cold-sprayed coatings' deposition efficiency and mechanical
properties (Tan et al., 2017). Seraj et al. [137] reported in their work that the deposition
efficiency of cold sprayed stellite 21 powder on carbon steel increased from 23% at 20
mm/s to 48% at 300 mm/s and then dropped down to 30% at 400mm/s. Furthermore, it

is observed that an increase in traverse speed led to a decrease in the microhardness of
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the coatings. They concluded that after 100 mm/s, the coating quality reduced in terms
of mechanical properties such as porosity, microhardness, and coating thickness. In
another study, Tan et al. (Tan et al., 2017) investigated the effect of traverse speed on
coating porosity, microhardness, and adhesion strength in cold spray. They reported that
the high traverse speed led to an increase in porosity, decrease in microhardness, and
increase in adhesion strength. It is because high traverse speed leaves minimal heating
effect and restricts the deformation of particles, which means more inter-splat gaps,

lesser strain hardening, and poor deposition.

Gas Temperature and Pressure

The cold spray process is known for its low-temperature features; it has been noticed
that gas temperature influences the deposition efficiency, critical velocity, and coating
build-up. The gas velocity inside the nozzle depends upon the temperature of the gas
and further influences the particle velocity. The gas temperature also influences the
particle impact temperature. Therefore, high gas temperature contributes significantly
to the bonding in cold spraying (Papyrin et al., 2006). Yin et al. (Yin et al., 2014)
examined the effect of gas temperature on deposition and particle acceleration. They
reported that higher gas temperature resulted in more particle impact velocity. The
additional heating of the particle due to high gas temperature led to thermal softening of
the particle, which also reduced the critical velocity. Hence, improved deposition
efficiency and bonding were achieved. Assadi et al. (Assadi et al., 2016) discussed the
effect of particle impact temperature on critical velocity in their work by considering
the particle’s mechanical and thermal properties. Their study revealed that high particle
temperature promotes ASI and reduces the critical velocity. In another study, Lee et al.
(Lee et al.,, 2007) reported that deposition efficiency improves with higher gas
temperature and the same particle velocity. They observed that critical velocity got
decreased by 50 m/s when the processing gas temperature was increased by 100 °C for

the given particle-substrate system (Cu-Sn alloy on aluminum).

The influence of pressure can be realized by comparing the LPCS system to HPCS
system. LPCS and HPCS system work in the range of 5-15 bar and 10-70 bar,
respectively. Depending upon the feedstock materials and the required properties of the
coatings, both systems can be used efficiently. Low pressure enables the production of
porous and denser coatings of softer materials. However, the feedstock materials with
high critical velocity (Ti, W, Ta, and SS316L) are difficult to deposit using LPCS
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systems as these systems are inadequate to attain high particle impact velocity (Huang
et al., 2019; Ning et al., 2007). Increased gas pressure helps achieve higher impact
velocity, which further promotes bonding in cold spray. High gas pressure leads to high
cohesion strength, adhesion strength, mechanical properties, and density of the coatings
(Zahiri et al., 2006). Lee et al. (Lee et al., 2008) produced aluminum coating on nickel
substrate at low and high-pressure conditions. They observed that at low pressure, the
deposition efficiency was lower, but the hardness of the coating was higher because of
the peening effect. Schmidt et al. (Schmidt et al., 2009) studied the effect of gas pressure
on particle impact temperature and particle impact velocity in cold spray. They reported
that high pressure leads to high particle impact velocity and temperature, which
promotes the ASI. Hence, better deposition efficiency and bonding were achieved.

2.6 Cold Sprayed Coatings for Biomedical Applications

Various biomaterials viz metals, ceramics, and composites have been deposited using
the cold spray. Many studies indicate that cold-sprayed coatings successfully protect the
substrate from corrosion and wear while retaining their biological characteristics. The
optimization of process parameters and selection of biomaterials are crucial to deposit

a good quality of the coating. The deposited biomaterials using cold spray are as follows;
2.6.1 Metallic Biomaterials

Metals are well known for their good chemical, mechanical, and biological properties
for biomedical applications. Therefore, the temperature-sensitive metals have been cold
sprayed to avoid phase change and oxidation. Ti is one of the most used biomaterials
for bio-implants because of its high strength-to-weight ratio, excellent corrosion
resistance, and biocompatibility. Wong et al. (Wong et al., 2013) deposited Ti on mild
carbon steel with different powder morphology, spherical, irregular, and sponge. They
reported that the deposited coatings using spherical powders showed dense structure and
superior deposition efficiency. Li et al. (Wen Ya Li et al., 2007) investigated Ti cold
sprayed coatings microstructure and reported that angular Ti powder could be used to
obtain porous coatings, which is a favourable condition for biomedical applications.
Palodhi et al. (Palodhi et al., 2021) investigated the feedstock titanium and copper
particles' deformation behavior and critical velocity with different sizes and
morphologies. They demonstrated that the irregular particles show higher deposition

efficiency with poor adhesion because of lesser deformation. Copper has also been cold
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sprayed on biomedical surfaces due to its antibacterial properties (Durdu, 2019). Cold
spraying of copper can be considered for developing antimicrobial, corrosion-resistant,
and conductive coatings because cold spraying leads to the development of dense and
oxide-free coatings. Tantalum is also a well-known biomaterial that is cold sprayed to
produce coatings for biomedical applications. Tantalum has excellent biocompatibility,
good mechanical properties, and corrosion resistance, making it a suitable candidate for
biomedical applications. Therefore, tantalum coatings are preferable and cold spraying
of tantalum has been explored and reported in the literature (Koivuluoto et al., 2009;
Soro et al., 2019). Tang et al. (Tang et al., 2020) deposited tantalum on titanium
substrate to enhance the bioactivity and biocompatibility of the titanium implants. They
observed that tantalum produced a rough and porous coating which further improved
the bioactivity of the implant surface. However, the high cost of tantalum limits its
application.

Cold spraying of metallic alloys has also been considered for biomedical applications.
For instance, Ti-alloys have been deposited using cold spray and tested for biomedical
application (Goldbaum et al., 2012; Li et al., 2020). Bhattiprolu et al. (Bhattiprolu et al.,
2018) deposited three distinct Ti6Al4V powders (hydride de hydride, gas atomized, and
plasma atomized) using cold spray for biomedical applications to explore the
microstructural features of the deposit. They reported that hydride de hydride powder

resulted in high-quality coating with good adhesion strength and density.

Similarly, stainless steel has also been cold sprayed and investigated for biomedical
applications (Huang et al., 2019), (Sova et al., 2013). Dikici and Topuz (Dikici and
Topuz, 2018) deposited SS 316L austenitic steel on aluminum alloy using cold spray
and explored its chemical and biological response in a simulated body fluid
environment. Their study revealed that the coating successfully reduced the corrosion
current density and shifted the corrosion potential in the noble direction. Cold spraying
of Co-Cr alloys has also been done to investigate their feasibility as a biomedical coating
(Al-Mangour et al., 2013). Co-Cr alloys are well-accepted biomaterials because of their
superior mechanical, good chemical, and acceptable biological properties. Co-Cr alloys
are relatively difficult to deposit among the above-discussed materials. It is because they
possess uniquely different thermal and mechanical characteristics. Al-Mangour et al.
(Al-Mangour et al., 2013) mixed powders of SS316L with Co-Cr alloys and prepared

metal matrix cold sprayed coatings in different compositions. They investigated the
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deposits against corrosion for biomedical applications, and the results of their study
revealed that the deposits successfully outperformed pure SS316L cold sprayed coatings

in terms of corrosion under Hank’s solution.
2.6.2 Ceramic and Composite Biomaterials

Depositing bio-ceramics using cold spray has been considered challenging because of
their poor plastic deformation. However, many efforts have been made to deposit
ceramics using cold spray due to their high corrosion resistance and bioactivity. Toibah
et al. (Toibah et al., 2016) studied the feasibility of depositing TiO> using cold spray.
They prepared TiO2 nanostructured powder with the addition of (NH4)>SO4 and cold
sprayed. The results of their study indicated that the deposition of TiO; is feasible with
a coating thickness of approximately 140 microns but with poor mechanical properties.
Hajipour et al. (Hajipour et al., 2018) studied the effect of powder; (a) TiO>
nanopowders and (b) agglomerated TiO2 powder, prepared using polyvinyl alcohol and
nanoparticles. The results of their study showed that the agglomerated powder provided
better bonding as they overcame the bow-shock successfully. Vilardell et al. (Vilardell
et al., 2020) cold sprayed hydroxyapatite and compared its in-vitro results with plasma
sprayed and HVOF sprayed hydroxyapatite coatings. The results of their study revealed
that CS coating showed better proliferation after 14 days of incubation, due to a higher
amount of retained crystallinity during cold spray. Much work has been done on bio-
metal/bio-ceramic composite feedstock due to the difficulty in depositing bioceramics.
Bio-metals work as a matrix in composite and bio-ceramic as reinforcement. Therefore,
the bio-metal interlocks the bio-ceramic in between. Gardon et al. (Gardon et al., 2014)
prepared a cermet coating of hydroxyapatite and titanium using cold spray. They
revealed that a high amount of hydroxyapatite reduces the quality of the coatings in
terms of mechanical properties. In another work, Zhou and Mohanty (Zhou and
Mohanty, 2012) deposited titanium/hydroxyapatite cold sprayed coatings with good
mechanical properties and studied their efficacy against corrosion under simulated body
fluid. The results of their study revealed that the deposited coatings were successful in
serving as a barrier to corrosion between the electrolytes and subsurface. Li et al. (Li et
al., 2017b) deposited hydroxyapatite/gentamicin sulfate composite coating using cold
spray and tested it for antimicrobial properties. The results of their study indicated that
the deposits successfully resisted bacterial activity with excellent biocompatibility.

Tang et al. (Tang et al, 2019) studied the bioactivity of cold-sprayed
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tantalum/hydroxyapatite mechanically milled cold spray composite coating under
simulated body fluid. The results revealed that the prepared cold sprayed coating offered
high bioactivity because uniformly distributed hydroxyapatite increased the degree of
supersaturation of simulated fluid in terms of apatite. Nanocomposite of
nanodiamond/hydroxyapatite have been synthesised and vacuum cold sprayed to obtain
biofunctionalized surface for biomedical applications (Li et al., 2017a). Graphene is
believed to possess antibacterial characteristics along with its good mechanical
properties. Therefore, hydroxyapatite/graphene composites have also been explored
using cold vacuum spray for their chemical and biological properties (Liu et al., 2014).

Besides these, some metal matrix metal reinforcement composite coatings have also
been produced using cold spray. For instance, Zeng et al. (Zeng et al., 2020) investigated
biocompatibility and bioactivity of titanium/tantalum cold sprayed composite coating.
The study reports that the deposited coating offered strong bonding to the substrate
without any phase change. Also, the improvement in cell propagation on the composite

surface was observed.
2.7 Laser Surface Melting

Laser surface remelting is well known for the surface modifications of coatings to
improve microstructure, microhardness, and wear resistance. A high-power laser source
generates a laser beam to irradiate the coated surface in the laser-treatment process. The
irradiated surface forms a melt pool allowing the materials to form better metallurgical
bonds (Olakanmi, 2016; Singh et al., 2005). As the laser source move past the melt pool,
the material starts solidifying from the solid surface to the melted surface and leads to
the development of residual stresses. Zhang and Kong (Zhang and Kong, 2018) reported
that the developed residual stresses caused by the laser surface melting of cold spray
aluminum coatings on S355 improved the bonding strength. Sova et al., 2013 (Sova et
al., 2013) deposited SS316L on the aluminum substrate using cold spray and discussed
the microstructure and mechanical properties before and after surface melting of the
deposits. They reported that the deposited coatings became denser and harder after laser
remelting. Poza et al., 2014 (Poza et al., 2014) discussed the laser remelting effect on
mechanical characteristics of Inconel 625 cold-sprayed deposits. They investigated that
laser treatment helps in increasing the elastic modulus of the cold-sprayed coatings due

to the increase in density. Rubino et al. (Rubino et al., 2016) deposited Ti coating on
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aluminum alloy using cold spraying; after laser treatment, the density and
microhardness of the coatings have been reported to be increased. Jing and Dejun (Jing
and Dejun, 2018) discussed the laser treatment effect on cold sprayed aluminum coating
for wear. They reported that laser treatment significantly reduced the friction and wear
of the coatings against SisN4 in a 3.5% NaCl solution

2.8 Biomaterials for Present Work

Titanium is a lightweight biomaterial with good mechanical, chemical, and biological
properties. It exists in two forms; below 880 °C hexagonal closed packed (HCP)
structure and above 880 °C body-centered cubic (BCC). HCP-Ti and BCC-Ti are also
known as a-Ti and B-Ti, respectively. The temperature for the transformation of a-Ti
into B-Ti largely depends on the alloying elements such as aluminum, oxygen, nitrogen
or iron, chromium, and niobium (Sasikumar et al., 2019). The elastic modulus of a-Ti
is close to the bone’s elastic modulus, which is a good characteristic for avoiding stress
shielding of the implants. Besides this, a-Ti is well-known for excellent corrosion

resistance in the human body environment (Geetha et al., 2009).

Titanium dioxide (TiO2) is a well-known biocompatible, non-toxic biomaterial. It is
usually found in one of these three forms: rutile, anatase, and brookite (Pouilleau et al.,
1997). Rutile is a tetragonal crystal structured thermally stable phase of TiO2. Anatase
is also tetragonal but metastable in nature. It changes to rutile when annealed or
calcinated at high temperatures. Anatase TiO is believed to improve protein adsorption,
osteoblastic adhesion, and bioactivity (Webster et al., 1999). Brookite is another phase
of TiO2 biomaterial; it is rare compared to rutile and anatase. Studies have shown that
TiO2 can generate hydroxyl groups (—OH™) on its surface under humid conditions,
which can then combine with calcium ions (Ca?*) and phosphate groups (PO4*") from
physiological fluid to form bone-like apatite compounds. This process facilitates
osteoblast cell adhesion and proliferation, indicating that TiO. exhibits excellent
biocompatibility and can be classified as a bioactive material (Lindberg et al., 2008, Wu
et al.,, 2003). Animal experiment studies have also demonstrated excellent
osseointegration ability of TiO2 (Erli et al., 2006). Compared to regular titanium film,
TiO2 film has even more promising potential for successfully modifying implant
surfaces due to its remarkable biological characteristics. Therefore, TiO; is selected as

one of the biomaterials as reinforcement for this study.
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Baghdadite (BAG), a calcium zirconium silicate, is a relatively new material having
good chemical and biological properties (Bakhsheshi-Rad et al., 2017a). Zirconium
present in calcium silicate enhances its mechanical and chemical properties compared
to other calcium silicates (Schumacher et al., 2014). As per the open literature, BAG
promotes cell adhesion, cell growth, and osteogenic differentiation of stem cells. It also
encourages the activity of osteoclast cells and the proliferation of osteoblastic cells and
shows no toxicity (Ramaswamy et al., 2008). Pham et al. (Pham et al., 2019) reported
in their work that BAG can be a replacement for hydroxyapatite, which is a very well-
known and commercially used biomaterial for bio-implant applications. However, they
noted that during plasma spraying, BAG underwent a phase change that caused a
significant drop in its crystallinity from 55% to 21%. Therefore, BAG is chosen as one
of the biomaterials in this study for cold spraying MMC, to fully leverage its benefits as

a reinforcement.
2.9 Problem Formulation

In the last few years, the demand for orthopedic implants has increased to meet the needs
of people requiring implants. Historically, implants have been extensively used for
supporting a person with a bone injury or diseases that degrade bones. It is expected that
the business of bio-implants will reach 2.5 billion USD by 2030 (Paper, 2016).
Corrosion and wear of these implants are serious problems because they can affect the
mechanical, chemical, and biological properties of these bio-implants. The release of
ions due to corrosion may affect the interaction between bones and implant surface and
may leave some adverse biological effects. Literature on bio-implant failure suggests
that corrosion is one of the major reasons for implant failures, as discussed above
(Godwin et al., 2021). Wear of implant surfaces leads to the generation of wear debris,
which can be caused damage to the nerves of the patient. Hence, selecting an appropriate
material processing technology is required to prepare corrosion and wear-resistant

surface.

Thermal spray coating techniques are widely used for developing high corrosion and
wear-resistant coatings for biomedical applications. However, phase change and
oxidation during thermal spraying are some of the major issues biomaterial faces
(Champagne, 2007). Therefore, it is a challenge to develop an effective coating on the

biomedical surface (biomedical steel, SS316L) to enhance the corrosion and wear
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resistance of the sub-surface (biomedical steel) without phase change and oxidation.
Cold spraying has been identified to overcome the drawbacks of already existing
thermal spray coatings. Ti, TiO2, and BAG have been selected as the biomaterials for
cold spraying on SS316L substrate. Ti has been chosen because of its good mechanical,
chemical, and biological properties in the human body environment. Osteoblastic
adhesion and good corrosion resistance of TiO> are the reasons for its selection in this
work. BAG, a relatively new material known for its good bioactivity and mechanical
properties, has been considered for this study to explore possibility of replacing
mechanically-weaker HA.

The aim of the present research is to develop Ti-based composite coating using cold
spray technology and examine for corrosion and wear response under a simulated body
fluid environment. The above-discussed biomaterials have been chosen after an
extensive study of various biomaterials. After an exhaustive literature review, cold
spraying has been selected as a modification process. Cold spraying is well known for
depositing temperature-sensitive biomaterials without changing their original phase and
characteristics, as discussed above. It is believed that the results of this research work

would be a novel contribution to the healthcare sector.

2.10 Objectives of Present Research Work

e To study the effect of substrate surface roughness on deposition characteristics

of cold-sprayed Ti-based composite powder on the SS316L substrate

e To develop Ti/TiO2 and Ti/BAG composite coatings using cold spray on
SS316L steel

e To explore the effect of TiO2 in Ti/TiO2 cold-sprayed composite coatings on
electrochemical and tribological performance under a simulated body fluid

environment

e To study the effect of BAG content in cold-sprayed Ti/BAG composite coatings
on electrochemical and tribological performance under a simulated body fluid

environment

e To investigate the effect of laser post-treatment on corrosion and tribological

properties of cold-sprayed composite coatings.
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CHAPTER 3

RESEARCH METHODOLOGY

This chapter contains an inclusive explanation of the materials selection, coatings
deposition, coatings characterization, and performance testing. Beside these, details and
specifications of the various equipments used in the present research work have been
described.

