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BRIEF OVERVIEW

A comprehensive review of fabrication techniques and their impact on
mechanical behaviour and osteoregenerative applications of bioactive inorganic
substituents

K. K. Anavadya and Uthirapathy Vijayalakshmi

Department of Chemistry, SAS, Vellore Institute of Technology, Vellore, India

ABSTRACT
Multifarious materials are used in the biomedical domain to relieve the distress of patients due to
underlying diseases or injuries by replacing or augmenting any tissues or organs. Specific metallic
substrates used as implants have the probability of failure due to corrosion resulting fromdirect con-
tactwith body fluid. Therefore, we aim to conduct a thorough reviewof numerous coatings currently
available to prevent the implants from corroding. The coatings that are fabricated by various tech-
niques are discussed for their effects on mechanical behaviour. It was deduced that the mechanical
behaviour reliedon themicrostructureof the coating surface.Different surface treatment techniques
of coatings offered different microstructures to the coatings. We meticulously review the mechani-
cal and biological behaviour of coatings and this comprehensive literature review serves as evidence
that the effective fabrication of an ideal coating has remained elusive for researchers, motivating an
ongoing endeavour to attain this goal.

IMPACT STATEMENTWemeticulously review the mechanical and biological behaviour of coatings
and this comprehensive literature review serves as evidence that the effective fabrication of an ideal
coating along with discussions on biological characteristics shown by composites.
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Carbonated Hap, CNT, carbon nanotubes, Ecorr, corrosion potential, ECM, extracellular matrix, EIS,
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1. Introduction

Biomaterials are substances that are introduced to a liv-
ing body to supplant an organ or improve the efficiency
of bodily function. They have been a topic of research
starting from the early 1900s. They were of utmost
significance since they aided humankind by relieving
the distress caused by ailments and injuries. The very
first structured definition for biomaterials was given by
Williams [1] as ‘a non-viable material used in medi-
cal devices, intended to interact with biological systems’.
The adaptations in the definition for biomaterials are
given by Williams [2] and the definition put forward in
1999 persists for biomaterials, keeping in mind that the
definitions are all related to the health and biomedical
domain. The evolution of biomaterials brings forth an
idea of how natural bones were first substituted using
first-generation materials which were inert and even-
tually evolved for the betterment of healthcare. Firstly,
being used in hard tissue replacements, and finally devel-
oping scaffolds for tissue engineering involving soft tis-
sues, drastic progress was made. Alumina was first used
in the 1960s as orthopaedic implants for load-bearing
applications. Hydroxyapatite was later developed as a
bone substituent. Hydroxyapatite-Polyethylene (HAp-
PE) composite was used as a hip and middle ear implant
in the 1980s [3,4]. From thereon, the researchers made
every effort to fabricate an ideal biomaterial and are still
engrossed in the process of developing one. Biocom-
patibility, non-immunogenicity, non-cytotoxicity, non-
genotoxicity, non-corrosive nature, adequate mechani-
cal strength, etc. are the basic attributes presumed to
be shown by biomaterials. Biocompatibility is not just a
mere property of a biomaterial but an interaction that
occurs between an implant and the surrounding cells
or tissues. Biomaterials could be categorized as met-
als, polymers, ceramics and composites. When metallic
implants are used alone, despite providing high mechan-
ical strength, there are chances of toxicity or bacterial
infections that might occur. Later polymers emerged as
a result of the quest for a better material. The analogy
shown towards macromolecules, the least toxicity and
adequate applications in permanent prostheses and tis-
sue engineering made biopolymers a relevant material in
the biomaterial domain [5]. Although they show good
biocompatibility, they do not provide great wear and
tear resistance and have comparatively lower mechan-
ical attributes. Hence researchers were forced to bring
to light a new alternative for long-term applications in
the biomedical field. Coatings over implants are consid-
ered one of the alternatives to surpass the difficulties
in biomedical applications. Coatings were expected to
provide corrosion resistance, wear and tear resistance,

non-inflammatory actions, non-cytotoxicity, osseointe-
gration enhancement, etc. An inorganic polycrystalline
material has gained so much attention in the biomate-
rial field due to its numerous contributions to biomed-
ical fields. The hard and brittle, corrosion-resistant non-
metallic material that could alter shape on heating is the
so-called ceramics. Theword ‘ceramics’ was derived from
the Greek language ‘keramicos’ which meant pottery.
The wide range of ceramics in different disciplines such
as electronics, mechanical engineering, aerospace, den-
tistry, etc. is paving the way for the alarmingly increas-
ing interest in ceramics in biomaterials. Ceramics have
remained a material of curiosity since ancient times.
Modern medicine now depends on advanced ceram-
ics due to their higher utilization in dental implants,
orthopaedic implants, prosthetic joints and many more.
The unique electrical properties, optical properties, long-
lasting ability, chemical inertness, great strength and
mechanical properties are the cause of attention towards
advanced ceramics. On top of that, they gained attention
in the biomaterial domain as a therapeutic or diagnos-
tic one.