3.1 Raw Materials

3.1.1 Austenitic Stainless Steel (SS316L) Substrate

The current study utilized Austenitic Stainless Steel (SS316L) as the substrate material,
which is a commonly used material for manufacturing bio-implants. The low carbon
percentage in SS316L inhibits the formation of carbides at the grain boundaries when
exposed to a simulated body fluid environment, thereby preventing intergranular crack
formation or fracture of the steel. Furthermore, SS316L exhibits better tensile strength,
yield strength, and ductility than other bio-metals, making it an excellent choice for
orthopaedic implant applications. The substrate material was purchased in the form of

5 mm thick plates, and its chemical composition is detailed in Table 3.1.

Table 3.1: Chemical composition of SS316L steel substrate used for cold spray Ti/BAG

coatings
Elements Fe Cr Ni Mo | Mn C P Si
Composition Balance | 16.17 | 10.02 | 2.06 | 0.87 | 0.01 | 0.03 |0.23
(%) % % % % % % %

3.1.2 Commercial Pure Titanium Powder

The current research work has chosen commercially pure titanium (Cp-Ti) as one of the
coating powders due to its known high ductility, good strength, and excellent corrosion
resistance. The Cp-Ti powder, which was procured from Nanoresearch Elements USA,

has an average particle size of approximately 40 um and is manufactured using the
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pyrometallurgical process. For this study, two types of Cp-Ti powders were selected,
one with a spherical shape and the other irregular in shape. The morphology,
composition, and phase of the procured powder were confirmed using scanning electron
microscopy (SEM, JEOL, JSM-6610LV, Japan), energy dispersive spectroscopy (EDS,
JEOL, JSM-6610LV, Japan), and X-ray diffractometer (XRD, X-Pert Pro, Panalytical,
Netherlands) analysis, which can be seen in Fig 3.1 and Fig. 3.2.

3.1.3 Baghdadite (Calcium Zirconium Silicate)

For cold spraying, another feedstock powder selected was Baghdadite (BAG), which is
a calcium zirconium silicate. BAG is well-known for its high chemical stability and
biological activity as a biomaterial, and there are reports indicating that it could replace
hydroxyapatite for future biomedical applications. The BAG powder used in this
research work was produced by mixing zirconium oxide (ZrO3), silica (SiOz), and
calcium carbonate (CaCOs3) powders in a 1:2:3 molar ratio, followed by sintering. The
resulting powder mixture was crushed using a ball mill to obtain the BAG powder (Pham
et al., 2019). Initial trials for coating development were conducted using this powder,
and the final coatings were deposited using BAG powder procured from Nanoresearch
Elements USA. SEM and XRD analyses of the powder used are presented in Fig. 3.1
and Fig. 3.2, respectively.

3.1.4 Titanium Dioxide

Another feedstock powder material used in this study is titanium dioxide (TiO2), which
is widely recognized as a biocompatible and non-toxic biomaterial. TiO2 commonly
exists in three forms, namely rutile, anatase, and brookite (Pouilleau et al., 1997).
Anatase TiO2 powder with a particle size range of 10-40 microns was obtained from
Nanoresearch Elements USA. The powder's morphology and phases were confirmed
through SEM and XRD analyses, as illustrated in Fig. 3.3.

3.2 Development of Coatings

3.2.1 Substrate Preparation

Prior to developing the coatings, three substrate surfaces with different roughness values
were prepared by polishing with emery papers of varying grit sizes, as presented in
Table 3.2. The as-received (AR) substrate had an average arithmetic mean surface

roughness value of 5 microns. The ground-polished (GP) substrate was polished down
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to 800-grit emery paper to achieve a roughness value of 0.3 microns. The mirror-
polished (MP) surface was obtained by polishing down to 2000-grit emery paper
followed by velvet polishing, which involves polishing the samples on velvet cloths in
the presence of diamond paste. The surface roughness of the prepared substrate samples
was determined using a surface profilometer (HandySurf E-35-A/B, Accretech, Japan),
and an average of ten readings of Arithmetic mean roughness (R.) and ten-point height
of irregularities (R;) values were reported. Additionally, the substrate samples were

cleaned ultrasonically before the deposition of coatings.

Table 3.2: Details of the substrate (SS316L) surface preparation for cold spray deposition

of Ti/TiO2 composite powders

S.No Substrate Arithmetic mean | Ten-point height Up to emery
designation roughness (Ra) um | of irregularities papers’ grade
(R2) (grit size)
1 As-received 5.00 £ 0.85 22.31+3.14 No
(AR)
2 Ground- 0.30 £0.02 2.33+£0.38 800
polished (GP)
3 Mirror 0.04 £0.01 0.86 £0.23 2000 grit
polished (MP) followed by
diamond paste
polishing on
velvet cloth

3.2.2 Preparation of Composite Powders

Ti and TiO2 powders were mixed in various (wt. %) ratios to understand the effect of
TiO; in feedstock material on the deposition of Ti/TiO2 composite coatings and their
characteristics, as shown in Table 3.3. The mixing was done using a magnetic stirrer
(Optima, MS 300, India) operating at 1000 rpm for 30 min at room temperature.
Following the same procedure, Ti and BAG powders were also mixed in various (wt.
%) ratios to develop four composite compositions for the deposition of TiI/BAG

composite coatings, as shown in Table 3.4.
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Table 3.3: Details of the feedstock powder material used for the deposition of Ti/TiO>

composite coatings on different SS316L substrate in cold spraying

S. No Feedstock Composition (wt %) Morphology
designation Ti TiO2
1 P1 (Ti/20TiO,) 80 20 Ti-Spherical shaped,
TiO2- Spherical
shaped
2 P2 (Ti/20TiO,) 80 20 Ti-Irregular shaped,
TiO2- Spherical
shaped
3 P3 (Ti/40TiO,) 60 40 Ti-Irregular shaped,
TiO2- Spherical
shaped
4 P4 (Ti/60TiO2) 40 60 Ti-Irregular shaped,
TiO2- Spherical
shaped

Table 3.4: Details of the cold sprayed Ti/BAG-based composite coatings investigated

in the present study

S. No. Coating designation Composition (wt %)
Ti BAG
1 Ti/10BAG 90 10
2 Ti/15BAG 85 15
3 Ti/20BAG 80 20
4 Ti/25BAG 75 25
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Figure 3.1: SEM micrographs of feedstock powders (a) Titanium (b) BAG used for
the development of cold sprayed Ti/BAG composite coating on SS316L
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Figure 3.2 XRD analysis of the feedstock powders used for the development of cold

spray Ti/BAG composite coatings on SS316L
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Figure 3.3: SEM micrographs of the powders used for the cold spraying of Ti/TiO>

composite on SS316L substrate (i) Spherical titanium powder (ii) Spherical titanium

oxide powder (iii) Irregular titanium powder

3.2.3 Deposition of Coatings

The deposition of composite coatings on SS316L was carried out in this study using a
high pressure cold spraying equipment (Plasma Giken, PCS-100, Japan) as shown in
Fig. 3.4. This system has the ability to spray up to 50 bar of gas pressure and 1000 °C
of gas temperature and is equipped with a robot (KRC4 60-3, KUKA, Germany) with
six degrees of freedom. Several trials were conducted to achieve good adhesion of the
prepared composite powders on the SS316L substrate. Nitrogen and helium can be used
as the processing gas in this system, but nitrogen was selected in this research work due
to its low cost and easy availability. The deposition characteristics were studied by
keeping the number of passes constant for all the composite coatings. Specifically, eight
passes were made for Ti/TiO2 composite coatings, and nine passes were executed for

Ti/BAG composite coatings.

To deposit Ti/20TiO2 on SS316L substrate, several experiments were conducted varying
gas pressure (25-50 bar) and gas temperature (500-900 °C). The best coating thickness

was achieved with a gas pressure of 40 bar, a gas temperature of 700 °C, a stand-off
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distance of 2.5 cm, and a traverse speed of 20 cm/s. For uniformity, eight passes were
made in all the cases to achieve the best possible thickness of the coatings. These
parameters were used to deposit Ti/20TiO2 on SS316L substrates, having three levels
of surface roughness. After establishing the best surface condition (mirror-polished,
MP) for the cold spray deposition, different powder compositions (as shown in Table 1)
were deposited on MP SS316L substrate using the same aforementioned process
parameters. Whereas, to deposit the Ti/BAG composite coatings, a constant pressure of
30 bar and a temperature of 900°C were maintained. Being a new material and substrate
combination, a series of trial experiments were performed to identify these parameters,
with a gas pressure in the range of 15-30 bar and a gas temperature range of 600-900°C.

Figure 3.4: High pressure cold spray system at Indian Institute of Technology Ropar,

Punjab, India

3.3 Laser Post-processing

Laser post-processing was done using a continuous beam fiber laser source (MFSC-
1000, Abro, India) in an argon atmosphere to limit the oxidation of cold-sprayed
deposits. The emissivity of the coatings was measured and verified by temperature
mapping using a thermal imaging camera (A315, Flir, Sweden) and thermocouple at
different temperatures. Marrocco et al. (2011) previously optimized the laser process
parameters for cold-sprayed Ti free-standing deposits, which were used as starting
process parameters in the current work. The laser treatment trials were conducted using
a range of laser power from 400 W to 500 W, spot diameter of 3 to 5 mm, and traverse
speed of 2000 to 3000 mm/min. The objective was to identify the process parameters
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that would elevate the surface temperature of the coating above the recrystallization
temperature of titanium while minimizing heat dissipation to the substrate. The
Ti/15BAG coating was chosen for laser remelting trials because of its superior
mechanical and tribological properties compared to the other investigated coatings.
Once the desired results were achieved, the identified process parameters were used for
laser-remelting of all the cold-sprayed Ti/BAG composite coatings.

(m-! ol

Figure 3.5: Laser setup used for the post-processing of cold-sprayed Ti/BAG
coatings on SS316L steel substrate

3.4 Characterization of Coatings

3.4.1 Metallographic Sample Preparation

The as-sprayed coated samples were sectioned using a wire-cut electric discharge
machine (WEDM, Electronica-Sprintcut, India) for cross-sectional analysis. The
sectioned samples were mounted in Bakelite using hot mounting machine (Automount,
Metatech Industries, India). The mounted samples were polished using emery papers
from 220 to 2000-grits followed by velvet polishing to obtain mirror finish surface and
to eliminate the effect of temperature due to WEDM cutting. Finally, Kroll’s etchant
(95% H20, 2% HF, and 5% HNOs3) was used for etching the samples to reveal the

microstructural details in some cases.

52



3.4.2 Microstructural Characterization

Optical microscopy (OM, Leica, Germany) was used to study the surface morphology
as well as microstructure of as-sprayed coatings. OM was also done on the coated
samples subjected to scratch testing. SEM/EDS was used to reveal the surface and cross-
sectional microstructure, morphology along with the composition of the as-sprayed as
well as laser-treated coatings. Post-corrosion and post-wear analysis were also
performed using SEM/EDS to reveal the failure mechanism of the coatings. XRD
analysis of the raw material and as-sprayed coatings was done to investigate the phase
change during cold spraying. XRD analysis was also done to elucidate the phase change
due to laser surface treatment. The diffraction data was collected using Cu-Ka radiation
with a voltage of 40 KV and a current of 30 mA. The scan covered the 20 range of 10-
80° at a speed of 1 kcps. The dwell time was set at 2 s, and the step size was 0.5°. The
present phases were then identified by matching the obtained diffraction pattern with
JCPDS data cards.

3.4.3 Mechanical Characterization

Average surface roughness (Ra) and ten point height irregularities (R;) of coated and
uncoated steels were measured using a roughness tester (HandySurf E-35-A/B,
Accretech, Japan). The equipment was calibrated before the measurement using a
calibration block. The stylus of the equipment was made to run over the coated and
uncoated steels. Roughness measurements were performed with the cut-off length of 2
mm and a measuring speed of 0.5 mm/second. Ten values of the roughness parameters
were taken for each sample, and subsequently, the average of these values was reported

for each case. The thickness of the coatings was measured using OM and SEM.

The apparent porosity of the as-sprayed coatings was determined by analyzing the SEM
micrographs from several sites using ImageJ software following ASTM E2109-01. The
microhardness was measured from cross-section of the coatings and the substrate using
micro-hardness tester (Wilson, 402MVD, Illinois) equipped with a Vickers indenter
following ASTM C1327. The indenter was made of diamond having a square based
pyramid shape with an apex angle of 136° 5°. For the measurement, the load applied
was 500 g for 10 s dwell time. A minimum of 10 indents were taken for each coating
and the substrate across the transverse section, and subsequently the average of these

value is reported.
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Scratch test was performed to investigate the relative bond strength of the as-sprayed
coatings using micro-scratch tester (DUCOM, TR-101, India). The stylus Rockwell C
diamond indentor with a diameter of 40 um made up of diamond was used to scratch
the coated steels surface. The testing was done under constant loading and ramp loading
conditions with 20 N/mm of sliding speed.

The sessile drop method was used to measure the contact angle of cold sprayed Ti-based
composite coatings and substrate with a Goniometer (HO-ED-S-01, Holmarc Pvt. Ltd.,
India). The images of the distilled water drops were stored by a video camera. Image J
software (5 readings per sample) was used to measure the contact angle from the shape
of the drop. Readings were taken from each drop's average of left and right contact angle
for each sample, and for one sample, three drops were analyzed.

3.4.4 Biocompatibility Analysis

The cell viability of the developed coatings was performed on mouse preosteoblast cells
(MC3T3-E1, passage 11-12) using reported protocol with slight modification (Ref 29).
The cells were cultured in tissue culture treated 25 flask with media MEM-a, containing
10% fetal bovine serum (FBS, Gibco) with 1% antibiotic solution. The culture medium
was replenished every 48 h, and the sub-confluent cells were harvested using the
trypsin-EDTA solution. Approximately 10,000 cells/well were seeded in treated tissue
culture using 48 well plates and incubated for 24 h in a humidified atmosphere having
5% CO2 at 37 °C. The samples were suspended in ethanol, sonicated for 30 min, and
air-dried. The sterilization was done using a UV light for 30 min. Each sample was
incubated in a-MEM media for 24 h at 37 °C and then passed through a 0.22 um syringe
filter. The media of cells cultured in 48 well plates were replaced with filtered extracts,
and cells were further incubated for 24 h. An amount of 30 uL. MTT solution (5 mg/mL)
was added to each well, and the plate was incubated at 37 °C for 3.5 h. The resulting
formazan crystals were dissolved in DMSO (100 uL), and absorbance was recorded at

570 nm using a Tecan Infinite M Plex plate reader.

Firstly, the sample size is selected in order to minimize the variability and ensure that
any significant differences between the investigated coatings can be detected. The cell
viability of the different coatings was evaluated by testing three samples of each
composition. The percentage of cell viability was calculated by comparing the

absorbance of treated cells with the untreated cells.
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Secondly, untreated cells were used as a reference point to ensure that any observed
effects were not due to experimental error. This provides a baseline for comparison and
helps to establish whether the treatment or condition being tested has a significant effect
on cell viability. The p-value was calculated using ANOVA software, with a
significance level of 0.05.

3.5 Corrosion Analysis

3.5.1 Experimental Setup

Potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) tests
were performed to check the efficacy of the coated and uncoated SS316L steels against
corrosion. The mediums for corrosion testing were Ringer’s and Hank’s solution. The
Ringer’s solution was having a chemical composition of 9 g/L of NaCl, 0.24 g/L of
CaCly, 0.43 g/L of KCI, and 0.2 g/L of NaHCOs3, whereas Hank’s solution was having
8 g/L NaCl, 0.35 g/L NaHCOs3, 0.4 g/L KCI, and 0.185 g/L CaCl,. The coated and
uncoated SS316L steels were tested in a standard 3-electrode electrochemical cell
(PTC1, Gamry Instruments, US), in which coating/substrate was used as working
electrodes, Ag/AgCl as a reference electrode and graphite as the counter electrode. The
coated face of the SS316L steel was exposed to corrosive medium, while the remaining
area was masked using a masking tape. The samples were dipped into the solution
during testing with required circuit connections. The experiments were performed by
scanning the potential range from 0.5 V to -0.5 V, at a scanning rate of 0.001 V/s, with
an initial delay of 3600 s. The Echem analysis software was used for the analysis of the
data. Tafel extrapolation method was used to determine the corrosion potential and
corrosion current density from the polarization curves of coated and uncoated steel

samples.
3.5.2 Post-corrosion Analysis

Post-corrosion analysis was performed to understand the corrosion mechanism. SEM
was used to reveal the microstructural changes due to corrosion. Phases were identified
using XRD after corrosion testing. Additionally, elementals maps of the corroded

samples were also taken using EDS.
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3.6 Tribological Analysis

3.6.1 Experimental Setup

Pin-on-disc sliding wear test was conducted in a dry and simulated body fluid
environment on a universal tribometer (UMT-2, Bruker, US) at room temperature
following ASTM G99 [41]. Hank's solution was used as a lubricant in this study. The
container of the tribometer is equipped with a rotating disk setup, into which Hank's
solution is introduced. Alumina discs of diameter 6 cm were used as counterparts with
a normal load of 2 N and sliding speed 0.1 cm/s for a sliding distance of 3.6 m. Cold
sprayed coated pins of 6.3 mm diameter were used for the analysis. Schematic
representation of pins are shown in Fig. 3.5. Weight loss and coefficient of friction
(CoF) were recorded for each coating. The coatings were removed from the substrate
using WEDM to measure the density of all the investigated samples. Archimedes's
principle was used to determine the density of all the investigated coatings. The removed
coatings were weighed in air and then weighed in distilled water using a density meter
(METTLER TOLEDO, MS 105, Switzerland) with an accuracy of 0.01 mg. Five
readings for each coating were taken, and an average value is reported. Equations (3.1)
and (3.2) were used to calculate the volume loss and wear rates for the developed

coatings.

Mass before test—mass after test
Wear volume = , : , (3.1)
Density of the composite coating

mm?3 Wear volume
Wear rate (—) = , —— (3.2)
N-m Applied load xSliding distance
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Figure 3.6: Schematic representation of pins used for sliding wear test of cold-

sprayed Ti-based coatings against alumina disk.

3.6.2 Post-wear Analysis

Post-wear analysis was done to evaluate the effectiveness of the cold-sprayed coatings
to minimize the wear losses of SS316L steel. The in-depth study of the worn-out
coatings was done using SEM/EDS analysis to explore the wear mechanism. A detailed

discussion on the obtained micrographs is reported in chapter 6.
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CHAPTER-4

CHARACTERIZATION OF COATINGS

This chapter describes the results related to substrate preparation for developing Ti-
based coatings by cold spray. The development and characterization of Ti-based
coatings on biomedical steel (SS316L) have also been discussed in detail. The substrate
and coatings have been characterized using various tools such as optical microscopy
(OM), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS),
and X-ray diffractometer (XRD). Besides these, roughness tester, microhardness tester,

scratch tester, and ImageJ software have also been used to characterize the coatings.
4.1 Substrate Preparation Analysis for Ti-based Coatings

A single pass of Ti/20TiO2 composite powder (P1) was cold-sprayed on mirror-polished
(MP), ground-polished (GP), and as-received (AR) SS316L steel substrates to
investigate the adhesion between the particles and the substrate. Fig. 4.1 shows the
roughness profiles of all the substrates along with arithmetic mean roughness (Ra) and
ten-point height irregularities (R;) values. For MP substrate, Ra and R, values were in
the range of 0.04 um and 0.320 um, respectively, which are very small (negligible)
compared to the particle size range. The Ra and R; values for GP surface were 0.3 um
and 2.4 um. For the AR surface, these values were Rx-4.950 pum and Rz-22.320 um,

which has significantly higher peaks and deeper valleys.
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Figure 4.1: Surface roughness profiles of SS316L substrate steel subjected to

various roughness levels prior to the deposition of cold spray coatings

The SEM surface micrographs of the prepared substrates are shown in Fig. 4.2. AR

substrate has been characterized as a rough surface. The grinding grooves formed due

to the sample cuttings are visible on the AR substrate; these grooves have deep valleys

and high peaks. In the case of GP substrate, samples have been polished down to 800

grit of emery paper, led to reduction in peak height, on comparison with AR case. The

shearing of the substrate surface due to polishing have led to the plastic deformation of

these peaks, further filling the deeper valleys. In the case of MP substrate, specimens
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have been polished down to 2000 grit emery paper followed by diamond paste polishing
on a velvet cloth. Hence, a mirror-polished surface has been achieved (Fig. 4.2).

Mirror-polished
(MP)

Figure 4.2: SEM micrographs of SS316L steel substrate surface used for cold
spraying of Ti/TiO> powders (i) as-received (ii) ground-polished (iii) mirror-
polished

SEM cross-sectional micrographs of all three single-pass cold-sprayed Ti/20TiO>
coatings are shown in Fig. 4.3. The analysis shows that the interfacial bonding is best in
MP case, whereas it seems to be poorest in GP case. In case of GP substrate, there is a
clear indication of a continuous microgap between the coating and GP substrate. The
deformation of the particle has been affected more severely in comparison with the AR
substrate, which may be caused by the absorption of kinetic energy by a larger number
of smaller peaks and valleys present in the substrate. In between the deformed Ti
particle, TiO; traces can also be observed. Fig. 4.3 (i) shows the Ti/20TiO, composite
coating over AR substrate indicating some cracks, micro-gaps and voids at the interface
of the coating and substrate. These are indications of poor bonding, which could be
attributed to the insufficient deformation of the Ti-particles. It is believed that the Kinetic
energy of the impacting particles has partially been absorbed in deformation of the

relatively larger peaks on the substrate surface due to which deformation of the Ti-
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particles remained insufficient. In other words, the AR substrate surface causes the non-
uniform plastic deformation and temperature distribution of the impacting particle and
prevents the intimate bonding at the interface (Tan et al., 2019).

In the case of MP substrate, no gap or crack was observed between the coatings and
substrate. Additionally, Ti particles were found to be completely deformed and adhered
over the substrate. The greater chances of conversion of a relatively large amount of
kinetic energy into heat energy owing to the larger contact area can be one of the reasons
for this observation. This high heat energy might have led to the localised melting at
particle/substrate interface, leading to a good metallurgical bonding. TiO2 can also be

observed reinforced at several places in the coating.

SEI 15kV WD10mm SS40

SEI  15kV WD10mm  $S40

Figure 4.3: Cross-sectional SEM analysis of the single-pass cold-sprayed Ti/20TiO,
composite coatings on SS316L having various surface conditions (i) as-received
(AR) (ii) ground-polished (GP) (iii) mirror-polished (MP)

The scratch adhesion testing was performed to assess the adhesion of the coating over
the substrate. The coefficient of friction (CoF), frictional force (Ff), and the residual
depth of the indentor (D) against the normal applied load are reported in Fig. 4.4 and

Fig. 4.5. The data is drawn for progressively increasing load from 0-80 N for all the
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three cases: MP, SP, and AR substrates. Sudden change in CoF and Fr accompanied
with D indicates the coating’s failure. Two types of failures have been identified from
the results: cohesive failure of the coating (start of inter-splat failure, represented by
Lc1) and adhesive failure (start of coating delamination from the substrate, represented
by Lc2). The CoF and Ff for Ti/20TiO2 composite coatings on MP substrate have
dropped suddenly at an applied normal load of 22 N. Sudden change in D can also be
observed at the exact location, which has been identified as Lci region. Furthermore,
this synergic change in CoF, Fr, and D is observed at 68 N and has been identified as
the Lc> region. Similarly, sudden change in CoF, Fr, and D has been observed at an
applied normal load of 4 N for the coating deposited on GP substrate. This change is so
significant that the region can be identified as Lci and Lcz. In the case of the coating
deposited on AR substrate, CoF, Ff, and D have shown a sudden change at 13 N of
applied normal load, which has been identified as Lci. Lc2 region has been identified at
anormal load of 33 N due to the change in CoF, Fr, and D. Fig. 4.5 (b) shows the critical
load value of Lci and Lca type of failures of the coating on different substrates. The
critical load is observed to be maximum in the case of MP substrate and minimum on
GP substrate, indicating that the MP substrate surfaces are better for developing Ti/TiO>
composite coatings. These results are in agreement with the earlier reported data for
copper coating on SS316L substrate (Singh et al., 2020a). Fig. 4.6 shows the
micrographs of the damaged surface (Lcz and Lc region) after the scratch testing for all
the composite coatings. The width of the scratches has been found to be minimum for
MP substrate and maximum for GP substrate in both regions (Lciand Lc,). The traces
of the delaminated coating from the substrate have also been observed around the
scratches in the Lca region for all cases. Out of all the images, only AR-Lc2, GP-Lc1 &
Lc2 exhibit a zig-zag scratch pattern, which may have been caused by the interaction
between the substrate surface peaks and the indentor. The roughness of the substrate
might have obstructed the movement of the indentor upon contact, resulting in the zig-
zag scratch pattern. In contrast, straight scratches were observed in all the other cases,

where the indentor was in direct contact with either the coatings or the MP substrate.
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Figure 4.6: Optical micrographs of cold-sprayed Ti/20TiO2 coatings on SS316L

steels subjected to scratch test

4.2 Characterization of Titanium/Titanium Oxide (Ti/TiO2) Composite Coatings

4.2.1 Microstructural Characterization

The Ti/TiO2 composite powders (P2, P3, and P4) were cold-sprayed over MP SS316L

substrate in different compositions (Chapter 3) to investigate the effect of ceramic
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content in feedstock on bonding and performance of the coatings in terms of corrosion
and wear resistance. The number of passes in all the coating compositions was kept the
same as eight (8). The cross-sectional images of the deposited coatings are reported in
Fig. 4.7. From Fig. 4.7, it is clearly visible that all the coatings have adhered well to the
substrate. There is no gap or voids observed at the interface. The Ti particles seem to
deform completely, and the fracture of TiO> particles can be observed in between the Ti
splats. It is because the critical velocity to achieve bonding for Ti is relatively higher
when compared with the TiO: particle or because the fracture toughness of Ti is higher
than that of the titanium oxide (Nadaraia et al., 2021; Wang et al., 2021; Wong et al.,
2010; YAMADA et al., 2009).

The percentage area fraction of the TiO> particles in each of the coatings at different
locations from cross-sectional SEM micrographs has been measured from the respective
cross-sectional images using ImageJ software. It is observed from the analysis that the
TiO> particles cover 10-16% of the cross-sectional surface area at the bottom of the
Ti/20TiO- coating. However, at the top, it varies from 18-30%. In the case of Ti/40TiOx,
it varies from 2-7% at different locations. Few traces of TiOzare observed at the top and
at the Ti/60TiO2 coating interface. It may be because of the fracture of TiO2 particles
onto the substrate and/or Ti particles. Fig. 4.7 depicts that the coating thickness of the
deposited coatings has decreased as the ceramic content is increased in the feedstock.
From the SEM images and image J software analysis (average of a total of 8 readings
each), the coating thickness of the cold spray deposits has been measured and reported
in Table 4.1. The coating thickness has decreased with the increase in ceramic content.
In Ti/60TiO2 composite coating, the coating thickness is very less, around 35 microns.
It may be because the high ceramic content leads to poor deposition efficiency caused
by the more frequent interaction of ceramic-ceramic and ceramic-metallic particles,
which may have affected the impact velocity of the metallic particles (Irissou et al.,
2007; Wang et al., 2010). The density of the deposited coatings is reported in Table 4.1,
and it can be observed that the density of developed composite coatings has decreased
with the increase in ceramic content. Ceramic present in the feedstock is believed to
leave the hammering or tamping effect, leading to a dense coating microstructure (W.
Y. Li et al., 2007; Sabard et al., 2020). However, higher amounts of ceramic content

hinder the deposition of metallic particles. Subsequently, cold spraying results in the
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development of coatings with poor microstructural and mechanical properties (Wang et
al., 2010).

(ii)

SEI 15kV

(i)

SEI 15kvV WD12mm

Figure 4.7: Cross-sectional SEM and EDS micrographs of the cold-sprayed coatings
on mirror-polished SS16L substrate (i) Ti/20TiO (ii) Ti/40TiO (iii) Ti/60TiO:

SEM surface micrographs and the EDS maps of the developed coatings are shown in
Fig. 4.8. EDS maps depict that the retention of TiO2 is maximum in Ti/20TiO2 case,
which is in good agreement with the above discussion. Also, it is noticeable that with
the rise of TiO content in feedstock, retention of TiO2 has dropped. It may be because

the probability of inter-particle interaction increases with the increase in TiO2 content,
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which restrict the deposition of Ti particles and consequently less interlocking of TiOx.
SEM images show the coated samples' morphology; Fig. 4.8(a, a-1) indicate that the
topmost layer of the coating has undergone relatively smaller plastic deformation during
cold spraying due to the hammering of TiO> particles on already deposited Ti particles.
Fig. 4.8 (b, b-1) show that with the rise in TiO2 content to 40%, the deformation of Ti
particles became relatively severe. In the case of Ti/60TiO: coating, the Ti particles have
deformed more severely than that in the other two cases (Fig. 4.8 (c, c-1)). It means that
the Ti particles got significantly hammered by many TiO> particles during deposition.
Similar observations are reported by Zhang et al. (Z. Zhang et al., 2019) for cold
spraying of Al2024/Al,03; composite powders on AA 2024-T3 substrate.

Figure 4.8: SEM/EDS micrographs of coated samples (a, a-1) Ti/20TiO; (b, b-1)
Ti/40TiO2 (c, c-1) Ti/60TiO2
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4.2.2 Microhardness Analysis

The microhardness data of the as-deposited Ti/TiO2 composite coatings are shown in
Table 4.1. The results reveal that the Ti/20TiO> composite coating has better
microhardness than the substrate (183+ 4 HV), that is, 245 + 11 HV. The microhardness
of other coatings is relatively lesser than the substrate. The particles rebound after a
threshold value of ceramic content in the feedstock and do not leave enough tamping
effect. Moreover, high ceramic content leads to poor cohesive strength in the coating
(Wang et al., 2010), hence leading to lesser microhardness. The microhardness of
Ti/60TiO2 composite coating could not be measured due to its lesser thickness. The
surface roughness values of the as-deposited cold spray coatings is reported in Fig. 4.9,
which indicate that the surface roughness decreases with the increase in oxide/ceramic
(TiOy) content into the feedstock material. One of the reasons behind this can be the
hammering effect or tamping effect. The ceramic-ceramic (TiO2/TiOz) and ceramic-
metallic (TiO./Ti) particles' interaction increases with the increase in ceramic (TiOz)
content, which produces hindrance in the further deposition. However, before they can
bounce back, these particles strike over the already deposited particle, helping in their
further deformation (Li and Li, 2003). Fig. 4.7 shows that the deformation of sprayed
powder is relatively lesser in Ti/20TiO> than in the Ti/40TiO2and Ti/60TiO2 composite
coatings, and it increases with the increase in TiO, content. Hence, more deformation
leads to the development of coatings with lesser surface roughness. Other than this, the
coated area covers a significant amount of TiO> particles in Ti/20TiO, coating, which
decreases with the increase in TiO2 content. However, beyond 20% of TiO> content,

these are fractured particles of TiO2 primarily due to the higher amount of TiO».

Table 4.1: Mechanical properties of the as-deposited Ti/TiO, composite cold spray
coatings on MP SS316L substrate

S.No Coating Density Micro- Coating
designation (g/cm®) hardness thickness
(HVos) (Lm)
1. Ti/20TiO- 3.731 % 245+ 11 530 + 23
0.072
2. Ti/40TiO- 2.980 £ 158 + 13 92+14
0.061
3. Ti/60TiO2 | -—----mmmm | mmmemeeee 35+17
4. Substrate | ---------- 183t4 | -
(SS316L)
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Figure 4.9: Surface roughness plots of the as-deposited Ti/TiO, composite cold
spray coatings

4.3 Characterization of Titanium/Baghdadite (Ti/BAG) Composite Coatings

4.3.1 Microstructural Characterization

The powders are irregular in shape (as shown in previous chapter), which is a desirable
attribute since such particles need lesser energy to attain critical velocity for the
deposition in cold spray (Jodoin et al., 2006; MacDonald et al., 2017; Munagala et al.,
2018). MP steel substrate (SS316L) was selected for the deposition of coatings because
of their good adhesion with the Ti-based feedstock in cold spray, as discussed above.
The cross-sectional micrographs of the as-sprayed Ti/BAG composite coatings are
shown in Fig 4.10. From the micrographs, it is clear that the coatings are in continuous
contact with the respective mirror polished steel substrate, and there are no voids or
cracks at the interfaces. Ti particles are completely deformed and integrated into the
layers. However, there is a presence of micro-pores along some of the particle-particle

interfaces. The number of pores increases with the increase in the BAG content. The
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void formation may be attributed to the ceramic nature of BAG, which on solid-state

impact (cold spray) would result in fracture of the particle (Qin et al., 2021).

Coating

100 pm

Coating Coating

100 pm 100 pm

(d) Substrate

(c) Substrate

Figure 4.10: Cross-sectional SEM micrographs of cold sprayed Ti/BAG composite
as-sprayed coatings on SS316L steel substrate (a) Ti/25 BAG (b) Ti/20BAG (c)
Ti/15BAG (d) Ti/10BAG

Fig. 4.11 shows the XRD analysis of the cold-sprayed Ti/BAG composite coatings. The
results indicate no change in phase post-cold spraying, which is a desirable feature for
our application. Also, post spraying titanium peaks were observed a little wider
compared to those for the feedstock powder. It is because of the plastic deformation of

the powder particles during spraying.

72



Intensity (Arbitrary units)

0 12 14 16 18 20 22 24 2 28 0 32 X
Diffraction angle (20)

——Til10BAG
90 'M / ——Til15BAG

e B ——Ti/20BAG | |
B —— Til25BAG
3500 s : ; £ £ uﬁ -
_~~ - ﬁ 2 )
.‘g 3000 - o~ Qaghdadlte ‘
3 d 5 B p-Titanium |
5 2500 \ AL h B ﬁ B
E _W‘ﬁ—- JL
2 2000 B
2 1500 p B p B R B
o R R L i T T WL
£ 1000 A
: p i
500 B l
3
- ) Jl b8 R %
0 ™ T T T v T v T v T ¥: I L
10 20 30 40 50 60 70 80

Diffraction angle (26)
Figure 4.11: XRD analysis of cold sprayed Ti/BAG composite coatings on SS316L

Fig. 4.12 shows the elemental mappings of the cold-sprayed Ti/BAG composite coatings
along their cross-sections and top surfaces, respectively. The mappings reveal that in
Ti/BAG composite coatings, the major elements present are titanium (Ti), calcium (Ca),
silicon (Si), oxygen (O), and zirconium (Zr). The mappings also show that Ti and BAG
constituents prevail at alternate locations in the coating microstructure, indicating a
typical metal matrix (Ti) composite embedded with the secondary phase (BAG). The
Image J software was used to analyze and calculate volumetric retention from cross-
sectional SEM/EDS images (Fig. 4.12 and Fig. 4.13). Further, volumetric retention was
converted into weight retention. These analyses indicate that BAG content has reduced
after the deposition in the range of 20-35% depending upon the overall coating
composition. Moreover, the distribution of BAG in the coatings is found to be non-

homogeneous.

73



MAG: 1300x HV: 10KV WO 10 men NAG: 1300k HV: 10KV WO 10 ;e

Figure 4.12(a): Cross-sectional EDS mappings of the cold-sprayed Ti/10BAG

composite coatings on SS316L

Figure 4.12(b): Cross-sectional EDS mappings of the cold-sprayed Ti/15BAG

composite coatings on SS316L
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Figure 4.12(c): Cross-sectional EDS mappings of the cold-sprayed Ti/20BAG

composite coatings on SS316L

MAG: 100 HV. WAV WD 10 rem

Figure 4.12(d): Cross-sectional EDS mappings of the cold-sprayed Ti/25BAG

composite coatings on SS316L
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Figure 4.13: Cross-sectional SEM/EDS mapping of cold-sprayed Ti/BAG
composite coatings on SS316L substrate with chemical composition (a, a-1)
Ti/10BAG (b, b-1) Ti/15BAG (c, c-1) Ti/20BAG (d, d-1) Ti/25BAG

Surface SEM images along with chemical compositions are also reported, as shown in

Fig. 4.14. The results revealed that the BAG was successfully deposited in the Ti matrix

using the cold spray, and a reasonably good quality of the coatings is achieved. From

Fig. 4.10 and ImagelJ software (ten readings per each coating), it is clear that the coating

thickness (Fig. 4.15 (a)) is decreased continuously from 236 + 11 um to 153 £ 8 pum

with the increment in BAG content which may be because of the increment in ceramic

content. It is reported that the increase in ceramic content reduces the bonding strength

between the particles (Yandouzi et al., 2009). It is pertinent to mention that the number
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of passes were kept the same in all the cases. The interaction between BAG-BAG
particles dominates with the increment in BAG content. Since it is well known that the
ceramic particles do not bond with each other, therefore a drop in deposition efficiency
IS expected, leading to lesser coating thickness with the same number of passes as the
BAG content is increased. Similar results were reported by Wang et al. (Irissou et al.,
2007) for Al/Al,O3 composite coatings on magnesium substrate. Irissou et al. (Wang et
al., 2010) discussed the effect of alumina (Al>O3) in cold-sprayed Al/Al,O3 composite
coatings on mild steel in their work. They reported that deposition efficiency decreased

after a threshold value of alumina content in feedstock.