Ceramics are basically of three types: bioinert, bioac-
tive and biodegradable. Bio-inert ceramics are non-
absorbable and have abilities to retain their composition
for the long term and show the least interface reactions
between the host and the coating due to the forma-
tion of a non-adherent fibre surrounding the implant.
They could be defined as materials that induce the least
responses in the host [6]. Most of the commonly known
ceramics fall under this category including Alumina, Zir-
conia, Pyrolytic Carbons, Sintered hydroxyapatite, etc.
[7]. They find applications in hip and knee replace-
ments, certain joints and dental implants. To avoid the
limitations that occurred due to osseointegration, vari-
ous surface modifications were carried out and finally,
biomimetic apatite coatings were also introduced. Bioac-
tive ceramics, another class of ceramics, displays surface
reactivity due to the origin of bone bonding with the
living tissue and the implant material. The introduction
of bioactive ceramics to the field was a remedy to avoid
the setback caused by bio-inert materials allied to fibrous
encapsulation. They take advantage of the bone tis-
sue’s cellular composition and are associated with osteo-
conduction. A few of them include bio-glasses, glass-
ceramics, etc. [8]. Bioactive ceramics are proven to repair
soft tissues and regenerate skeletal tissues which owe to
the bioactive nature and hence forming interfacial bonds
with host tissues. 45S5 Bio-glass was quite successful as
a middle ear implant [9]. Biodegradable ceramics also
known as bioresorbable are capable of undergoing grad-
ual hydrolytic breakdown in the body and simultaneously
healed by the regeneration process. The merit is that the
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degradation product will be either metabolized by the
body or eliminated by the body safely. The degradation
mechanism is presumed to occurwhenmaterial degrades
eventually and is replaced by host cells due to cellu-
lar degradation which could take place through either
phagocytosis or extracellular acidification. Since they
have great abilities of resorbing, they find applications in
skull restorations, ligament restorations and many more
[10]. The porous structure that results in osteoconduc-
tion and the resorbable rate is advantageous whereas the
disadvantages are the poor tensile strength due to which
it cannot be used as load-bearing implants. Examples
include Tri calcium phosphates (TCP), Hydroxyapatite,
Calciumphosphatewith Fe2O3, etc. [11]. Distinct ceram-
ics show distinct mechanical behaviours owing to their
physical and chemical properties, structures and phases.
Bioinert materials like Zirconia toughened ceramics pos-
sess good mechanical strength and hence are used in
knee and hip joints and disk replacements. The tetragonal
phase and its metastable nature account for the tough-
ening displayed by Yttria-stabilized Zirconia (YSZ) [6].
Bioactive ceramics, on the other hand, can be modi-
fied desirably to obtain soft or hard materials depend-
ing upon their mechanical strength. Apatite formation
is the key for these materials to show bioactivity. Tita-
niummetal and its alloys on providing certain treatments
at specific conditions form apatite layers and eventually
trail to bone-bonding. Combining a material with an
organic or polymeric compound would often lead to bet-
ter mechanical characteristics that are similar to those of
human bones [12]. Conversely, themechanical behaviour
of biodegradable ceramics is inferior to other ceramics
since they display lesser tensile strength and brittleness
owing to their degradation factors [11]. The biologi-
cal characteristics are also affected by distinct materials
accounting for their in vitro bioactivity. Apart from the
physical and chemical attributes that affect the bioactiv-
ity, the synthesis methods, precursors used, quantity and
quality of dopant also have a net effect on the bioactivity.
The incorporation of various dopants in hydroxyapatite
through a single fabrication technique imparted different
properties to the parentmaterial. Different dopant ions at
different concentrations confer distinct characteristics on
the material. If one element might impart better osseoin-
tegration properties, the other might provide enhanced
hardness or tensile strength. Hence the dopant to be used
is completely dependent upon the necessity of the patient
as to which property needs to be given importance [13].
Bioactive glasses have also been revealed to have excellent
tissue regeneration abilities and bone-bonding capabili-
ties. However, their fast degradation rate paved the way

for doping them with different elements and improving
their osteogenic properties along with better bioactiv-
ity [14].

The ceramics or composites are used as coatings
over implants to supplement certain existing proper-
ties and also to reduce the detrimental effects caused
by bare implants due to exposure to the biological
medium. Henceforward, we contemplate ceramic coat-
ings and their attributes. The mechanical properties
of the coatings, which are already evaluated by a few
authors, are reviewed and an interrelation between the
ceramic coating technique and mechanical parameters
is established. Various parameters, such as adhesion
strength, bending strength, Young’s modulus, hardness
and toughness of coating, fatigue resistance, etc., are stud-
ied. Adhesion strength is the ability of the coating to stick
onto the implant surface without peeling off. Young’s
modulus that determines the resistance towards defor-
mation of a coating, hardness which is the strength of
the coating to resist breakage and bending strengthwhich
is the resistance the materials possess until the frac-
ture point, etc. are further reviewed. Several ceramics
are available as coatings for orthopaedic joints and addi-
tional purposes. Fig. 1 shows the various ceramic-coated
orthopaedic hip joints.

Corrosion resistance studies are also reviewed for
observing any valid relation between the same and
mechanical properties. Besides themechanical behaviour
studies and corrosion studies, the biological studies,
which include in vitro and in vivo studies, stem cell stud-
ies and tissue regeneration studies, are reviewed for an
in-depth understanding of coatings. Since each coating
exhibits different characteristics, the coating to be chosen
for a particular application needs to be very specific. On
that account, excessive studies on mechanical behaviour
alone cannot be considered for a coating to be chosen
as the finest. The biocompatibility, the osseointegration,
the new-bone-formations, etc. also need to be studied
meticulously.