Ti: 81% Ti: 87%
0:5% 0:11%
Ca: 9% Ca: 1%
Si: 4% Si: 1%
Zr: 1%
Hi=98% Ti: 94%
0:5% o
Ca: 3% 0:4%

’ Ca: 2%

Si: 1%

Figure 4.14: Surface SEM micrographs of the cold-sprayed Ti/BAG composite
coatings on SS316L substrate with chemical compositions (a) Ti/L10BAG (b)
Ti/15BAG (c) Ti/20BAG (d) Ti/25BAG

4.3.2 Mechanical Characterization

Sousa et al. (Sousa et al., 2020) reported that the coatings around 200 um thick are
sufficient to develop a barrier to corrosion. Being a new material and substrate
combination, several trial experiments were conducted (Gas pressure range: 15-30 bar
and gas temperature range: 600-900 °C) to arrive at the reported parameters. The coating
thickness was chosen as the output response with 200 um as the threshold value. From
the results shown in Fig. 4.15 (a), it is observed that the porosity of the sample increases
with the increment of BAG content. It may be because when ceramic/metallic particles
impact on metallic/ceramic particles, ceramic particles either fracture or show no

significant plastic deformation and lead to poor bonding or voids/gaps at the splat
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boundaries (Seo et al., 2012; Shockley et al., 2015). As the ceramic content increases,
this interaction of ceramic-ceramic particles or ceramic-metallic particles also increases,
leading to more voids/gaps at the splat boundaries. Porosity may or may not affect the
coating's corrosion performance, but it affects the osseointegration (“An Open-Porous
Titanium Coating for Advanced Osseointegration Poster No . 2216 * 55th Annual
Meeting of the Orthopaedic Research Society,” 2000).

Surface roughness plays a vital role in biomedical coatings as it provides more surface
area for cell adhesion or cell growth. Simultaneously, surface roughness also affects the
corrosion performance as it allows more area to corrode (Krishna et al., 2020). The
results plotted in Fig. 4.15 (b) indicate the improvement in as-sprayed surface roughness
with BAG content progression. From the graph, it can be observed that an increase in
surface roughness from Ti/10BAG to Ti/15BAG is way less than Ti/15BAG to
Ti/20BAG and Ti/20BAG to Ti/25BAG coatings. It may be due to the fact that with an
increase in ceramic content, chances to get bonded with the metallic particles on the top
layer will decrease due to the increase in the interaction of ceramic-ceramic particles.
As ceramic content increases, deposition efficiency decreases due to the increment in
ceramic-ceramic particle interaction. In other words, more particles rebound without
bonding and lead to relatively higher tamping effect (Li and Li, 2003; Sabard et al.,
2020). However, irregular powders morphology was observed to leave a very less
tamping effect and result in higher porosity and greater roughness (Qiu et al., 2020,
2018).
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Figure 4.15: (a) Porosity and coating thickness (b) surface roughness analysis of the

as-received cold spray Ti/BAG composite coatings on SS316L

The bonding strength of the coatings was measured and reported in terms of the load
(critical load) required to delaminate the coating material from the coating itself
(cohesive or inter-splat failure) or from the substrate surface (adhesive failure). Scratch
test results of the developed cold-sprayed Ti/BAG composite coatings are reported in
Fig. 4.16. The data has been plotted as coefficient of friction (CoF) vs. scratch length
for a constant load of 100 N and progressively increasing load of 20-140 N. Sudden
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drop in CoF represents the failure of the coatings. In both the conditions, that is, at
constant load and progressive load, the graph follows the same trend. However, the
applied load is not sufficient to remove the coating from the substrate (adhesive failure)
for the given scratch length, but some abrupt changes in CoF indicate that the coatings
have started failing (cohesive or inter-splat failure). For constant load conditions,
Ti/25BAG composite coating is observed to fail at 2 mm, followed by Ti/20BAG
composite coating at 2.5 mm scratch length. Further, Ti/10BAG composite coating is
failed at 3.9 mm scratch length, followed by Ti/15BAG composite coating failed at 4.1
mm scratch length. The same trend is observed in progressively increasing applied load
conditions. Furthermore, data has been plotted for progressively increasing load
conditions in terms of CoF vs. normal load. The plotted data also followed the above-
mentioned trend. Critical load reported in Fig. 4.16(d) shows that Ti/15BAG coating
has performed best and Ti/25BAG composite coating performed worst among all the

investigated coatings.

The influence of BAG composition on microhardness is reported in Fig. 4.16(d). It is
observed that the microhardness of the cold-sprayed Ti/BAG composite coatings
increases with the increment in BAG content until it reaches the maximum value and
then decreases. The reason for this can be the inter-particle interaction of BAG powder
particles. As BAG content increases, inter-particle interaction of the BAG powder
particle increases, which may lead to a lack of bonding between the coating layers and
further affects the microhardness of the cold-sprayed Ti/BAG composite coatings. In
other words, deposition efficiency decreases with the increment in ceramic content due
to the increment in ceramic-ceramic particle interaction. The rebound particle hammers
the exposed surface and lead to increase in hardness of the coating (Qiu et al., 2018).
The microhardness of the developed coatings is better than the substrate in Ti/10BAG
and Ti/15BAG composite coatings. The maximum value of microhardness is 176 + 4
HV obtained for Ti/15BAG composite coating. It is believed that whenever ceramic
content in feedstock crosses the threshold value the hammering effect may not be
sufficient to help the extra deformation of earlier deposited particles and further may
cause in weaker bonding and porous coating (Seo et al., 2012). Also, it has been
observed from Fig. 4.15(a) and Fig. 4.16(d) that the coatings having porosity greater
than 5% possess lower microhardness owing to their poor inter-splat bonding. These

results are also supported by the critical load required for the failure of the coating in
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scratch analysis (Fig. 4.16(d)). The critical load and microhardness values have been

observed to follow the similar trends.
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Figure 4.16: Scratch and microhardness results of the cold spray as-received
Ti/BAG composite coatings on SS316L steel
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Post-scratch analysis has been performed in order to understand the scratch failure of
the developed coatings. Fig. 4.17 and 4.18 display the optical micrographs of the scratch
at the start point, failure point, and at the end point for constant and progressively
applied normal load. From the micrographs, it is observed that Ti/15BAG composite
coating scratch width is relatively smaller, which further signifies the resistance to the
failure of the Ti/15BAG composite coating is superior among the analysed coatings. At
the point of failure, some cracks were observed, and reported failure cracks are more
severe in progressive applied normal load (Fig. 4.18). Moreover, the severity is

maximum in Ti/25BAG composite coatings.

X N
B

Start (1)
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\

Figure 4.17: Optical micrographs of scratch at constant load (100 N) of the as-
sprayed cold spray Ti/BAG composite coatings on SS316L (a, b, ¢) Ti/10BAG (d, e,
f) Ti/15BAG (g, h, i) Ti/20BAG (j, k, 1) Ti/25BAG
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Figure 4.18: Optical micrographs of scratch at progressive load (20 N to 140 N) of
the as-sprayed cold spray Ti/BAG composite coatings on SS316L (a, b, ¢)
Ti/10BAG (d, e, f) Ti/1I5BAG (g, h, i) Ti/20BAG (], k, I) Ti/25BAG

Fig. 4.19 displays the depth of the scratch for the progressive load conditions at the end
of the scratch. The results indicate that the indentor reached maximum depth up to 100
microns in Ti/25BAG composite coating, which is less than the thickness of the coatings
(Fig. 4.10). Similarly, indentor penetrated Ti/15BAG composite coating up to around
62 microns. These results signify that the Ti/15SBAG composite coating’s resistance to
scratch is superior among the developed coatings. It can be because the bonding between
the plastically deformed Ti/15BAG powder particles is prominent among all other
investigated coatings. Also, it indicates that the coatings are well adhered to the

substrate, and no adhesive failure is observed between the substrate and coatings.
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However, cohesive failure between the Ti-Ti and BAG-BAG particles and adhesive

failure between Ti- BAG particles could be the reason for coating failures.

75

Ti/10BAG
0 Scratch

=75
E 65 [ +i/158A6
= Scratch
§ 0
g
= -65
S
2 85 | Ti/20BAG \
=3
= 0 o W W
= Scratch
£ ‘

-85 L L

105 Tn/ZSBAG -
0
Waw
-105

0 1.2 1.5 ) 3.0

Indentor travel across the scratch (mm)

Figure 4.19: Scratch profile of the cold-sprayed Ti/BAG composite coatings after
scratch test performed at progressive load (20 N to 140 N)

Contact angle measurement is one of the most commonly used techniques to study
hydrophilic or hydrophobic surfaces for biomedical applications. Distilled water has
been used as the liquid to measure the contact angle of the cold-sprayed Ti/BAG
composite coatings. The drop of the liquid was dropped on the substrate and cold-
sprayed Ti/BAG composite coatings, and the focused images were captured. Fig. 4.20
shows the static contact angles for the cold-sprayed Ti/BAG composite coatings and
substrate. The decreasing trend of the contact angle with the percentage of BAG was
observed. The contact angle is tuned from 87 to 31° with BAG content. The substrate
contact angle is observed 41°. As evident from Fig. 4.20, all composite coatings are
hydrophilic in nature which is a favourable condition for the intended application.
Moreover, as the BAG content increases, the contact angle of the coatings shifts towards

hydrophilicity which indicates the progression of surface energy in the cold-sprayed

85



Ti/BAG coatings. The contact angle is shifted towards the hydrophilicity with the
increment in surface roughness of the coating (Fig. 4.15); a similar trend is also reported
by Kubiak et al. (Kubiak et al., 2011).
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Figure 4.20: Measured contact angle for the substrate and cold-sprayed Ti/BAG

composite coatings developed on SS 316L substrate

4.3.3 Biocompatibility Analysis

The percentage of cell viability after 24 hrs of incubation with change in BAG
percentage is shown in Fig. 4.21. The percentage of cell viability for all the samples was
above the threshold limit, that is, 70%, which indicates that the developed cold-sprayed
coatings were biocompatible and had no cytotoxic effects. The percentage of cell
viability has increased with the increment in BAG content. It is well established that Ti
is biocompatible but not bioactive (Li et al., 2010). However, BAG has been well
accepted as a biocompatible, bioactive, and osteoconductive material (Pham etal., 2019;
Schumacher et al., 2014). Moreover, the other possible reasons behind the increment in
cell viability of Ti/BAG composite coatings can be the increment in surface roughness
and hydrophilicity caused by the addition of BAG (Fig. 4.15 & 4.20). In this study, the

calculated p-value is found to be 0.01, which is less than the significance level (0.05).
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As a result, it is concluded that there is a significant difference in cell viability between
the investigated compositions of the coating
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Figure 4.21: Mouse preosteoblast (MC3T3-E1) cell behavior on cold-sprayed
Ti/BAG composite coating on SS316L steel

4.4 Laser-Treatment of Titanium/Baghdadite (Ti/BAG) Composite Coatings

The results of experimental trials for Ti/15BAG cold-sprayed composite coating, as
shown in Fig. 4.22. The experimental trials of laser processing were done on cold-
sprayed Ti/15BAG composite coating because of its better mechanical properties than
the other investigated coatings, as discussed above. Marrocco et al. (Marrocco et al.,
2011) optimized laser process parameters for the cold-sprayed Ti deposits and reported
them in their work. Ti is the major element contributing to the reported composite cold-
sprayed coatings development in this work. Hence, the work reported by Marrocco et
al. [23] has been considered a reference for the experimental trials. The parameters were
chosen in such a way so that the surface temperature of the coating will exceed the
recrystallization temperature of Ti and the heat dissipation to the substrate remains

minimum.
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Figure 4.22: Experimentally measured maximum temperature results of laser-treated
cold-sprayed Ti/15BAG composite coating along with SEM images at different laser
parameters (a, a-1) 500-2000-3 (b, b-1) 500-2000-5 (c, c-1) 500-3000-5 (d, d-1)
400-3000-5 and (e) temperature distribution profile
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The process parameters used for experimental trials are reported in Table 4.2. SEM
images of the laser-treated coatings are shown in Fig. 4.22. The melting of the coating
and substrate was observed at the power-500 W, scanning speed-2000 mm/min, and
beam diameter-3 mm. The maximum surface temperature of the coating measured using
a thermal imaging camera was observed 951 °C, which caused damage to the surface of
the coating and substrate (Fig. 4.22). The change in beam diameter from 3 to 5 mm
while keeping the laser power constant, caused the heat distribution in larger area. The
measured temperature on the surface of the coating, in this case, was 819 °C, and this
led to the removal of the coating from the substrate (Fig. 4.22). It could be because of
the thermal expansion mismatch of the coating and substrate. The power of the laser
source was reduced from 500 to 400 W, and the scanning speed increased from 2000 to
3000 mm/min by keeping all other parameters the same to reduce the effect of
temperature at the interface. The SEM images show that the coating adhered well with
the substrate, and inter-particle adhesion/cohesion has also improved. The temperature
of the coating surface, in this case, was observed to be 611 °C, which is below the
recrystallization temperature of Ti. Therefore, the power of the laser source was changed
from 400 to 500 W by keeping all other parameters the same in order to achieve the
coating’s surface temperature above recrystallization temperature (Fig. 4.22). The
obtained surface temperature, in this case, was 743 °C; SEM analysis revealed that there
is no adverse effect at the interface because of this localized heating. Hence, all other
cold-sprayed composite coatings have been laser-treated using the same laser

parameters.

Table 4.2: Details of the laser process parameters used for the laser-treatment of
Ti/15BAG coatings

Designation Power (W) Scanning speed Beam diameter
(mm/min) (mm)
500-2000-3 500 2000 3
500-2000-5 500 2000 5
500-3000-5 500 3000 5
400-3000-5 400 3000 5




4.4.1 Microstructural Characterization

The surface SEM micrographs of the as-sprayed and laser remelted cold-sprayed
coatings, as shown in Fig. 4.23. The surface pores over the surface of the coatings are
visible in the as-deposited coatings. Partial remelting of the deformed particles due to
laser irradiation is clearly visible from the surface micrographs, which has also helped
in reducing the surface pores. Moreover, remelting of the coatings also influenced the
surface roughness of the cold-sprayed deposits, as reported in Table 4.3.

Table 4.3: Surface roughness analysis of the cold-sprayed coatings before and after

laser-treatment

S. No. As-sprayed coatings Laser-treated coatings
Ra (um) Rz (um) Ra (um) Rz (um)
1 12 £2.17 54.3 + 4.67 9+1.08 29.1+5.19
2 13+1.24 72.8 £6.15 10+1.24 34.6 +4.65
3 17 +1.36 86.7 +4.23 12 +3.28 44.5 + 3.45
4 21+3.21 103.2 +8.11 14 + 3.96 56.7 +5.83
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Figure 4.23: Surface SEM/EDS images of the cold spray deposits on biomedical
SS316L steel (a) Ti/I0BAG (b) Ti/15BAG (c) Ti/20BAG (d) Ti/25BAG, and laser-
treated coatings (a-1) Ti/10BAG-L (b-1) Ti/15BAG-L (c-1) Ti/20BAG-L (d-1)
Ti/25BAG-L
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Cross-sectional high magnification SEM images of Ti/BAG cold-sprayed deposits after
laser post-processing are shown in Fig. 4.24. In all the coatings, it can be seen that inter-
splat gaps or voids are reduced, and the splats’ bonding has also improved. The reason
for this is the laser-remelting of Ti particles. The adhesion between the coatings and
substrate is also improved except in the case of Ti/25BAG coating, as shown in Fig.
4.24. A thick crack at the interface of Ti/25BAG-L is observed because of the thermal
expansion mismatch between the coating and substrate. The reason ascribed to this is
the high heat transfer from the coating to the substrate as Ti/25BAG-L coating thickness

is relatively smaller.

Furthermore, to understand the effect of laser-remelting, grain analysis of Ti/15BAG-L
has been done at three different locations, as shown in Fig. 4.24 (b1, b2, b3). SEM
images of etched top layers revealed the formation of equiaxed refined and coarse
grains, as shown in Fig. 4.22(b1). As the maximum surface temperature has reached to
743 °C (Fig. 4.22 (c-1)), it leads to the recrystallization of Ti splats. Cold-sprayed
coatings are well known for their high dislocation density because of the severe plastic
deformation of sprayed particles. The energy stored within cold-sprayed Ti grains or the
high-density dislocations within cold-sprayed Ti grains and rapid cooling during laser-
remelting is believed as the motivating forces for recrystallization (Li et al., 2021). Ti is
well known for its HCP structure (o-Ti) below 882 °C. Therefore, these recrystallized
a-Ti grains formed the bimodel structure, having refined as well as coarser grains. Finer
grains help to achieve strength but at the expense of ductility. On the other hand, coarser
grains help to retain the ductility of the deposited coating (Shen et al., 2017). Fig.
4.24(b2) shows two types of grain, i.e., equiaxed at the top and columnar at the bottom.
Higher laser heating caused the formation of equiaxed grains at the top, and insufficient
laser heat caused the formation of columnar grains. Columnar grains are relatively
weaker and brittle than the equiaxed grains because of the higher dislocation density in

that region. Fig. 4.24(b) shows the transition of columnar grains to base metal splats.
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Figure 4.24: High magnification cross-sectional SEM images of laser-remelted cold-
sprayed deposits (a) Ti/LOBAG-L (b) Ti/15BAG-L (c) Ti/20BAG-L (d) Ti/25BAG-L,
and (b1, b2,b3) etched images of Ti/15BAG-L deposit at different locations

4.4.2 Mechanical Characterization

The porosity of the coatings has been calculated by analyzing the high magnification
SEM cross-sectional micrographs at different locations using ImageJ software. It is
observed from the analysis that the BAG content has influenced the porosity, as reported
in Fig. 4.15. The porosity of the coatings has increased with the increment in BAG
content. This is attributed to the interaction of the BAG particle with the substrate/and
Ti particle. It is well known that ceramic (BAG in this case) particle does not make any
bond with the adjacent particle/substrate in cold spraying and leaves voids/gaps at the
inter-splat boundaries (Z. Zhang et al., 2019). After laser treatment, the porosity of the
coatings has reduced significantly, and for all the cases, it went below 2% except for
Ti/25BAG-L, as shown in Table 4.4. The porosity in laser-treated coatings has been
reduced due to the improvement in inter-particle adhesion/cohesion, which is attributed

to the high temperature remelting of the particles.

The BAG content has significantly influenced the microhardness of as-sprayed coatings

as discussed above. The microhardness value has increased up to 15% of BAG content
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and then decreased. Up to 15% of BAG content, the interaction of ceramic-ceramic
(BAG-BAG) or ceramic-metallic (BAG-Ti) particles might have left a hammering
effect on the already deposited Ti splats, leading them to deform more severely (Qiu et
al., 2018). This severe deformation causes the formation of high dislocation density in
Ti splats, which further may help in improving the microhardness value of the coatings.
However, the interaction between ceramic-ceramic particles increases beyond 15% of
BAG content, reducing the incoming particles' impact velocity. It leads to a lack of
bonding between the deposited particles and reduces the microhardness value (Seo et
al., 2012). The maximum value of microhardness is observed in Ti/15BAG (176 + 4
HVo:s) and minimum in Ti/25BAG (120 * 6), as discussed above. After laser-remelting,
the microhardness for all the coatings has been found to increase four times, especially
at the top layer, as shown in Fig. 4.25 (a). The maximum microhardness value is 714 +
21 HVos for Ti/15BAG-L observed. The microhardness value decreases with the
coatings' depth. The finer equiaxed grains at the top helped in achieving higher hardness,
and then columnar grains at the bottom of remelted coatings led to a decrease in the
microhardness value. The density of the laser-remelted coatings is higher than the as-
sprayed coatings. It is because laser-remelting helped in the reduction of gaps or voids

between the splats, as shown in Fig. 24.

Table 4.4: Details of the coating’s composition, designation, and porosity before and

after laser treatment.

S. No. |Composition (wt %)| As-sprayed coatings Laser-treated coatings
Ti BAG Designation | Porosity | Designation Porosity

1 90 10 Ti/10BAG | 3£0.003 | Ti/I0BAG-L | 1.19£0.04

2 85 15 Ti/15BAG | 4+£0.138 | Ti/15BAG-L | 1.11 £0.68

3 80 20 Ti/20BAG |11 +£0.095 | Ti/20BAG-L | 1.26 £1.33
4 75 25 Ti/25BAG | 14 £0.993 | Ti/25BAG-L | 3+£1.920
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Figure 4.25: Micro-hardness analysis of the laser-remelted cold spray deposits on
SS316L substrate

4.5 Summary of the Chapter

Based on the scratch test results and cross-sectional SEM micrographs of single pass
cold-sprayed Ti/20TiO2 coatings, it can be concluded that among the as-received,
ground-polished, and mirror-polished substrates, mirror-polished SS316L surfaces
display the strongest adhesion for cold-sprayed Ti-based coatings. The high-pressure
cold spray process was used to deposit three different compositions of Ti/TiO2
(Ti/20TiO2, Ti/40TiO2, and Ti/60TiO2) onto MP SS316L steel. All of the coatings were
found well intact with the respective substrates. Cold-sprayed Ti/20TiO2 composite
coating exhibited a higher microhardness in comparison with the substrate and cold-

sprayed pure titanium coating (Wong et al., 2010).

Furthermore, the deposition of four different compositions of Ti/BAG coatings
(Ti/10BAG, Ti/15BAG, Ti/20BAG, and Ti/25BAG) onto MP SS316L steel substrates
using cold spray has been demonstrated. The study found that all the Ti/BAG coatings
adhered well to their respective substrates. XRD and EDS analysis confirmed the

presence of the BAG phase in the coatings, which is considered a desirable characteristic
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for high-quality coatings. However, as the BAG content in the feedstock increased, the
porosity and surface roughness of the coatings also increased. This could be attributed
to the lack of metallurgical bond formation due to increased interaction between
ceramic-metallic particles. The study observed that the average microhardness of the
coatings increased up to 15% BAG content and then decreased. The Ti/15BAG
composite coating exhibited the highest average microhardness (176 + 4 HV0.5) among
the investigated coatings. Beyond 15% BAG content, the interaction of BAG particles
dominated the process, resulting in decreased bond strength and subsequently,
microhardness of the coatings. The study also found that all the Ti/BAG coatings were
biocompatible.

The Ti/15BAG coating was chosen for experimental trials of laser treatment because it
showed superior microhardness. Several attempts were made to reach the laser process
parameters, which elevated the surface temperature of the coating beyond the
recrystallization temperature of Ti while ensuring that the substrate experienced no
detrimental effects. All the other cold-sprayed Ti/BAG coatings were laser-treated using
these parameters. Upon analyzing the microstructure of the coatings, it was observed
that laser treatment resulted in equiaxed grains at the top layers and columnar grains in
the middle layers. Laser treatment also led to a significant decrease in porosity and
surface roughness, which is a desirable attribute for improving bonding and average

microhardness of the Ti/BAG composite coatings.
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CHAPTER-5

ELECTROCHEMICAL CORROSION STUDIES

The electrochemical corrosion behavior of the investigated cold spray-coated and
uncoated SS316L steel in simulated body fluid enviornment has been described in this
chapter. Post-laser treatment of cold spray Ti/BAG coatings was also performed to
assess its effect on the corrosion behavior of the coatings. The comparison of as-sprayed
and laser-treated cold-sprayed Ti/BAG coatings in terms of corrosion has also been
discussed. Post-corrosion analysis of cold spray Ti/BAG coatings has been performed
to characterize the corrosion scales. The corroded samples were analyzed using
scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) and X-ray
diffractometer (XRD).

5.1 Corrosion Behavior of Titanium/Titanium Oxide (Ti/TiO;) Coated and
Uncoated SS316L Steel

The open circuit potential (OCP) and potentiodynamic polarization scans are some of
the most widely used electrochemical approaches to evaluate the corrosion performance
of biomedical coatings (Anawati et al., 2013; Roland et al., 2013; Singh et al., 2012;
Zhou and Mohanty, 2012). Therefore, OCP and potentiodynamic tests were performed
to study the corrosion behavior of cold spray Ti/TiO2 coated SS 316L steels in Hank’s

solution.

5.1.1 Open Circuit Potential

The OCP of uncoated and cold spray Ti/TiO2 coated samples was measured in Hank’s
solution. Fig. 5.1 depicts OCP measurements of the mirror-polished (MP) steel substrate
and developed coatings in Hank’s solution. It indicates that the OCP of the steel
substrate is minimum, and for Ti/20TiO2, it is maximum. Also, the OCP of the
composite coatings has shifted away from the noble direction with the increased TiO>
content. The OCP measured for Ti/20TiO2 was -194 mV, and it was observed at -220
mV for Ti/40TiO. and -265 mV for Ti/60TiO2 against Ag/AgCI. Ti/20TiO2 has shown
the best OCP among the investigated cold-sprayed Ti/TiO2 steels. Higher coating
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thickness, lower porosity, and maximum retention of TiO2 are believed the reason for
the better OCP of Ti/20TiO..
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Figure 5.1: Open circuit potential of mirror-polished substrate (SS316L steel) and

cold-sprayed Ti/TiO2 composite coatings in Hank’s solution

5.1.2 Potentiodynamic Polarization Scans

The potentiodynamic polarization scans of the cold-sprayed deposits and the mirror-
polished (MP) steel substrate are shown in Fig. 5.2(a). The thermodynamic stability
(Ecorr value) of cold-sprayed Ti/20TiO, composite coating was found to be the best in
Hank’s solution among the investigated specimens. The corrosion potential (Ecor) and
corrosion current density (lcorr) (extracted from the Tafel extrapolation using Echem
software) for all the investigated coatings and substrates are shown in Fig. 5.2(b). The
graph shows that as the TiO> content in the coating decreases, the Ecorr Value shifts
towards the noble direction and the I Value decreases, which means that Ti/20TiO:
composite coating offers the best protection to the substrate against corrosion among all
investigated coatings. The Ecorr and lcorr Values for the substrate were observed as -370
mV and 37.2 pA/cm?, respectively. For cold spray Ti/20TiO2 coatings, Ecor and lcorr
were -212 mV and 0.138 pA/cm?, respectively.
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Figure 5.2: Corrosion behavior of mirror-polished substrate (SS316L steel) and cold-
sprayed Ti/TiO2 composite coatings in Hank’s solution (a) potentiodynamic scans

(b) Tafel extrapolated corrosion current densities and corrosion potentials

In the present research work, cold spray coatings successfully protected the substrate
from corrosion in Hank’s solution. However, the corrosion performance of the coatings
dropped with the rise in ceramic content in feedstock. Also, as Ti is exposed to Hank’s
solution, it forms a passive layer of TiO2 and protects the coating from corrosion (Neoh
etal., 2012). Zhou and Mohanty (Zhou and Mohanty, 2012) reported the Ecorr (-445 mV)

and leorr (1.37 pA/cm?) values for cold-sprayed pure titanium coatings under Hank’s
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solution in their work. The developed cold-sprayed Ti/20TiO2 composite coatings have
outperformed the above mentioned cold-sprayed pure titanium coatings in the same
electrolyte. The coating thickness of Ti/20TiO2 cold-sprayed composite coating is
significantly higher, and the bonding is also good, as shown in Chapter 4 (Table 4.1 and
Fig. 4.6). The higher thickness and lower apparent surface porosity of Ti/20TiO coating
blocked the penetration of electrolyte into the coating towards the substrate, therefore
the corrosion is limited to the coating only. Another reason for this can be the retention
of TiOy particles into the coating. The Ti/20TiO cold-sprayed composite coating has
retained a relatively higher amount of TiO2 content among all the investigated coatings,
as discussed in Chapter 4. TiO; particles restrict the release of Ti ions from the coating
and provide a relatively lesser area (compared to other coatings) to corrode (Padhy et
al., 2011).

In the case of Ti/40TiO> composite coating, as the bonding between the deposited splats
is relatively poor, the electrolyte might have penetrated through these pores to cover
more area for corrosion. The presence of TiO; particles retained in the coating may have
restricted the release of Ti ions to some extent. Ti/60TiO coating has a very small
thickness (35 = 12 um) and some pores along the splat boundaries. Moreover, the
retention of TiO is also minimum in this case. Therefore, the Ti surface area exposed
to the electrolyte is maximum in this case. Therefore, poor corrosion performance has
been observed in this case. This can also be attributed to the fact that as the TiO2 content
increases, coating thickness and bonding strength decrease (as discussed in Chapter 4).
Therefore, the lack of bonding caused the electrolyte to penetrate in the coating, leading
to a relatively more corrosion. The pores in all the deposited coatings were clearly
visible, resulting from inter-splat particle interaction (Chapter 4). It might also have
contributed to the poor performance of Ti/40TiO, and Ti/60TiO. coatings. Moreover,
Ti/40TiO2 and Ti/60TiO. composite coatings have retained low TiO2 content, which is
insufficient to restrict the release of Ti ions from the coatings; hence, more corrosion

was expected.
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5.2 Corrosion Behavior of Titanium/Baghdadite (Ti/BAG) Coated and Uncoated

SS316L Steel
5.2.1 Potentiodynamic Polarization Scans

5.2.1.1 As-sprayed Coatings

The electrochemical reactions between the coating and the electrolyte lead to the
degradation of the coatings. Potentiodynamic polarization curves of bare SS316L
substrate and cold sprayed Ti/BAG composite coatings in Ringer’s solution are shown
in Fig. 5.3(a, b) and Fig. 5.4. Ecorr and lcorr Values of the steel have been found to be the
poorest. The results indicate a notable improvement in the thermodynamic stability (in
terms of Ecorr) of the steel after the deposition of the cold spray coatings in Ringer’s
solution. Ecorr Value of the developed coatings has shown a tendency to shift to the noble
direction with increase in BAG content and immersion time. The results (Table 5.1)
depict that the corrosion current density has also decreased with the increase in BAG
content in the feedstock under Ringer’s solution. In other words, the coatings have
lowered the release of ions and electrons. The coatings, in general have been successful
to develop corrosion resistance in the steel as the corrosion rates of composite coatings

has got reduced compared to that of bare SS316L, as shown in Table 5.1.

After 2 hours (hr) of immersion in Ringer’s solution, all the deposited coatings
successfully protected the substrate from corrosion, as shown in Fig. 5.3(a) and Table
5.1. Ecor and lcorr Values of the substrate were -377 mV and 3.24 pA/cm?. Moreover,
cold-sprayed Ti/10BAG composite coating has shown an Ecorr Value of -381 mV and an
lcorr Value of 2.29 pA/cm? in Ringer’s solution. Furthermore, the corrosion rate of
Ti/1I0BAG coating was 0.806 um/year, which is way lesser than the substrate (126.4
um/year). However, the corrosion rate was maximum for Ti/10BAG among all

investigated coatings. The cold-sprayed Ti/25BAG composite coating performed the
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best against corrosion attack among all the investigated cases. Ecorr and lcorr Values of

the Ti/25BAG were -208 mV and 0.62 pA/cm?under Ringer’s solution.

Moreover, cold-sprayed Ti/25BAG composite coating has retained its best ranking
among all the cases even after 16 hr of immersion in Ringer’s solution (Fig. 5.3(b)).
Once again, all of the coatings performed better than the substrate in terms of corrosion
resistance. Ti/25BAG coating showed an Ecorr Value of -157 mV, an lcorr Value of 0.54
HA/cm? and a corrosion rate of 0.19 pm/year after 16 hr of immersion (Table 5.1).
Furthermore, Ecor, lcorr, and corrosion rates have improved with the increase in

immersion time, as shown in Fig. 5.5 (a and b).

After the exposure of 40 hr of corrosion, Ecorr, lcorr, and corrosion rate of Ti/25BAG
coating were observed to be better than those after 2 hr and 16 hr of immersion in
Ringer’s solution. Following the same trend, the potentiodynamic scans show that
Ti/25BAG cold-sprayed composite coating outperformed all investigated coated and
uncoated samples. Additionally, all the coatings were observed to perform better than

the substrate against corrosion in Ringer’s solution.
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Table 5.1: Electrochemical corrosion parameters extracted from the Tafel extrapolation

using Echem software for coated and uncoated Ti/BAG samples in Ringer’s solution

S. Sample ID Ecorr (MV) lcorr B.(mV) B. (mMV) Corrosio
No. (MA/cm? n rate
) (um/yea
r
(@) | After 2 hr of immersion in Ringer's solution
1 Substrate -377.5 3.24 9.02+0.4 -8.03+£0.12 126.4
2 Ti/10BAG -381.38 2.29 36.35+0.88 -4.05 £ 0.02 0.806
Coating
3 Ti/15BAG -326.58 0.80 4.38 £0.09 -9.57 £0.05 0.284
Coating
4 Ti/20BAG -233.34 0.74 6.80+0.07 -8.89 £ 0.06 0.263
Coating
5 Ti/25BAG -208.52 0.62 9.66 £0.15 -10.97+£0.11 0.221
Coating
(b) | After 16 hr of immersion in Ringer's solution
1 Substrate -435.23 3.83 8.31+0.05 -6.04 +0.03 161.5
2 Ti/10BAG -218.13 1.258 8.05+0.06 -9.42+0.16 0.443
Coating
3 Ti/15BAG -209.73 1.099 8.42+0.24 -9.75+0.30 0.387
Coating
4 Ti/20BAG -176.50 0.7634 7.29+0.05 | -10.36+0.08 | 0.269
Coating
5 Ti/25BAG -157.8 0.540 8.62+0.78 -9.69 + 0.56 0.19
Coating
(c) | After 40 hr of immersion in Ringer's solution
1 Substrate -441.09 6.39 10.12 £0.02 -9.03+45 268.2
2 Ti/10BAG -248.03 1.12 8.32+0.06 -8.49+0.08 0.396
Coating
3 Ti/15BAG -208.29 1.10 11.23 £ 0.02 -9.11+0.07 0.388
Coating
4 Ti/20BAG -178.30 0.66 9.48 £0.03 -9.04 +0.03 0.235
Coating
5 Ti/25BAG -136.8 0.43 9.78 £0.03 -8.11 £ 0.07 0.154
Coating
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5.2.1.2 Laser-Treated Coatings

The potentiodynamic scans of laser-treated cold spray Ti/BAG coatings are shown in
Fig. 5.6. The potentiodynamic scans of laser-treated coatings reveal that post-laser
treatment of cold-sprayed deposits helped significantly in reducing lcorr Value for each
case relative to the as-sprayed coatings, as shown in Fig. 5.7. The comparison of as-
sprayed Ti/BAG coatings and laser-treated coatings in Ringer’s solution after 2 hr of
immersion in terms of Ecorr and lcorr Values is shown in Fig. 5.7 (a and b). It was observed
that Ecorr value shifted in the noble direction after laser treatment. lcorr value for as-
sprayed Ti/10BAG coating was 2.29 pA/cm?, which changed to 0.11 pA/cm? after laser
treatment. For Ti/25BAG coating after 2 hr of immersion, lcorr Value has dropped from
0.62 to 0.081 pA/cm? due to laser post-processing. It is observed that laser-treatment
reduced lcor value upto 94% and 86% for Ti/IOBAG and Ti/25BAG coatings,
respectively. Similarly, Ecorr Value for Ti/10BAG composite coating was measured as -
381 mV, and after laser treatment, it was measured as -337 mV. Ecorr Value after 2 hr of
immersion for Ti/25BAG was -208 mV, and the laser treatment took it to -191 mV.
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Figure 5.6: Electrochemical corrosion behavior of laser-treated cold spray coatings

in Ringer’s solution after 2 hr of immersion
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5.2.2 Electrochemical Impedance Scans

The electrochemical impedance spectroscopy (EIS) results followed the same trend as
the potentiodynamic polarization results for the cold-sprayed coatings in Ringer’s
solution. An equivalent two-layer model circuit is fitted to calculate the physical
parameters of the corrosion behavior, as shown in Fig. 5.8. Rs in the equivalent circuit
represents the electrolytic resistance, Rp as the charge transfer resistance of the coating,
Cp as the capacitance of developed coatings, Rb as the polarization resistance of
substrate, and the double layer capacitance as Cb. Rh and Ch represent the capacitance

and resistance of precipitates into the pores.

—
——
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]

Figure 5.8: Equivalent circuit fitted for electrochemical impedance spectroscopy
(EIS) analysis of Ti/BAG composite coatings on SS316L
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The Nyquist representation of impedance for Ti/BAG composite coatings is displayed
in Fig. 5.9. The data is plotted for the real part of impedance (resistance) versus the
imaginary part of impedance (capacitance) in Ringer’s solution. The Nyquist plots of
Ti/BAG coated steels show two capacitive loops (semicircles) except for 40 hr of
immersion time in Ringer’s solution. The low frequency loop is associated with second
oxide layer, whereas the high frequency loop is related to first oxide layer. The shape of
the Nyquist plots for all the coated samples was semicircle (capacitive), but the
diameters were different. The semicircle diameter of all the coating samples was
observed to increase with the increase in BAG content. The bigger the semicircle
diameter, the better the corrosion resistance because it indicates the formation of a
thicker protective passive oxide layer. The Ti/25BAG composite coating has shown the
biggest semicircle, indicating its superior corrosion performance in Ringer’s solution
(Fig. 5.9 (a)). The charge transfer resistance (Rp) was also found to be maximum for
Ti/25BAG composite coating and minimum for Ti/10BAG composite coating, which
was calculated from the fitted data using Echem software. The Rp value for Ti/25BAG
was 3.46 kQ-cm? and for Ti/10BAG composite coating, it was 0.68 kQ-cm? after 2 hr

of immersion in Ringer’s solution.