To the best of our knowledge, there is no state-of-the-
art literature that interrelates the mechanical and biolog-
ical properties of different fabrication techniques of coat-
ings. We meticulously examined various ceramic coat-
ings, composites and ion doping, while critically assess-
ing their respective coating techniques in this compre-
hensive review paper, with the ultimate objective of eluci-
dating the intricate correlations between the mechanical
behaviour and the application of these innovative sur-
face modification techniques. Apart from the mechan-
ical evaluation, biological evaluation studies are also
reviewed for a thorough understanding of the coatings.
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Figure 1. (a) Alumina-coated dental implants [15], (b) Hydroxyapatite-coated hip prosthesis [16], (c) Bio-glass coated Titanium dental
implant [17] and (d) Plasma-sprayed ceramic coated acetabular cups [18].

2. Ceramic coatings

2.1. Hydroxyapatite

Hydroxyapatite (HAp) embraces a lot of advantages such
as providing amplified adhesion strength along with
aiding osteoconduction, osseointegration and improved
biocompatibility [19]. It does not exhibit very great
load-bearing capability due to its mediocre mechanical
properties like hardness and toughness. A vast range
of studies was carried out on HAp coatings to learn
more about their mechanical attributes, biocompatibility,
microstructure, corrosion behaviour and the possibilities
of improving theirmechanical properties. Figure 2 shows
hydroxyapatite-coated acetabular cups for orthopaedic
applications. He et al. [20] explained the role of poros-
ity and the microstructure on the mechanical properties
exhibited by sintered HAp. The porous microstructure of
the sintered HAp could mimic the natural bone struc-
ture extremely well and proved that the dependence of
porosity was very significant on mechanical behaviour
and showed that HAp resembles the elastic modulus of
bone. Apart from these findings, they also figured out
that porosity and hardening were not directly related,
but the creep ability and the energy absorbance were
related directly to the porosity. Obada et al. [21] had
something to showcase related to the effect of the sin-
tering temperature of natural HAp. The grain size, the
pore shape and the microstructure are criteria that deter-
mine the mechanical behaviour of the coating. While

carrying out sintering, observations were made that the
grain size was reduced which, in turn, improved the
mechanical properties. Increased sintering temperature,
hardness values and crystal structure are correlated to
mechanical characteristics. Lacefield [22] documented
clearly the different coating methods of HAp on differ-
ent metals in 1988. Sufficient adherence to implant and
the least expense is an advantage. The criteria selected
for the fabrication methods should ensure that HAp
should not irreversibly alter the structural composition
and the mechanical properties related to the implants.
Among the four techniques such as dip coating-sintering,
Immersion coating, Hot Isocratic Process and Sputter
coating, the latter was found to be effective by Lace-
field. Aarthy et al. [23] explain the effect of sintering
temperatures on mechanical and biological characteris-
tics of natural HAp, obtained from goat bones. HAp is
subjected to different sintering temperatures and 1300°C
was observed to be the optimum temperature that helps
in apatite formation. Biological evaluation studies show
hemocompatibility with improved apatite growth at the
optimal sintering temperature. Recently, substitutedHAp
has gained profound attention due to the structure and
composition that permits ionic substitutions which, in
turn, imparts a new quality or additional benefits such
as osteointegration, bioactivity or anti-microbial effect.
The structure of hydroxyapatite makes the substitutions
occur unhindered through substitutive and interstitial
mechanisms in both cationic and anionic sites by existing
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Figure 2. Hydroxyapatite-coated acetabular cups for
orthopaedic application [28].

synthesizing techniques which are critically reviewed by
Arcos et al. [24]. Lately, advancements are made in coat-
ings as they are grabbing intense attention. Metallic bio-
materials which can offer good mechanical strength but
not excellent bioactivity can be coated with HAp. The
adhesion between the implant-coating surface needs to
be taken care of, which arises due to the presence of
attractive chemical forces [25]. HAp over Mg alloy was
a great innovation since it imparted great uses in the
biomedical industry. Due to the degradable nature ofMg,
HAp was coated to obtain implants with better bioactiv-
ity and the least corrosion. It was later found that instead
of coating HAp alone, the incorporation of polymeric
additives and substituted HAp like Fluorinated Hydrox-
yapatites (F-HAp) found more applications in these sec-
tors [26]. Nano-indentation studies of HAp over Mg
alloy showed hardness, toughness and wear resistance.
Lemoine et al. [27] also found out that annealing at lower
temperatures does not affect the coating adversely. Ade-
quate research has been dedicated to hydroxyapatite coat-
ings and has yielded notable advancements, driving the
field forward.