The Nyquist plot shows that the size of the semicircle continued to increase with the
increase in BAG content as the immersion time was increased from 2 hr onwards (Fig.
5.9(b) and Fig. 5.10(a)). It can be clearly observed from Fig. 5.10(b) that the size of the
semicircle has increased with immersion time. The Rp of Ti/25BAG composite coating
after 2 hr of immersion, 16 hr of immersion, and 40 hr of immersion in Ringer’s solution
was 3.46 kQ-cm?, 3.64 kQ-cm?, and 4.37 kQ-cm?, respectively: Therefore, it can be
concluded that with the increase in immersion time, the coatings displayed better

corrosion behavior in Ringer’s solution.
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Figure 5.9: Nyquist behavior of cold sprayed Ti/BAG composite coatings on

SS316L in Ringer's solution (a) 2 hr of immersion time (b) 16 hr of immersion time

111



[Aﬂer 40hr of immersion in Ringer's solutioq] = ( )
4000 [ 3" Ti/25BAG a
P A Ti/20BAG -
$ e TiI/15BAG
& -3000 || v T/ 10BAG -
-S u
© .
2-2000 "
@®© .
c
§ -
£ . _ A
= 00 -. ‘AAAAAAA“‘“
" “. P e % 0 0 0 00,
.wg,'vvvvvv,w
0 v T v T v T v T v T v
0 500 1000 1500 2000 2500 3000
Real part (ohm-cm’)
= 40 hr of immersion|
~4000 e 16 hr of immersion. (b)
= s . 2hrofimmefsionJ =
é-sooo- .
s el
= ) = -
a . :
a.m ® E . - *
(1] L] Ee] o®
E 4 ‘k - .o“
g : 1
E .1000- .. ;“'f ® 40 b of immersion
. * 16 ir of immersion
" l & 2 i of imemerson
P“.. ® ot - -....-&...o‘; -
o - | - - | - -
0 500 1000 1500 2000 2500

Real part (ohm-cm?)

Figure 5.10: Nyquist behavior of cold sprayed Ti/BAG composite coatings on
SS316L in Ringer's solution (a) 40 hr of immersion time (b) Ti/25BAG with

immersion time

112



The Bode plots (Fig. 5.11 and Fig 5.12 (a and b)) also depict that all the coatings were
capacitive in nature. The effect of BAG and immersion time in Ringer’s solution on
impedance is shown in Fig. 5.13. In the lower frequency region, the impedance value
was consistent with the increase in BAG content and the increment in immersion time,
which indicates that the developed Ti/BAG composite coatings exhibit an anti-corrosion
behavior. The maximum logarithmic value of impedance at lower frequency region for
Ti/I0BAG composite coating after 2 hr of immersion in Ringer’s solution was 80 kQ-
cm? and for Ti/25BAG, it was 502 kQ-cm?. After 16 hr and 40 hr of immersion in
Ringer’s solution, Ti/25BAG composite coating performed even better. The maximum
obtained logarithmic impedance value for Ti/25BAG coating in the lower frequency
region after 16 hr of immersion and after 40 hr of immersion was measured as 1832 kQ-

cm? and 4705 kQ-cm? respectively (Fig. 5.13).
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Figure 5.11: Bode plot of the cold sprayed Ti/BAG composite coatings on SS316L

after 2 hr of immersion
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Figure 5.12: Bode plot of the cold sprayed Ti/BAG composite coatings on SS316L

after (a) 16 hr of immersion, (b) 40 hr of immersion
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5.2.3 Post-Corrosion Analysis

SEM surface micrographs of the mirror-polished SS316L substrate before and after the
electrochemical corrosion test in Ringer’s solution are shown in Fig. 5.14. A significant
corrosion of the substrate is clearly visible. The oxide scale of the substrate has got
spalled-off after 40 hr of exposure to Ringer’s solution. SEM micrographs of Ti/BAG
composite coatings after 2 hr, 16 hr, and 40 hr of immersion time in Ringer’s solution
are also taken and shown in Fig. 5.15, 5.16, and 5.17. The micrographs show that the
coatings suffered comparatively lesser corrosion than the substrate, as no crack-like
features are observed over the coating surfaces. EDS elemental compositions of
corroded samples are also shown in Fig. 5.15, 5.16, and 5.17. The results reveal that the
corroded coatings have more than 65% oxygen in their oxide scale compositions. In
contrast, the oxygen content before corrosion was less than 12% for each of the coating
surfaces, as shown in Chapter 4. It indicates that the coatings have experienced oxidation
reactions to form passive oxides. Furthermore, it was observed that even after 40 hr of
exposure in Ringer’s solution, all the coatings were well intact with the substrate and no

spallation was observed.
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Cold-sprayed Ti/25BAG coated steel performed best against corrosion among all the
investigated steels. Therefore, elemental mapping of corroded Ti/25BAG composite
coating after 2 hr of immersion in Ringer’s solution was performed using EDS and is
reported in Fig. 5.18. A significant amount of oxygen and titanium content was observed
from the EDS maps. Moreover, traces of calcium, silicon, and zirconium were also
observed. These observations indicate the formation of a passive oxide layers over the
coating surface. The cross-sectional SEM/EDS analysis of Ti/25BAG also supports the
formation of oxides over the surface after 2 hr of immersion in Ringer’s solution, as
shown in Fig. 5.19. Also, it has been observed that the intensity of the formed oxides
was significantly higher at the top, and it decreased with the depth into the coating. It
indicates that the electrolyte has not penetrated much into the coating, which indicates
towards its protective nature. These passivities of corrosion layers were further
confirmed by XRD analysis of the exposed coated samples (Fig. 5.20 (a)). The analysis
confirms the formation of TiO, TiO,, CaO, SiO and ZrO, passive oxides in the exposed
samples. Laser-treated corroded samples were also assessed using XRD, as shown in
Fig. 5.20(b). The XRD data of the corroded samples revealed the formation of TiO»,
Ca0, SiOy, and ZrOa.
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Figure 5.14: Surface SEM micrographs of SS316L (a) before corrosion (b) after

corrosion
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Figure 5.15: Surface SEM micrograph of corroded cold sprayed Ti/BAG composite
coatings after immersion in Ringer's solution for 2 hr (a) Ti/L10BAG (b) Ti/15BAG
(c) Ti/20BAG (d) Ti/25BAG
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Figure 5.16: Surface SEM micrograph of corroded cold sprayed Ti/BAG composite
coatings after immersion in Ringer's solution for 16 hr (a) Ti/10BAG (b) Ti/15BAG
(c) Ti/20BAG (d) Ti/25BAG
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Figure 5.17: Surface SEM micrograph of corroded cold sprayed Ti/BAG composite
coatings after immersion in Ringer's solution for 40 hr (a) Ti/10BAG (b) Ti/15BAG
(c) Ti/20BAG (d) Ti/25BAG
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Figure 5.18: Surface EDS mappings of the corroded cold sprayed Ti/25BAG

composite coating on SS316L after 2 hr of immersion in Ringer’s solution

Coating’s cross-sectional surface

Figure 5.19: Cross-sectional SEM micrograph and EDS mappings of corroded cold

sprayed Ti/25BAG composite coating on SS316L after 2 hr of immersion in

Ringer’s solution
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Figure 5.20: XRD analysis of corroded cold sprayed Ti/BAG composite coating on
SS316L after 2 hr of immersion time in Ringer's solution (a) as-sprayed (b) laser-

treated
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5.2.4 Discussion

5.2.4.1 As-sprayed Coatings

In general, the investigated cold-sprayed coatings, that is, Ti/10BAG, Ti/15BAG,
Ti/20BAG, and Ti/25BAG, have been successful to protect the steel substrate. Based on
the corrosion rate and lcorr Values, the corrosion performance of the coated and uncoated
samples in Ringer’s solution for any of investigated immersion times can be arranged

in the following order:
Substrate > Ti/1I0BAG > Ti/15BAG > Ti/20BAG > Ti/25BAG

Moreover, it can be reckoned that the relative corrosion performance of Ti/25BAG is
the best among all the investigated coatings in Ringer’s solution. From the
potentiodynamic scans, it has been observed that all the cold-sprayed coatings
performed better than the substrate surface. It is because Ti forms a passive protective

layer of titanium oxide when exposed to Ringer’s solution.

Surface XRD results indicated the formation of passive oxides such as TiO, CaO, SiO,
and ZrOzin the corrosion scale of the coatings. It indicates that the BAG available into
the coatings might have dissolved and formed CaO, SiO», and ZrO, when exposed to
Ringer’s solution. EDS analysis further supports the formation of these phases.
Moreover, the corrosion performance of these coatings has been observed to improve
with the immersion time in Ringer’s solution. The growth of these passive oxides of Ti,
Si, Zr, and Ca to cover the surface of the coatings increases with the increase in
immersion time, which produces a barrier to corrosion by separating the coatings from
the corroding environment. SiO is well known for its anti-corrosion and biological
properties (Qin et al., 2020), (Catauro et al., 2016). Catauro et al. (Catauro et al., 2019)
reported the anti-corrosion effect of ZrO.-SiO, composite coatings over titanium
substrate in their study for biomedical applications. Krupa et al. (Krupa et al., 2005)
reported in their work that the implantation of calcium ions over titanium leads to the
formation of CaO when exposed to a body fluid environment and further helps in
improving the corrosion resistance of the coating. Thus, the formation of these oxide
phases is a boon for protection against corrosion. Additionally, it is reported in Chapter
4 that the retention of BAG was maximum in Ti/25BAG cold-sprayed composite
coating, which means the metal (Ti) surface exposure to the Ringer’s solution is

minimum. Hence, the minimum corrosion rate was observed in this coating.
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EIS data also supports the potentiodynamic scan results. The Nyquist plot shows that all
of the coatings formed semicircles of different diameters. Ti/25BAG composite coating
formed the largest semicircle among all the investigated cases for all the immersion
times. It means the Ti/25BAG composite coating forms the most stable thick protective
oxide layer over the surface of the coating. Additionally, Nyquist plots showed that for
all the coatings two capacitive loops were observed subjected to 2 hr and 16 hr of
immersion times, which indicate the pitting or cracking of the first oxide layer and hence
the signatures of second oxide layer formation were observed for each type of the
coatings. However, in the case of 40 hr of immersion time in Ringer’s solution, there
was no signature of ions release or second layer formation. It may be because, after 2 hr
and 16 hr of immersion in Ringer’s solution, the protective oxide layers were not stable,
and they might have broken up. Because of this, the ions were released, and second
capacitive loops were observed. In the case of 40 hr immersion in Ringer’s solution, the
protective passive oxide layer was stable and thick enough. Because of this, there was
no signature of second-layer development or ions release. The Bode plots also indicated
that Ti/25BAG offers the best protection to the substrate as it shows the maximum
impedance in lower frequency region, which is in good agreement with the
potentiodynamic scans and Nyquist plot results. Moreover, there was no evidence
observed from potentiodynamic or EIS results that indicates the removal of coating from
the substrate. Therefore, on the basis of above facts, it can be concluded that the
composite coatings were more corrosion-resistant than the bare substrate. The corrosion
rate for each of the investigated coatings was found to be below 1 micron/year. As per
the 1SO standard, the surface would be perfectly stable if the corrosion rate is less than
1 micron/year (ISO, n.d.). Zhou and Mohanty (Zhou and Mohanty, 2012) developed
cold-sprayed pure Ti and 20 wt.% HA/Ti composite coating and reported Ecorr and
Icorr values for Ti as 0.362 pA/cm? and - 241 mV and for 20 wt.% HA/Ti as 0.934
HA/cm? and - 379 mV in Ringer’s solution. Compared with them, the Ti/20BAG cold-
sprayed composite coating showed better Ecorr and Icorr values (0.668 pA/cm? and -
178 mV). It indicates that the cold-sprayed Ti/20BAG composite coating outperformed
the cold-sprayed pure Ti and 20 wt. % HA/Ti composite coating in Ringer’s solution.
This observation indicates towards the potential of BAG to replace HA in biomedical

applications.
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As mentioned in Chapter 4, the porosity has been observed to increase with the increase
in BAG content. It is well established that porosity is one of the crucial factors in
promoting corrosion. Contrary to this, it was observed that the corrosion resistance and
porosity increased with the increase in BAG content in this work. This can be explained
by the two-layer model discussed above in electrochemical impedance spectroscopy
fitted data. The coatings had a porous layer at the top and a dense layer at the bottom.
The dissolution of BAG led to the formation of dense passive oxides such as SiO», CaO,
and ZrO- in Ringer’s solution. It might have further led to the precipitation of Ringer’s
salt, which blocks the pores (Pan et al., 1996). Additionally, Ti forms passive TiO2 when
exposed to Ringer’s solution and is very well known for its excellent corrosion
resistance. Therefore, BAG might have compensated for the effect of porosity by
blocking the pores due to the precipitation of Ringer’s salt. Souto et al. (Souto et al.,
2003) have also reported similar results for hydroxyapatite coating on Ti6Al4V in

simulated body fluid environment.
5.2.4.2 Laser-treated Coatings

Laser treatment of as-sprayed coatings reduced apparent surface porosity and surface
roughness, as reported in Chapter 4. Marrocco et al. (2011) (Marrocco et al., 2011)
reported similar results for laser-treated cold-sprayed Ti coatings. From the
microstructural characterization (reported in Chapter 4), it was also observed that the
laser treatment led to the formation of equiaxed grains at the top layers of the coating.
Garbach et al. (Garbacz et al., 2007) reported that the surface texture may influence the
quality and thickness of passive oxides. However, grain sizes do not affect the thickness
of the passive oxide layer on the titanium surface. Wei et al.(Wei et al., 2019) reported
that laser treatment reduces the residual stresses and dislocation density of the additively
manufactured titanium parts. In another work, Kim and Kim (Kim and Kim, 2014)
claimed that a reduction in dislocation density and residual stresses enhanced the
corrosion performance of titanium. Hence, laser-treatment of investigated coatings
might have reduced the dislocation densities and residual stresses of the cold-sprayed
coatings and further improved the corrosion resistance in Ringer’s solution. Ti/25BAG-
L composite coating performed best among all the investigated coatings after 2 hr of
immersion in Ringer’s solution. The surface area exposed to Ringer’s solution was

expected to decrease due to the reduction in porosity and surface roughness after the
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laser treatment of as-sprayed coatings. Thus, the better corrosion performance of the

laser-treated coatings was expected.

After 2 hr of immersion in Ringer’s solution, the potentiodynamic scans of laser-treated
cold spray coatings show that the Ecorr value has shifted towards the noble direction, and
the lcorr value has decreased significantly. Based on Ecorr and lcorr Values, the corrosion
performance of laser-treated and as-sprayed coatings after 2 hr of immersion in Ringer’s

solution can be arranged in the following order:
For Ecorr,

Ti/10BAG > Substrate > Ti/10BAG-L > Ti/15BAG > Ti/15BAG-L > Ti/20BAG >
Ti/20BAG-L > Ti/25BAG > Ti/25BAG-L

For lcorr,

Substrate > Ti/10BAG > Ti/15BAG > Ti/20BAG > Ti/25BAG > Ti/10BAG-L >
Ti/15BAG-L > Ti/20BAG-L > Ti/25BAG-L

The leorr value reflects the corrosion performance of the composite coatings under
Ringer’s solution. Surface XRD results revealed that oxides such as TiO2, CaO, SiOy,
and ZrO- have formed after corrosion in Ringer’s solution. These oxides of Ca, Si, and
Zr are well-known to produce a barrier against corrosion (Catauro et al., 2016), (Catauro
etal., 2019).
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CHAPTER-6

SLIDING WEAR STUDIES

This chapter deals with the findings of sliding wear testing of the developed cold spray
Ti-based coatings on the biomedical steel (SS316L) substrate. Pin-on-disc (PoD) sliding
wear configuration was used to assess the tribological behaviour of cold spray-coated
and uncoated materials. The results of wear rate and coefficient of friction (CoF) in dry
and Hank’s solution have been reported and discussed. Post-wear analysis has also been
performed to characterize the wear signatures. The worn-out coated samples and counter
discs were analyzed using scanning electron microscopy (SEM), electron dispersive
spectroscopy (EDS), and X-ray diffraction (XRD).

6.1 Wear Behavior of Titanium/Titanium Oxide (Ti/TiO;) Coated and Uncoated

SS316L Steel

6.1.1 Friction

The coefficient of friction (CoF) is plotted versus sliding distance for SS316L substrate,
Ti/20TiO, Ti/40TiO2, and Ti/60TiO2 composite coatings in Fig.6.1. The substrate
exhibited an initial friction spike above 0.125 followed by a short run-in period, after
which CoF remained regularly between 0.078 and 0.084. The friction plots show that
each coating shows different behavior. The cold-sprayed Ti/40TiO, coating was
observed to have the highest average CoF and the largest variation in friction behavior.
The CoF fluctuated between 0.190 and 0.136 for cold-sprayed Ti/40TiO2 composite
coating. The cold-sprayed Ti/20TiO> coating displayed the smallest variation in CoF.
The CoF was observed to vary between 0.120 and 0.095. The cold-sprayed Ti/60TiO:
coating shows an initial rise in CoF up to 0.161 and then drops consistently up to 0.123,

after which it enters in a steady state.

The average CoF of the cold-sprayed Ti/TiO2 composite coatings and the substrate is
shown in Fig.6.2. The average CoF was observed to be maximum for cold-sprayed
Ti/40TiO2 composite coating. The substrate has been observed to offer minimum CoF

among all the investigated Ti/TiO> coated and uncoated SS316L steel. The average CoF
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for the investigated coatings was observed to increase with the increase in ceramic
content from 20% to 40% (in the feedstock); after that, the coating failed, and CoF
decreased (Fig. 6.1).

The CoF has been observed to be minimum for the substrate and alumina tribopair; it
may be because the used substrate is mirror polished, and the asperities responsible for
the generation of frictional force have already been removed. Superior microhardness
and good bonding between the particles of Ti/20TiO, coating may be the reason for the
asperities to resist the alumina surface (counterface), leading to smaller CoF caused by
the minimum real area of contact (Yoon et al., 2005). However, the increase in ceramic
content up to 40% in feedstock led to an increase in CoF caused by poor bonding and
lower microhardness, leading to a higher contact area. Further increase in ceramic
content of feedstock from 40% to 60% led to complete failure of the coating from the
substrate caused by the poor bonding, and a decrease in CoF was observed. After the
removal of the coating, the contact area increased; however, rubbing the counter
alumina surface on an already polished (MP) substrate would have caused a reduction
in CoF. These large steps in friction data show the sticking and sliding behavior of
welded junctions. Sudden increases in the Coefficient of Friction (CoF) signify the

occurrence of sticking, whereas sudden drops indicate sliding behavior.