2.2. Alumina

Alumina (Al2O3) is advantageous for its low cost of pro-
duction, great mechanical strength, stiffness and hard-
ness, wear resistance and adhesion properties. Alu-
mina was the first ceramic to be used as an implant
in orthopaedics. Fatigue resistance and fracture tough-
ness are noteworthy among their properties. The low
pore size of materials would increase the elastic modu-
lus and henceforth the mechanical strength [29]. Their
mechanical properties are observed using various tech-
niques such as dynamic fatigue, stress relaxation, internal
friction measurement, etc. [30]. Moreover, the bend-
ing strength increases with increased purity. Purity is
the most important criterion for determining the char-
acteristic of mechanical hardness and strength of Alu-
mina. Figure 3 represents the Alumina-coated dental
implants. Tallon et al. [29] confirmed that themechanical

Figure 3. Implants with alumina over the surface [36].

behaviour improved with highly porous alumina coating
synthesized by the gel-casting method. The elastic mod-
uli were assessed by the authors to portray that lesser
pore size and porosity manifest higher elastic moduli.
The tensile and compressive strengths come around 5 and
16MPa for those with larger porosities and those with
lower porosities gave values of 12 and 57MPa, respec-
tively. Apart from the values evaluated, a mentionable
findingwas that the sintered samples showcasedmechan-
ical properties, at least twice more than the raw samples.
Hou et al. [31] put forward the findings that alumina
coatings on Al alloys can be carried out by plasma-
arc heat treatment which tends to improve the interfa-
cial bonding and wear resistance. Conventionally coated
Al2O3 has poor cohesive and adhesive strength. How-
ever, the research revealed that plasma spraying could
enhance the interfacial bonding of Al2O3 coatings. This
accounts for good mechanical characteristics and wear
resistance of Al2O3 on Al alloys which were believed
to have fewer wear properties. Alumina was added to
CoCr alloy to be used as an orthopaedic implant due
to its wear-resistant nature. It was showcased that the
material exhibited great tribological behaviour with the
addition of Al2O3. This was believed to be caused due
to the grain-like microstructure and the presence of the
Al2O3 phase in the CoCr metal alloy [32]. Walpole et al.
[33] discuss the non-porous alumina material that shows
excessive biological performance which, in turn, is highly
favourable for osteoblastic activity. They deduced that the
resultant coating over Titanium substrate in a prosthesis
will come up with highly excellent mechanical prop-
erties. Nano-porous alumina appeared to provide finer
results before loading with bioactive material. Mechan-
ical properties measured disclosed that shear and tensile
strengths are in excess. The mechanical measurements
also showed very little adhesion between the coating and
the implant after anodization since a smooth surface
was created. However, the layer of alumina on the Tita-
nium substrate showed increased mechanical properties
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despite less adhesion of alumina. It might be possibly
due to the interlayers that would have direct contact,
thereby resulting in a weak interface. Finally, conclu-
sions were made that nano-porous alumina on Ti-6Al-
4V alloy furnishes smooth surfaces when synthesized by
the Anodization technique and imparts increased shear
and tensile values. Al2O3 was combined with Tricalcium
phosphate and TiO2 to obtain a coating that offers great
wear resistance, fracture toughness and microhardness.
These mechanical behaviours are attributed to the Al2O3
phase present in the mixture in the optimum amount
provided that other ceramics are also at their optimum
level. Any alterations in their proportion tend to reduce
their characters [34]. It was also observed by Cheng et al.
[35] that Alumina alone showed the least mechanical
behaviours compared to materials that are combined.
Conventional Al2O3, nanostructured by-layered Al2O3
with TiO2 offered greater surface roughness and bet-
ter microstructure that may consequently provide better
mechanical properties.

2.3. Zirconia

The great chemical and dimensional stability together
with much hardness and strength made Zirconia (ZrO2)
a great ceramic far better than Alumina [37]. They
exhibit excellent mechanical properties including bond-
ing strength, hardness, thermal conductivity, etc. due
to the toughening mechanism exhibited by the Zirco-
nia microstructure. Zirconia is ascertained to show the
rhombohedral structure and it takes other forms such as
Partially Stabilized Zirconia (PSZ), Tetragonal Zirconia
Polycrystal (TZP), etc. As a consequence of the transition
from the metastable tetragonal phase to the monoclinic
phase, degradation occurs in the mechanical properties.
Themechanical properties exhibited byTZP ceramics are
high compared to normal tissues and it depends on the
microstructure and the stability of the implant. In addi-
tion, the mechanical properties rely on the precursors
of the Zirconia manufacturing process. Zirconia tough-
ened Alumina (ZTA) is another distinct class of zirconia
ceramics. The hardness of TZP and ZTA was examined
to be slightly lesser than that of biodegradable alumina
[38]. ZTA ceramics was also studied by Pobloth et al.
[39] to investigate whether cancellous bone integration
occurs in ZTA implants. The research group observed
that even a thin bioactive coating in ZTA was providing
good osteointegration, but, thicker coatings hardly pro-
vided any benefits. The pre-crystallized and crystallized
Zirconia-reinforced lithium silicate glass ceramics serve
applications in dentistry together with clinical radiation
studies. They show pronounced fracture toughness com-
pared to conventional ZrO2 due to their microstructure

Figure 4. (a): Zirconia dental implant [46]. (b) Microstructure of
Zirconia coating [47].