126



Substrate

Ti/20TiO,
Ti/40TiO,
Ti/60TiO,

=)
e —
- h

:

_,_L\_—_n——'_ﬂ_\——*——

Coefficient of Friction (CoF)

e
=
T

0 500 1000 1500 2000 2500 3000 3500 4000
Sliding Distance (mm)

Figure 6.1: Coefficient of friction (CoF) versus sliding distance plots for the in-situ
pin-on-disk sliding wear tests on cold sprayed Ti/TiO coated and uncoated SS316L

steel against alumina disk

6.1.2 Wear

The wear rate calculated from the mass loss and density after PoD tests for the substrate,
Ti/20TiOy, Ti/40TiO, were 23.33 x 10° mm3/N-m, 7.50 x 10° mm?*N-m, and 29.82 x
10° mm?®/N-m, respectively. The reported results indicate that the substrate has better
wear resistance than the developed coatings except for Ti/20TiO, composite coating.

Moreover, the Ti/60TiO2 coating failed during PoD testing.

Wong et al. (Wong et al., 2010) deposited pure Ti using the cold spray at the same
process parameters which have been used in this work and have reported the
microhardness value of deposited coating in the range of 177-208 HV. The deposited
Ti/20TiO2. composite coating has shown microhardness in the range of 234-256 HV.
However, for Ti/40TiO,, it has dropped to 145-171 HV, as reported in Chapter 4. It is
noticeable that the addition of TiO2 up to 20% has contributed to achieving higher
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hardness. However, beyond 20% content, the retention of TiO2 has decreased, which
influenced the microhardness of the coatings as well.

These wear behavior of investigated composite coatings can be explained by Archard's
wear equation (Archard, 1953),

W = (K x F) /(3 x H) (6.1)

Where W represents the wear volume per sliding length, K is the wear coefficient, F is
the applied load, and H is the hardness of the coating material. As per Archard’s wear
law (Equation 6.1), the wear rate is inversely proportional to the hardness of the softer
contacting surface (cold-sprayed coatings in this case) in the tribopair (Archard, 1953).
It was observed from the results that the microhardness and wear resistance followed a
similar trend. As per the discussion in Chapter 4, the micro-hardness value of the
Ti/20TiO2 composite coating was maximum, which could be one of the reasons for its
superior wear resistance. Koricherla et al. (Koricherla et al., 2021) reported the
microhardness value and wear behavior of cold-sprayed titanium coating in their work.
They stated that cold-sprayed Ti had microhardness and wear rates ranging from 189 to
219 HV and 84 x 10 mm?N-m to 116 x 10° mm3/N-m, respectively. The deposited
Ti/20TiO, composite coating has shown a wear rate in the range of 6.3 x 10° mm?®/N-
m to 9.2 x 10° mm®/N-m, which is way better than the cold-sprayed Ti coatings. It
indicates that the presence of TiO2 (20%) in the Ti matrix significantly helped in
improving the wear resistance of the coatings. However, the wear rate continued to
increase beyond 20% of TiOz in the Ti matrix, and it could be because of poor cohesion

and adhesion of the Ti and TiO- splats, as discussed in Chapter 4.
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sprayed Ti/TiO> coated and uncoated SS316L steel against alumina disk

6.1.3 Wear Mechanism

The wear mechanism has been explored by analyzing the worn coating surfaces.
SEM/EDS micrographs of the coatings after PoD tests are shown in Fig 6.3. SEM
micrographs of the worn surfaces, Ti/TiO: coated, and uncoated steel revealed abrasion
along with ploughing action in sliding direction. The abrasive grooves might have
formed due to the entrapment of the wear debris between the tribopair. Munagala et al.
(Munagala et al., 2020) discussed the sliding wear behavior of cold-sprayed Ti6Al4V
coating against alumina disk. They observed similar signatures of sliding wear in their
work. The entrapment of wear debris between the coatings and counterface was proved
to be the reason for it. The other possible reason for the formation of abrasive grooves
could be the micro-cutting action of the counterface. The hard counterpart (alumina)
surface peaks penetration into the relatively softer composite coating, causing the micro-

cutting action, which further leads to the formation of cracks and pits.

The plastic deformation of the Ti splats caused by the rubbing action between the
coatings and the counterpart was believed to be one of the reasons for the development

of cracks at the inter-splat boundaries. The formation of these cracks further leads to the
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delamination of the splats from the coating and promotes wear rate. The TiO splats in
the Ti matrix tend to provide strength to the deformed Ti splats into the composite
coating and protect the coating from wear. Tesfay et al. (Tesfay et al., 2009) discussed
the effect of TiO2 on wear behavior of the Al/TiO, composite. They reported that the
decreased real area of metal contact with the counterface and good mechanical
properties of TiO2 were the reason for the good wear resistance of composites. However,
after a threshold value (beyond 20% in this case), these TiO- splats adversely affect the
bonding between the splats and promote wear rate. Moreover, the TiO; splats tend to
fracture on sliding against the counterface and contribute to wear debris formation. The
formed wear debris works as a third body and promotes wear rate.

Additionally, the signatures of adhesive wear were also observed over the coating
surface. It is believed that high temperature during sliding led to the formation of weld
junctions. The ploughing action leads to the transfer of material from one place
(coatings) to the other (counterface) by breaking the weld junctions (Lisowski and
Stolarski, 1981). The micro-cutting, delamination, and micro-cracks signature have
been found to be more severe in the cold-sprayed Ti/40TiO, composite coating than in
Ti/20TiO2 composite coating (Fig. 6.3). Hence, it leads to relatively poor wear

resistance.
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Figure 6.3: SEM micrographs along with EDS mappings of cold-sprayed SS316L
steel surfaces subjected to wear test in a dry environment (i) Ti/20TiO2 coating (ii)
Ti/40TiO2 coating (iii) Ti/60TiO2 coating
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6.2 Wear Behavior of Titanium/Baghdadite (Ti/BAG) Coated and Uncoated

SS316L Steel
6.2.1 As-Sprayed Coatings

6.2.1.1 Friction

The CoF against sliding distance graphs for the cold-sprayed Ti/BAG coated and
uncoated SS316L steels are shown in Fig. 6.4(a and b). Friction plots show that each
coating behaved differently. In dry condition, Ti/25BAG coating was observed to have
the highest CoF, which fluctuated between 0.146 and 0.235. Ti/20BAG coating
exhibited the second-highest CoF, in the range of 0.143 - 0.21. The substrate showed
the minimum CoF with minimum fluctuation (0.113 - 0.137). Cold-sprayed Ti/15BAG
coating showed the second lowest CoF, The fluctuation in CoF for cold-sprayed
Ti/I0BAG was found between 0.093 and 0.203. Whereas, in a simulated body fluid
environment (Hank’s solution), friction plots show significantly low CoF compared to
the dry environment (Fig 6.4(b)). Cold-sprayed Ti/15BAG was found to have minimum
CoF, and it varied between 0.031 and 0.065. Ti/10BAG coating was observed to have
the second lowest CoF after Ti/15BAG. The CoF fluctuated between 0.040 and 0.072.
The substrate was shown to have the largest CoF among all the investigated specimens,
followed by Ti/25BAG coating. Cold-sprayed Ti/20BAG coating exhibited CoF in the
range of 0.049 - 0.087.

The influence of BAG content on average CoF is shown in Fig. 6.5. For dry conditions,
the results indicate that the average CoF was minimum for Ti/15BAG coating and
maximum for Ti/25BAG coating among all the investigated specimens. It was believed
that superior scratch resistance and microhardness of cold-sprayed Ti/15BAG coating
could have helped the asperities to withstand the alumina counter surface. It might have
led to a smaller real contact area, lesser asperity junctions, and the lowest CoF. Likewise,
poor scratch resistance and microhardness of Ti/25BAG coating could have been the
reason for the severe plastic deformation of asperities, leading to a higher real area of
contact, more asperity junctions, and hence the highest CoF. Yoon et al. (Yoon et al.,
2005) discussed the effect of contact area on CoF in their work, which is consistent with
the results reported in this study. Moreover, the average CoF values were observed to
be relatively smaller in the simulated body fluid environment compared to the dry

environment. It is believed that the Hank’s solution could act as a lubricant, and also
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flush out wear debris from the areas of sliding contact, thereby reducing the real contact

area and resulting CoF.
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Figure 6.4: Coefficient of friction (CoF) versus sliding distance plots for the pin-on-
disk sliding wear tests for cold spray Ti/BAG coated and uncoated SS316L steel

against alumina disk under (a) dry condition and (b) Hank’s solution
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6.2.1.2 Wear

The wear rates calculated at the end of the PoD tests were plotted against the BAG
content. Fig. 6.6 depicts the change in wear rate in Hank's solution and dry condition
with the BAG content. For the dry environment, the average wear rates for the bare steel,
Ti/10BAG, Ti/15BAG, Ti/20BAG, and Ti/25BAG coatings were 20 x 10°> mm?®N-m,
29 x 10° mm3/N-m, 7 x 10° mm®/N-m, 98 x 10° mm?/N-m, and 141 x 10° mm®/N-m,
respectively. In the simulated body fluid environment, the average wear rate was 15 x
10° mm3/N-m, 13 x 10° mm?3/N-m, 8 x 10° mm?N-m, 33 x 10°> mm?3/N-m, and 59 x
10° mm3/N-m for the substrate, Ti/10BAG, Ti/15BAG, Ti/20BAG, and Ti/25BAG,
respectively. The results signify that the wear resistance of SS316L substrate in the dry
condition was better than the developed cold-sprayed coatings, with an exception of
Ti/15BAG coating. In other words, Ti/15BAG was successful to reduce the wear loss
of SS316L steel. Moreover, it is observed that BAG fraction has a positive effect on
wear resistance upto an addition of 15% in Ti-matrix, however beyond 15%, BAG

content has a negative effect on wear resistance. Ti/15BAG coating has experienced the

134



minimum wear rate among all the investigated coatings, whereas Ti/25BAG coating has

experienced the maximum wear rate.

The wear behavior of investigated composite coatings can be explained from Archard's
wear equation, that is, Equation (6.1), which signifies that on the basis of higher the
hardness of the coating lower will be the wear rate. High hardness restricts the plastic
deformation of the asperities and limits the number of asperity junctions. The shearing
of asperity junctions causes material loss; therefore, the lesser the number of asperity
junctions, the wear rate will be lower. Microhardness value is maximum for Ti/15BAG
composite coating and minimum for Ti/25BAG composite coating. Hence wear rate

trend is consistent with predictions of Archard’s equation.

The wear rate in a simulated body fluid environment is relatively less than in the dry
environment for all the investigated materials, as shown in Fig. 6.6. Moreover,
Ti/10BAG and Ti/15BAG coatings are successful in protecting the substrate from wear
in Hank's solution due to their superior microhardness, higher contact angle, and greater
scratch resistance. Once again, the wear rate of all the developed coatings depends on

the microhardness, in line with Archard’s wear equation.

Porosity is also one of the factors that may affect the sliding wear behavior of the
developed cold-sprayed coatings in dry and simulated body fluid environments. As the
porosity increases, the wear resistance of the coating is expected to decrease as it can
contribute to the development of cracks (Sinha et al., 2015). However, in the current
study, the wear resistance of the developed coatings has increased with an increase in
BAG content up to 15% BAG and 5% porosity. The reason behind this can be the
entrapment of wear debris in the pores, which further protects the surface from crack
propagation or wear and may have also helped in making the pores relatively stable
beneath the worn surface (Simchi and Danninger, 2004). Another possible reason is the
retention of BAG particles in well-bonded Ti/10BAG and Ti/15BAG coatings, which
may have contributed in protecting the matrix from the destructive action of wear.
However, beyond 15% BAG, the higher porosity led to weaker bonding in cold sprayed
Ti/20BAG and Ti/25BAG coatings. Therefore, even if the pores are filled with wear
debris, the weakly bonded particles will wear out during sliding and lead to higher wear

rate. The higher porosity decreases the contact area and produces high strain-induced
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stress while sliding, making the pores relatively unstable underneath the worn surface
(ZHANG et al., 2008).
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Figure 6.6: Microhardness and wear rate against alumina disk of the cold sprayed
Ti/BAG composite coatings on SS316L

6.2.1.3 Wear Mechanism

Post-wear analysis has been performed on the worn coating surfaces to understand the
wear mechanism for the cold-sprayed Ti/BAG composite coatings. SEM/EDS
micrographs of the worn Ti/BAG cold sprayed coatings against alumina counterface for
dry sliding conditions are shown in Fig. 6.7. In the dry environment, abrasion of the
surfaces is observed to be the leading cause of coating’s failure. It was observed from
the images that three-body abrasion was the dominant wear mechanism in all the
investigated coatings. Signatures of micro-cracks, pitting, delamination, and micro-
cutting were found over the worn coating surfaces. Micro-cracks present in the coatings
may lead to the formation of pits and/or delamination on the coating surfaces. The
reason behind the development of these cracks is the plastic deformation caused by the
three-body rolling abrasion of the coatings. Micro-cutting features were also observed

on the coating surfaces because of the ductility offered by the matrix of the Ti/BAG
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coatings. Wear debris present over the surfaces promote wear between the contacting
surfaces. Also, it was observed that the size of the wear debris is relatively smaller than
that of the powder particle size used for the deposition of the composite coatings. Severe
plastic deformation of the coatings against alumina disk leads to large numbers of
smaller wear debris, which further affect the wear rate (HONG et al., 2018). In the case
of cold-sprayed Ti/15BAG composite coating (Fig. 6.7 (b)), wear debris concentration
and plastic deformation were observed relatively less, which can be a reason for the

comparatively lower wear rate (Habib et al., 2020).

On the other hand, Ti/25BAG coating (Fig. 6.7 (d)) underwent severe plastic
deformation, causing a maximum wear rate among the investigated coatings. Moreover,
Ti/10BAG coating has shown relatively more wear than the substrate, even if it has
better microhardness. The can be attributed to the fact that this coating higher a
roughness in as-sprayed condition. This might result into relatively severe rubbing of
rougher peaks over the hard counter surface leading to high-stress concentration, and
subsequently severe plastic deformation causing higher wear rates (Shi et al., 2019). On
the other hand, the substrate was mirror polished, having relatively lower roughness.
Therefore, the reported wear rate, that is, the steady-state wear rate of the substrate, is
lesser than that of the Ti/10BAG coating.

The high magnification SEM micrographs of the cold sprayed coating surfaces after the
PoD tests in the simulated body fluid environment are shown in Fig. 6.8. The three-body
abrasion has been identified the mechanism of failure of the investigated coatings
against the hard alumina counter surface. However, the concentration of wear debris
responsible for the 3-body abrasion is relatively lesser than that of the dry environment,
which in turn helped in reducing the wear rate of the coatings. One of the reasons for
the lower wear rate in a simulated body fluid environment could be the formation of a
lubricant layer between the contacting surfaces, which may help remove the wear debris
from the contact surfaces. The worn-out coating surfaces are relatively smooth, when
compared with those of dry worn-out counterparts. This could be attributed to the rapid
formation of the oxide layer and its removal in subsequent sliding contact under the

simulated fluid environment (Majumdar et al., 2008).
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Furthermore, the alumina counterfaces were analyzed using SEM/EDS to investigate
the material transfer during sliding wear testing of the cold-sprayed composite coatings,
as reported in Fig. 6.9, 6.10, 6.11, and 6.12. In all the investigated counter surfaces, the
coating material was found to have adhered. EDS mapping confirmed the presence of
coating material over the counter surface. This may be attributed to the generation of
frictional heat and plastic deformation of softer material in the tribosystem caused by
the development of welded junctions at the asperities of the sliding surfaces. If the
strength of the junction is stronger than the cohesive strength of the coating material,
material transfer occurs (Gaard et al., 2010). It has also been observed that the transfer
of coating material on alumina disk in Ti/15BAG coating was minimum and maximum
for Ti/25BAG composite coating among all the investigated coatings, as shown in Fig.
6.9(b and d). These results are consistent with the wear rate. Traces of calcium,
zirconium, and silicon were also observed, indicating the transfer of BAG material over

the counter surface.

SEM/EDS analysis of the counterfaces after the PoD tests on the developed coatings in
the simulated body fluid environment is also shown in Fig. 6.9. The results suggest that
adhesive wear mechanism was dominant in these cases. This can be attributed to the
fact that the transfer of coating material observed on the counterface was relatively more
than that of the dry environment. Adhesive wear grooves were observed over all the
coating surfaces. It was because the shearing of lubricant may have caused the
development of high temperature at the contact, which further led to the formation of
weld junctions between the asperities of the cold sprayed Ti/BAG composite coating
surface and counter alumina surface (Mishina and Hase, 2013; Niinomi et al., 1999).
The amount of material transfer was observed to be maximum in Ti/25BAG composite
coating and minimum in Ti/15BAG composite coating (Fig. 6.9 (d and b)), which is in

good agreement with the obtained wear rates.
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Figure 6.9. Surface SEM micrographs along with elemental mappings of counter

alumina surface after pin-on-disk test in dry condition against cold spray SS316L
steel (a) Ti/I0BAG coating (b) Ti/15BAG coating
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Figure 6.10. Surface SEM micrographs along with elemental mappings of counter

alumina surface after pin-on-disk test in dry condition against cold spray SS316L
steel (c) Ti/20BAG (d) Ti/25BAG
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Figure 6.11. Surface SEM micrographs along with elemental mappings of counter

alumina surface after pin-on-disk test in Hank’s solution against cold spray SS316L
steel (a) Ti/1I0BAG coating (b) Ti/15BAG coating
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Figure 6.12. Surface SEM micrographs along with elemental mappings of counter

alumina surface after pin-on-disk test in Hank’s solution against cold spray SS316L
steel (c) Ti/20BAG coating (d) Ti/25BAG coating