[40]. Figure 4 shows zirconia-coated dental implants.
The reason for the increased importance of zirconia over
alumina is the improved mechanical aspects, biocompat-
ibility and improved aesthetic which is similar to bone.
Rajan, et al. [41] looked into Zirconia coatings on Tita-
nia implants. By adopting nano-indentation techniques,
Young’s modulus was low and higher in nano-hardness.
Also, the surface characterization was observed for ZrO2
as crystalline. This was carried out to study the bone
affinity shown towards different coatings and the con-
clusions paved applications for ZrO2-coated Ti and Zr
composite. Luo et al. [42] put forward the UV-curable
ZrO2 nanoparticle coating on implants.Nanoindentation
was used for evaluating the mechanical properties and
found that nonetheless, they were not pre-heated, they
displayed considerable mechanical properties. They pos-
sess high refractive index, hardness and Young’smodulus
due to the ZrO2 fraction in the nano-particle coating.
Huang et al. [43] investigated the osseointegration prop-
erties of Zirconia coating which was plasma sprayed,
which resulted in nano-structured ZrO2 coating over
the Titania implant. The conclusions led to the obser-
vation of in-vivo osseointegration improvement when
plasma-sprayed ZrO2 was coated, with enhanced surface
roughness and wettability which aided in osseointegra-
tion. Hydrophilicity was also enhanced by a nano-porous
Zirconia-coated ZrO2 implant but observed a reduced
bonding strength due to the process of Anodization used
for coating. It also displayed improved biological charac-
teristics like cell adhesion and osteoinduction [44].Wang
et al. [45] investigated that Monoclinic Zirconia coat-
ing fabricated by plasma-spraying over the Ti-6Al-4V
alloy retainedmechanical propertieswhichwere compar-
atively more than HAp coatings fabricated by the same
technique. The elastic modulus was 139.72GPa for mon-
oclinic ZrO2 which was slightly lesser than Y2O3- ZrO2
which came to around 136.41GPa and CaO-reinforced
ZrO2 which was 178.53GPa. The mechanical strength
of ZrO2 is compared to that of stainless steel because
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ZrO2 is frequently utilized in coatings and orthopaedic
implantations.

2.4. Silicate-based coatings

Silica, being a trace component in human and animal
tissues and aiding in bone formation applications, is
increasingly used in silicate-based coatings. However,
the high quantity of Si inside the body is toxic to the
human body and cells. Former studies have confirmed
death inmice by nephrosis after high amounts of silicate-
ceramic powder by Kawanabe et al. [48] by injecting
different ceramic powders by intramuscular or subcuta-
neous injections. Silicate-based coatings have a beneficial
chemical composition and mechanical properties. Their
chemical composition makes them aid in bone-tissue
interaction due to the surface reactivity, as described by
Hench et al. [49]. The apatite layer formed results in
natural bioactive fixation which consequently leads to
stronger tissue-implant bonding. Surface roughness and
porosity determine the mechanical behaviour. Keeping
aside mechanical properties, the bio-functional proper-
ties such as osseointegration, anti-bacterial properties,
etc. are highly noteworthy properties of silicate-based
coatings. The mechanical behaviour of SiO2-based coat-
ings, including bending strength, fracture toughness and
Young’s modulus, is way better than hydroxyapatite or
any other calcium-phosphate ceramics, as inferred by
Mohammadi et al. [50]. It is also to be noted that the
inclusion of trace elements improves mechanical char-
acteristics. Biodegradability turns out to be a very sig-
nificant advantage of these coatings and is far better
than calcium phosphates and tricalcium phosphates. The
downside is the dissolution rate which rapidly increases
and alters the pH levels that may be detrimental to the
bone tissues [51]. Bioactive silicate-based coatings with
various substitutions are compared for their mechanical
behaviour by Mohammadi et al. [50] to obtain an infer-
ence that Mg and Zn substituted coatings show more
analogy to the mechanical properties of bones. Silicon

excretion also remains a drawback of silicate-based coat-
ings. The poor value of bonding strength will poten-
tially maximize the chance of implant failure. Zhou et al.
[52] studied and demonstrated that calcium silicates are
incredibly significant in promoting osteogenesis or juve-
nile bone formation; in fact, better than β-Tri Calcium
Phosphate (β-TCP). They also showcased effectiveness
in bone marrow mesenchymal stem cell proliferation
compared to calcium-based coatings. Better osteogene-
sis was reported by the high concentration of Silica in
CaSiO3 coating. The elastic modulus of Silicate-based
coatings is similar to bone [50]. Brunello et al. [53] found
out that the silicate ceramic showed high efficiency of the
apatite mineralization compared to HAp in SBF. Copper-
and Gallium-doped Bioactive silica glass coatings are
investigated for their mechanical properties and in vitro
characteristics. It was observed that an improvement in
bonding strength was obtained which was similar to that
of bones. Furthermore, the cytocompatibility was great
for which SiO2 is the sole reason [54]. Vijayalakshmi
et al. [55] studied the effect of bone formation on cal-
cium silicate and silica glass by SBF immersion. The effect
of sintering temperatures on the surface of the glasses
was clearly investigated. Figure 5 represents pure silica
and calcium silicate coatings developed by spin coatings
sintered at 600°C. It has been observed that silica gel
played a significant role in hydroxycarbonate apatite for-
mation due to the presence of silanol groups present on
the surface. From the observation, it was evident that the
bioactivity of silica glass is dependent on the sintering
temperatures.

3. Importance of composite coatings

The amalgamation of two different substances with
entirely dissimilar properties to induce a synergistic effect
is termed composites. They are combined by enhanc-
ing their inherent individual properties. They are syn-
thetic multi-phase materials. Ceramic matrix composites
generally have favourable corrosion resistance, thermal

Figure 5. SEM image for the Silica glass coatings. (a) Pure silica and (b) calcium silicate sintered at 600°C [55].
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stability, creep resistance, wear resistance, prolonged
fatigue life, increased specific stiffness, etc. The matrix
and the reinforcing phase are of equal significance in
determining the biological response.

While focusing on themerits, we observe that ceramic
matrix composites are the principal cause of the increased
applications in the field. They possess far better strength
than other composites. The resistance offered towards
everyday wear and tear together with long life is yet
another advantage. Composites being advocated widely,
have desirable orthopaedic applications but have chal-
lenging problems due to their design and fabrications.
The reinforcing material and the matrix could be altered
to attain optimized mechanical and biological proper-
ties, inclusive of the environment or the surface effects.
These factors in conjunction with the appropriate fab-
rication methods are the criteria for determining the
better composites. The utilization of composite materi-
als allows upgraded mechanical compatibility with sur-
rounding tissues, with long-termfixation [56]. Smith [57]
showed a porous ceramic that was combined with the
reaction products of Alumina, Silica, etc. They found
out that the resultant had comparable bone strength and
similar modulus of elasticity, inertness, etc. Examples of
composites include HAp reinforced with collagen fibres
and nanosized HAp coatings with poly(lactic-co-glycolic
acid) PLGA onMg alloys to provide a dual function [58].

3.1. TiO2 composites

Titania (TiO2) ceramic nanoparticles are notable for their
biocompatibility, bio-inertness, antimicrobial properties
and photocatalytic activity. It is also capable of diminish-
ing bacterial growth. TiO2 coatings at different nanos-
tructures were studied for their bioactivity which con-
cluded that the bactericidal actions are good and effec-
tive enough [59]. TiO2 layers have a lot of advantages
when combined with HAp. Figure 6 represents the inter-
face of HAP and 20% TiO2 coatings. It can enhance
the adhesion of HAp along with restraining the decom-
position of HAp, improve corrosion resistance and bio-
compatibility, etc. The likeliness of the crack formation
is downsized in coatings and also inhibits the release
of toxic ions from implants. The mechanical properties,
after combining these two, will be enhanced. The supe-
rior the bonding strength, the smaller the thickness of
the coating. The inter-layer thickness can influence the
final corrosion performance. The anti-corrosive proper-
ties are very crucial to protect the implants from body
fluids. The HAp-TiO2 combination improved the corro-
sion resistance of the implants [60]. When HAp grains
are introduced to titania surfaces, the osseointegration is
similar to that of pure HAp which is significantly high

Figure 6. (a): Cross-sectional view of HAp and 20% TiO2 sol-gel
composite coating [63].

[61]. Araghi et al. [62] evaluated the HAp/TiO2 adhe-
sion strength by coating HAp and TiO2 over Ti alloy
implants using the Electrophoretic Deposition (EPD)
technique. Amid some other factors, sintering temper-
ature plays an influential role and hence compels us
to select the optimized sintering temperature. Elseways,
while the sintering temperature is high, it offers high-
density coatings, but might probably cause HAp decom-
position and when it’s low, it may give rise to weakly
bonded HAp. Amid EPD coating, more cracks were
examined when high voltages were applied. Functionally
graded HAp with TiO2 evinced ample adhesion strength
than HAp solely [63]. Lee et al. [64] also accentuate, in
particular, that HAp-TiO2 combined conjointly would
offer favourable adhesion properties,mechanical stability
and osteoblastic response. They substantiated that TiO2
buffered HAp could be employed as a remarkably desir-
able alternative to HAp directly on Ti. Similarly, they
observed that HAp/Ti has a lower strength at the inter-
face than HAp/TiO2 on Ti. Rath et al. [65] investigated
TiO2/HAp bilayer coating and it appeared that they had
upgraded adhesion strength set against individual ones.
This was ascribed to an assortment of reasons includ-
ing high mechanical interlocking, improved wetting and
intermixing elements at the HAp/TiO2 interface. Also,
high corrosion resistance is ascertained due to the pres-
ence of a dense interlayer between the HAp/TiO2 com-
posite and Ti implant. It was affirmed by Li [61] that due
to HAp, TiO2 also showed exceptional osteoconductiv-
ity. Implants of TiO2/HAp coatings carry sound bonding
strength despite three months of implantation.