6.2.2 Laser-Treated Coatings

6.2.2.1 Friction

The average values of CoF before and after laser treatment for the cold-sprayed Ti/BAG
composite coatings under a simulated body fluid environment (Hank’s solution) are
displayed in Fig. 6.13. It can be observed that the laser treatment of cold-sprayed
Ti/BAG composite coatings led to a substantial reduction in average CoF. The average
CoF dropped approximately 50%, 27%, 62%, and 55% for Ti/10BAG, Ti/15BAG,
Ti/20BAG, and Ti/25BAG coatings, respectively. This drop in average CoF can be
explained by the improvement in the microhardness of the Ti/BAG coatings due to laser
treatment. The microhardness of the cold-sprayed Ti/BAG coatings in the top layers
improved several times after laser treatment, as discussed in Chapter 4. The harder
asperities are believed to show lesser plastic deformation, which leads to a smaller real

area of contact, lesser asperity junctions, and easy relative motion. Hence, low CoF was
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observed in all the cases. Mokhtar (Mokhtar, 1982) discussed the effect of hardness on
the frictional behavior of materials. He experimentally proved that hard surfaces (after
heat treatment) usually show more resistance to adhesion (lesser weld junctions or
asperity junctions) and provide low friction. It was because of their high surface energy

and lesser internal residual stresses.
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Figure 6.13: Comparative coefficient of friction results of as-sprayed and laser-

treated cold spray Ti/BAG coated SS316L steel against alumina disk

6.2.2.2 Wear

The average values of wear rate before and after laser treatment for the cold-sprayed
Ti/BAG coatings under the simulated body fluid environment are shown in Fig. 6.14.
The calculated values of average wear rate for Ti/10BAG-L, Ti/15BAG-L, Ti/20BAG-
L, and Ti/25BAG-L coatings were 24 x 10° mm?®/N-m, 14 x 10 mm?3/N-m, 66 x 10
mm3/N-m, and 161 x 10 mm?®N-m, respectively. Ti/15BAG-L was found to the best
to offer wear resistance to the substrate steel among all the investigated coatings under
the simulated body fluid environment in terms of wear. On the other hand, the maximum
wear rate was observed for Ti/25BAG-L composite coating among laser-treated

coatings.
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The wear rate trend of the laser-treated coatings under the simulated body fluid
environment was observed to follow the microhardness trend. Moreover, the laser laser-
treatment reduced the wear rate of the as-sprayed coatings by 83%, 84%, 80%, and 73%
for TiI/10BAG, Ti/15BAG, Ti/20BAG, and Ti/25BAG compositions, respectively. This
could be attributed to the relatively denser and uniform microstructure of the laser-
processed coatings in comparison with that of the as-sprayed coatings (Chapter 4). It
has already been reported that the porosity of the coatings was reduced significantly
after laser-treatment. Moreover, the microhardness was also improved significantly after
laser treatment, which according to Archard’s wear equation (Equation 6.1) makes the
surfaces more wear resistance. It is well known that the harder surfaces show relatively
lesser plastic deformation and a smaller real contact area. Thus, the tribosystem will

have lesser asperity weld junctions and subsequently low wear rate (Archard, 1953;
Mokhtar, 1982).
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Figure 6.14: Comparative wear rate results of as-sprayed and laser-treated cold
spray Ti/BAG coated SS316L steel against alumina disk
6.2.2.3 Wear Mechanism

The post-wear analysis was performed to understand the wear mechanism for as-sprayed

and laser-treated coatings against alumina after PoD tests under the simulated body fluid
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environment. SEM/EDS micrographs of the worn as-sprayed and laser-treated coating
are shown in Fig. 6.15. It is visible from SEM micrographs that as-sprayed coatings
underwent severe micro-cutting action relative to laser-treated coatings. Worn-out
particles (wear debris) were observed in both the cases on the surfaces of the coating,
however, the quantity of wear debris in laser-treated coatings was lesser compared to
that in the as-sprayed coatings. Fragmentation and size reduction of the coating
materials (in terms of wear debris) were evident from Fig. 6.15. The formed wear debris
might have promoted the micro-cutting action between the coating and counterface
during PoD tests. Also, the delamination of splats from the coating surfaces has been
witnessed in both the cases, refer to Fig. 6.15. In laser-treated coatings, delamination of
the ceramic (unmelted BAG) particles was spotted, which could be because of the
fracture of BAG during sliding, whereas the Ti particles bonded well to each other and
underwent micro-cutting/ploughing action. However, the delamination of matrix and
ceramic splats has been found in the as-sprayed coatings. Poor bonding between the
splats could be the reason for this behavior. Micro-cracks were detected on the worn as-
sprayed coatings surface, which were missing in the laser-treated coatings. Severe
plastic deformation of splats in as-sprayed coatings might have led to the micro-cracks
formation. However, the equiaxed grains formed due to laser treatment limit the plastic
deformation of the splats, and subsequently, no micro-cracks were seen. The above-
discussed features are the typical signatures of three-body abrasive wear. It is worth
noting that all the mentioned abrasive features are relatively more dominant in as-

sprayed coatings.

High magnification SEM/EDS micrographs of alumina disc (counterface) after PoD
tests against laser-treated coatings in simulated body fluid are shown in Fig. 6.16. The
coating material was detected over the counterface for the as-sprayed as well as laser-
treated coatings. The shearing of lubricant due to sliding action leads to the rise of
temperature between the contacting surfaces, which are prone to the development of
weld junctions (Lisowski and Stolarski, 1981). The bond strength of these formed
junctions might have exceeded the shear strength of the coating material and led to
material transfer from the coatings to the counterface. The other possible reason can be
the accumulation and deformation of wear debris onto the counter-surface. The above
observations indicate that adhesive wear also contributed to the wear of laser-treated

coatings. However, as-sprayed coatings underwent relatively severe adhesive wear, as
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shown in Fig. 6.9 and 6.10. Hence, relatively higher wear rate was observed in as-
sprayed coatings.
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Figure 6.15: Surface SEM micrographs of coated SS316L steel surfaces subjected to
wear test in Hank’s solution (a) Ti/10BAG coating, (b) Ti/I5BAG coating, (c)
Ti/20BAG coating, (d) Ti/25BAG coating, and laser-treated (a-1) Ti/10BAG-L

coating, (b-1) Ti/15BAG-L coating, (c-1) Ti/20BAG-L coating, and (d-1)
Ti/25BAG-L coating
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Figure 6.16: Surface SEM micrographs along with elemental mappings of counter
alumina surface after pin-on-disk test in Hank’s solution against cold spray laser-
treated SS316L steel (a) Ti/LOBAG-L coating, (b) Ti/15BAG-L coating, (c)
Ti/20BAG-L coating, and (d) Ti/25BAG-L coating.
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6.3 Comparative Discussion

A comparison of the wear data for the investigated materials indicates that the Ti/20TiO-
coatings successfully reduced the wear of SS316L steel among all the investigated
Ti/TiOzcoatings. The average wear rate value calculated for the substrate and Ti/20TiO-
coatings were 23.5 x 10° mm?3/N-m and 7.5 x 10> mm?/N-m, respectively. The superior
microhardness of Ti/20TiO2 has been ascribed as the reason for its better wear
resistance. The results obtained for Ti/BAG coatings suggest that Ti/15BAG composite
coating performed best among all the investigated Ti/BAG coatings in terms of wear
resistance. As-sprayed Ti/15BAG composite coating and substrate were shown an
average value of wear rate 7 x 10> mm3/N-m and 23 x 10> mm?/N-m, respectively. The
best wear resistance of Ti/15BAG coating is attributed to its best microhardness among
the investigated Ti/BAG coatings. The above-mentioned results indicate that both
(Ti/20TiO2 and Ti/15BAG) coatings successfully reduced the wear of SS316L steel.
Cold-sprayed Ti/15BAG coated steel has shown relatively better wear resistance than
cold-sprayed Ti/TiO steel. Moreover, it was observed that BAG showed more influence

on wear behavior than TiO-.
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CHAPTER-7

CONCLUSIONS

In the current work, some Titanium-based coatings have been developed on SS316L

biomedical steel by cold spray. Subsequently, potential of the coatings has been

investigated to improve the electrochemical corrosion and wear resistance of the steel

for Dbio-implant applications. Microstructural, mechanical, electrochemical, and

tribological analysis were characterized for both the substrate, as well as, the coatings.

The coated and bare SS316L steel were also analyzed for corrosion and wear under the

simulated body fluid environment. Salient conclusions from this work are enumerated

in the following sections.

7.1 Development and Characterization of Coatings

Mirror-polished SS316L surfaces were found to be most favorable to achieve
the best adhesion of the cold-sprayed Ti-based coatings.

Three different compositions of Ti/TiO2 (Ti/20TiO2, Ti/40TiO2,and Ti/60TiO2)
were successfully deposited on SS316L steel using high pressure cold spray
process. All of the coatings were well intact with the respective substrates.
Retention of the TiO; phase was confirmed from the XRD and EDS analysis.
Cold-sprayed Ti/20TiO, composite coating exhibited a higher microhardness in
comparison with the substrate and cold-sprayed pure titanium coating.
Likewise, four distinct compositions of Ti/BAG (Ti/10BAG, Ti/15BAG,
Ti/20BAG, and Ti/25BAG) were prepared and successfully deposited on MP
SS316L steel substrate using high-pressure cold spray facility. All Ti/BAG
coatings adhered well with their respective substrates. A maximum thickness of
247 um was achieved for Ti/10BAG coating, whereas, a minimum of 153 pum
for Ti/25BAG composite coating. This could be due to the increase in BAG-
BAG particle interaction. It is well known that the ceramic particles do not bond
to one another and influence the deposition of metallic particles as well during
cold spraying (Wang et al., 2010). Hence, a drop in coating thickness was

expected for the same number of passes with the increase in BAG content.
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The retention of the BAG phase was confirmed in the coating by XRD and EDS
analysis, which is a desirable characteristic for high quality coatings.

Porosity and surface roughness continued to increase with the BAG content in
feedstock. The lack of metallurgical bond formation due to the increase in the
interaction of ceramic-metallic particles was ascribed as the reason for this
observation.

The average microhardness was observed to increase up to 15% of BAG content
and followed a declining trend. Cold-sprayed Ti/15BAG composite coating
showed the best average microhardness (176 + 4 HVo5) among the investigated
samples. It can be attributed to the fact that beyond 15% BAG the process is
dominated by the interaction of BAG particles, which do not bond with one
another and leads to decrease in bond strength and subsequently microhardness
of the coatings.

All the cold-sprayed Ti/BAG coatings was biocompatible and exhibited
excellent cell viability. The cell viability of the developed coatings was observed
to increase with BAG content.

Laser treatment of the cold-sprayed Ti/BAG coatings led to the formation of
equiaxed grains at the top layers and columnar grains in the middle layers of the
coatings without leaving any adverse heating effect on to the substrate.

Laser heating led to a minor phase change in the matrix (titanium), however,
BAG phase remained unaffected.

Porosity and surface roughness dropped significantly after laser treatment,
which is desirable attribute to improve the bonding and subsequently average
microhardness of the Ti/BAG composite coatings.

The average microhardness of the coatings in the top layers increased several
times after the laser treatment of Ti/BAG composite coatings. Recrystallization
led to the formation of equiaxed grains at the top, which is believed to be the
reason for the high hardness. Ti/I15BAG coating exhibited the best

microhardness after laser treatment among the investigated coatings.
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7.2 Electrochemical Corrosion Behavior of Coated and Uncoated SS316L Steel

All of the cold-sprayed Ti/TiO> coatings were found to be successful in reducing
the electrochemical corrosion of SS316L steel, with Ti/20TiO> coating as the
best composition.

The corrosion resistance was found to drop with an increase in TiOz into the
feedstock. Higher coating thickness, lower porosity, and maximum retention of
TiO2 into the coatings were ascribed to the reason for the excellent corrosion
resistance of Ti/20TiO2 coatings in simulated body fluid environment.

The cold-sprayed Ti/BAG coatings was found to be successful in reducing the
corrosion losses of SS316L steel in the simulated body fluid environment. The
corrosion resistance was observed to improve with the increase in BAG content.
Ti/25BAG coating was shown to have the best corrosion resistance among all
the investigated cases under the simulated body fluid environment.

A Dbetter retention of BAG and the simultaneous formation of passive oxides
such as TiOz, Ca0, SiO», and ZrO2 have been recognized as the reason for the
superior performance.

The developed cold-sprayed Ti/BAG coatings outperformed the cold-sprayed
Ti/HA coatings in terms of corrosion performance under the simulated body
fluid environment (Zhou and Mohanty, 2012). This indicates the potential of
BAG to replace HA for bio-implant applications.

Laser treatment of cold-sprayed coatings was found to be useful to enhance the
corrosion resistance in the simulated body fluid environment, which could be

attributed to reduction in their porosity and surface roughness.

7.3 Sliding Wear Behavior of Coated and Uncoated SS316L Steel

Cold-sprayed Ti/20TiO coating was successful to protect SS316L steel against
sliding wear, whereas Ti/40TiO. and Ti/60TiO> coatings failed to protect the
substrate, superior microhardness and better retention of TiO2 are believed to be
the reasons for the better wear resistance of Ti/20TiO2 coatings.

Three-body abrasion and adhesion wear were recognized as the main wear
mechanisms for the coatings. Signatures of micro-cutting, pitting, delamination,

and material transfer were also observed over the worn-out coating surfaces.
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All of the cold-sprayed Ti/BAG coatings were successful to enhance the wear
resistance of SS316L steel in dry and simulated body fluid environments.
Among these compositions, Ti/15BAG coating was witnessed as the best
performing candidate, which may be due to its best microhardness and scratch
resistance.

In general, the coatings have been observed to undergo higher wear rates in the
dry environment than in the simulated body fluid environment against sliding.
The lubrication film into the sliding contact was believed to flush out the wear
debris from the contact and further reduced the wear.

Adhesive wear and three-body abrasive wear were recognized as the wear
mechanisms under both dry and simulated body fluid environments for the
Ti/BAG coatings. Adhesive wear was dominant in the simulated body fluid
environment, and abrasion was severe in the dry environment due to sliding
action.

Signatures of material transfer, micro-cracks, micro-cutting, delamination, and
wear debris were also observed over the worn-out coating surfaces.
Cold-sprayed Ti/BAG coatings performed better than the as-sprayed Ti and
Ti/HA (Buciumeanu et al., 2017; Kumar et al., 2013) coatings under the
simulated body fluid environment, it could be attributed to the superior
microhardness of the cold-sprayed Ti/BAG coatings.

Laser-treatment was also successful to enhance the wear resistance of the
coatings, with a maximum effectiveness for the Ti/15BAG compositions.

In general, higher hardness and better bonding between the splats of laser-treated
coatings resulted in their better wear performance than the as-sprayed coatings.
The best performance of Ti/15BAG coating could be attributed to its best
microhardness among the investigated coatings.

For the laser-treated coatings, wear signatures such as micro-cutting,
delamination, and wear debris were observed. The material transfer was also
observed onto the counterfaces. However, these signatures were less severe in

their comparison with that of the as-sprayed counterparts.
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7.4 Recommendations

Based upon the overall results and discussion in the light of reported literature, cold-
sprayed Ti/BAG coating can be recommended to induce desirable corrosion and wear
resistance in the given bio-implant SS316L steel. This coating is found to have a suitable
combination of microstructural and mechanical characteristics. Moreover, for the
tribological joints of the bio-implant, laser-treated cold-sprayed Ti/15BAG coating can
be recommended as a better choice since porosity is not a major concern at these joints.

7.5 Contribution to Knowledge
This thesis will help researchers to address the following issues:

The available literature does not provide clear guidelines on how to prepare the substrate
surface for cold spraying of composite powders on hard surfaces. The present study
identify the substrate preparation approach for cold spraying of Ti-based composite
powders on SS316L substrates. The study concludes that a mirror-polished surface
provides the best adhesion compared to as-received and ground-polished substrates.

The available literature on thermal-sprayed BAG coatings is limited, which is mainly
focused on using plasma spray process. However, there is a significant decrease in
crystallinity during the plasma spraying process. The drop in crystallinity negatively
affects the bioactivity of the coating. To address this issue, this study proposes a new

method of deposition to protect the crystallinity and bioactivity of BAG, that is, cold
spray.

It is common practice to perform post-processing on thermal-sprayed coatings to
enhance their performance. For bio-implant applications, plasma-sprayed coatings are
treated chemically to restore their bioactivity, however this process does not improve
mechanical, electrochemical, or tribological properties. In contrast, this study proposes
using laser treatment on cold-sprayed coatings, which significantly enhances their

mechanical, electrochemical, and tribological properties.
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SUGGESTIONS FOR FUTURE WORK

It was concluded from the SEM analysis and scratch test results that the cold-
sprayed single-pass cold-sprayed Ti/20TiO2 coating on the mirror-polished
substrate provided the best adhesion. It is suggested that adhesion and cohesion
strength of thicker (multi-pass) coatings should be analyzed using pull-off
adhesion tests following ASTM C-633 standards for further understanding of
bonding mechanisms.

. A comparative study of adhesion in cold spraying of Ti-based powders on grit
blasted (with different grit sizes), and polished SS316L substrate surface should
be performed.

. All the investigated coatings have been found to be successful in maintaining
continuous surface contact with their respective substrates. The measurement of
the adhesion strength of the cold-sprayed coatings should be done, and attempts
to improve the same will lead to further enhancing the effectiveness of the given
coatings.

. The composition of Ti/TiO> coatings should be further optimized to obtain the
optimum combined performance against corrosion and wear for bio-implant
applications.

Investigations to further improve the performance of the Ti/BAG composite
coatings should be undertaken by optimizing the cold-spray process parameters.
Since, the combinations of the coating materials used in this study were novel
without any reported process data, the coatings were deposited after several
attempts by varying the cold spraying process parameters, and a systematic
parametric optimization study could not be undertaken due to cost and material
constraints. It is pertinent to mention that even without optimizing the process
parameters, the investigated coatings reduced the corrosion and wear of SS316L
steel under a simulated body fluid environment.

. Although the Ti/BAG coatings were tested for biocompatibility, the bioactivity
and antimicrobial testing of the coatings should be evaluated.

. The coatings should be deposited on the actual bio-implants and tested in a bio-

simulator followed by in-vivo studies.
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8. Multi-particle simulations can be done in order to optimize the process
parameters for cold spraying.

9. A numerical model for depositing the composite powders in cold spraying can
be developed to predict the critical velocity of the feedstock.

10. Cost-effectiveness analysis of the developed materials should also be done to

explore their commercial use.
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PDF Card No and Related Details for All the XRDs

Materials

Peaks position (20, degree)

Reference code

As-sprayed coatings

Ti 35.01, 38.31, 40.08, 52.9, 62.8, 70.54, 00-005-0682
76.11, 77.27
BAG 17.05, 27.65, 29.90, 31.14, 31.45 00-047-1854
Laser-treated coatings
Ti 35.10, 38.39, 40.19, 52.97, 62.96, 01-089-3073
70.66, 76.24
TiO 42.34 01-073-1581
BAG 19.41, 20.70 01-083-0464
As-sprayed corroded coatings
Ti 35.15, 38.45, 40.21, 63.00 00-044-1294
TiO2 39.82,41.33, 54.41, 69.5 01-089-4920
BAG 54.81 01-083-0365
CaOo 37.40, 40.95 00-037-1497
TiO 42.29 01-073-1581
SiO; 19.01, 29.34 01-075-4410
ZrOz 29.32 01-081-1315
Laser-treated corroded coatings
Ti 35.31, 38.63, 40.37, 54.98, 62.90 01-089-5003
TiO2 25.45,37.72, 41.32, 48.14, 54.98, 01-070-6826
69.57,
BAG 27.65, 57.97 01-054-0710
CaOo 37.32 00-017-0912
SiO» 21.83 01-085-0460
ZrO; 41.26 03-065-2328
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