3.2. ZrO2 composites

Zirconia is normally stabilized using Yttria (Y2O3), man-
ifesting dynamite mechanical properties, corrosion resis-
tance, wear resistance, etc. and hence used in orthopaedic
applications. When zirconia and hydroxyapatite are
incorporated together, they can complement the bond-
ing strength between the implant and the coatings in
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addition to boosting the adhesion strength. The inflated
temperature would deteriorate the adhesion due to the
dilation mismatch that may arise at the HAp-ZrO2 inter-
face. HAp in aggregation with ZrO2 expressed better
bonding strength than pure HAp owing to more crys-
talline and fewer porous traits of the microstructure. It
was established that by adding Zirconia to HAp, the sam-
ples displayed morphology that was distinct and trans-
formed from the former. Figure 7 represents a porous
Zirconia/ HAp composite. Furthermore, the grain size
and the porosity were altered in the composites with-
out any crack being inspected in the microstructure of
the composites. Incorporating Zirconia and HAp pro-
moted the bonding strength, function and mechanical
properties of the coating conjointly [66]. ZrO2 exhibits
prominent fracture toughness making it essential for
implants. Zirconia combined with Y2O3 can attain the
stabilized tetragonal phase which has appreciated prop-
erties. Mechanical properties are also elevated when par-
tially stabilized Zirconia is used owing to its biocompat-
ibility. Zirconia can even be reinforced with HAp by the
method of co-precipitation for load-bearing applications
and safer orthopaedic applications [67]. Microwave sin-
tering is an alternative method for ZrO2 and HAp com-
posite fabrication. Curran et al. [68] with the assistance
of Microwave sintering discussed that a scarce difference
in mechanical properties was observed with Microwave
and conventional sintering. Moreover, the high ZrO2
loadings reduced the mechanical strength since the TCP
was formed, and hence porosity increased. Neverthe-
less, since the microstructure is observed to be differ-
ent for different methods, microwave sintering aided in
osteointegration application. Sung et al. [69] used Y2O3
stabilized ZrO2 and detected high crystallinity and uni-
form distribution by TEM studies. They also evaluated
the increased modulus of elasticity, rupture and fracture
toughness. On that account, it was available for safer use
in load-bearing applications. When HAp with PSZ was
combined byMatsuno et al. [70], the mechanical proper-
ties showed an enhancement and were greater than those
of the human bone. They have high fracture toughness
so far compared to other bioactive ceramics. Kmita et al.
[71] proceeded with the hot-pressing method, for rein-
forcing ZrO2 with HAp and succeeded in determining
the influence of the mechanical strength. The increase in
bending strength and fracture toughness was observed
to be high instead of normal HAp coatings. The dif-
ferent layers of coatings also improved the mechanical
properties. ZrO2/Al2O3 composites over Zr alloy implant
using Plasma Electrolytic Oxidation (PEO) technique
were known to exhibit great mechanical properties along
with corrosion behaviour compared to individual coat-
ings of ZrO2 or Al2O3. While the composite was coated

Figure 7. PorousZirconia/HApcompositewith91%porosity [73].

over the implant, it was observed that the Al2O3 layer was
coated at the topmost layer and delaminationwas noticed
with better wear resistance [72].

3.3. Al2O3 composites

Alumina is a well-acknowledged bioinert material that
hardly shows any activity against human tissues. The
possibility of fabricating a composite to enhance the
mechanical properties without retarding the biological
properties accelerates research on HAp/Al2O3 compos-
ites. Together with Alumina, CaP is also reinforced to
improve the bioactivity of CaP ceramics. This is accom-
plished to meliorate the mechanical properties like com-
pressive strength and retain the bioactivity like osteointe-
gration [74]. Synthesizing a composite of HAp andAl2O3
to augment the mechanical properties of HAp by inte-
grating with alumina that accommodates aspects such
as inertness, high toughness, compression strength, etc.
without altering the biological properties like osseointe-
gration which is a characteristic of HAp. They are syn-
thesized by different methods such as the precipitation
method, hydrothermal method, dry mechanochemical
method, etc. [75,76]. Al2O3 and HAp aggregate relies
on the concentration by the weight of both compo-
nents. With added Alumina content, it was noticed that
the amorphous phase of the composite increased by 15
to 40% [75]. The nanosized HAp having commendable
crystallinity is normally reinforced with Al2O3 by the
mechanochemical process that shows mechanical pro-
cess and chemical conditions. The composition of Al2O3
and HAp was vital in determining the mechanical or bio-
logical properties. When the increased concentration of
HAp was considered, the lower grain size was obtained
and they possessed uniform microstructure and hence
agreeable osseointegration. 20 to 80% wt of HAp showed
good compressive strength which inhibits damage to
the implant [77]. Al2O3 composite with Graphene and
hydroxyapatite efficiently shows anti-bacterial properties
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Figure 8. Microstructures observed in the HAp/alumina
composite [80].

and better wear performance over Ti alloy implants. The
micro-hardness also showed improvement after effective
coating. Graphene content present accelerates the apatite
formation which is aided by hydroxyapatite and rules
out the limitations of pure Al2O3 coatings [78]. Juang
et al. [79] concluded that the enhancement of mechan-
ical properties was either due to new phase formation by
the reaction that may occur at the interlayer of Al2O3
or due to the small pore size of the structure. Figure 8
represents the coating of the HAp/Alumina composite.
In this case, the concentration of Al2O3 was 10%. Raj
et al. [75] studied this particular composite and prepared
it by the hydrothermal process which could indicate that
the increase in temperature favoured the formation of
nano HAp/Al2O3 which could exhibit fair thermal sta-
bility and serve applications in biomedical applications.
Evis et al. [79] figured out that HAp/Alumina composite
perhaps becomes more temperature resistant upon small
amounts of doping of ions. Also, tensile forces of Hydrox-
yapatites show up cracks. This was under the betterment
of coatings and the better bonding they exhibited with Ti
implants.

3.4. SiO2 composites

Silica-based materials are familiar for initiating the min-
eralization of bones and for various other applications. Si
exhibits toxicity when the amount is intensified inside the
body.Nonetheless, while Si is combinedwith calciumand
Calcium Silicate composite formation occurs, the toxic-
ity is least and the Si excretion happens through urine
without being heaped to any of the organs. When SiO2
andHAp are combined, the bone-apatite layer growswith
an increased concentration of SiO2. An appreciable char-
acteristic of HAp is that it effortlessly gets decomposed
to Tricalcium phosphates with elevated temperature. But
immediately after SiO2 is added, HAp decomposes at

a lower temperature. SiO2 regulates the microstructure
and builds up bone-like layers on the surface of the scaf-
folds. As HAp decomposition it occurs at low tempera-
tures, reacts with SiO2 and leaves behind bioactive glass
and Ca2SiO4 which are relatively less toxic than Si ions
according to the probe by Jia et al. [81]. By the same
token, carbonated HAp (CHAp) with SiO2 composition
is studied thoroughly. HAp on SiO2 can feasibly be pre-
pared using the sol–gel method by Taha et al. [82]. The
mechanical properties such as Young’s modulus, elastic
modulus, compression strength, etc. were observed to be
enhanced when SiO2 was added to CHAp and acquired
sintered nanocomposites. The compression strength is
analogous to that of natural bone for SiO2/HAp which
implies that it can resist the pushing action. A convinc-
ing improvement was attained by the coating when SiO2
was added. Mesoporous silica-HAp nanocomposites are
also synthesized using the sol–gel method that results in
effective crystal growth of HAp with a longer ageing time
[83]. Qiu et al. [84] investigated the betterment of bone
formation that is provided by silica-doped HAp. The
higher the Si doping, the lesser the crystallinity. The crys-
tallinity and the sintering properties are influenced by the
Si content of the composite. They were noted to promote
bone-in-growth and osseointegration and lessen the use
of autogenous bone grafts. The formation of an apatite
layer due to the Si-coated HAp on Ti alloy was analysed
by Regi et al. [7]. The ageing period depends on the tem-
perature of the fabricating process which is the sol–gel
technique and they display a crack-free surface with bet-
ter tensile values compared to those without Si. How-
ever, apatite formation is a boon and hence it becomes
a satisfactory alternative to prevalent HAp coatings. Si
with HAp is prepared by hydrothermal methods and the
Si0doped HAp reveals superior bioactivity with intense
Si concentration. Chellappa et al. [85] were successful
in synthesizing different composite powders which are
ZrO2/TiO2, SiO2/TiO2 and SiO2/ZrO2 over Ti-6Al-4V
alloy. The ZrO2/ TiO2 composite exhibited superior cor-
rosion behaviour and uniform surface structures with
desirable densification. The Electrochemical Impedance
Spectroscopy (EIS) studies and polarization studies con-
cluded that the corrosion resistance was higher for
ZrO2/TiO2 coatings and, therefore, prominently effi-
cient. Consequently, concluding silica composites show
lesser corrosion properties. Likewise, SiO2 and ZnO
composite powders fabricated over the Ti-6Al-4V alloy
show refined mechanical properties and corrosion resis-
tance because they have a more densified surface struc-
ture than pure SiO2. The ZnO in the composite is the
reason behind the composite being denser and helps in
the reduction of pores in the composites. It also improves
silica’s low adhesion strength [86]. Recent advances have
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been made in silica composites by incorporating antibi-
otics in silica and coating them over implants. Ballarre
et al. [87] fabricated a composite of silica inculcating
chitosan and gentamicin and a dual layer of coating is
given over the Ti alloy to exhibit great antibacterial activ-
ity and bioactivity. Another bioactive scaffold of nano-
composites formed of sodium alginate, hydroxyapatite,
silica and graphene oxide showed excellent apatite forma-
tion due to the richness in SiO2 content [88].

3.5. HAp/Carbon nanotube composites

Carbon nanotubes (CNT) are broadly used in recent
years due to the extended degree of benefits they pro-
vide. There exist distinct types like multi-walled carbon
nanotubes (MWCNT) which show an intense degree of
perfection in structure and single-walled carbon nan-
otubes (SWCNT)which have fair uniformity in diameter.
Natural bone, being a composite, embodies various com-
ponents inclusive of organic components with collagen
fibres which are similar to carbon nanotubes. The toxic-
ity studies are still not completely explored. But hitherto
both studies showed it was toxic due to cell prolifera-
tion, they do not accumulate in organs. Instead, they
are being excreted out through urine. Petite nanotubes
are the least toxic [89]. HAp is already a proven bioce-
ramic and CNT is focused more in this context. Com-
bining CNT with any other reasonable material would
end up in a range of superior properties which advances
further research in their field. Their mechanical proper-
ties such as great conductivity, stiffness, inertness, etc.
are attributed to the perfectly aligned nanotubes and
the C–C sp2 bond. Moreover, they can withstand ten-
sion since only the layers outside are active during ten-
sion and then transformed into the inner layers [90].
Whilst integrating HAp and CNT composite, the poros-
ity needs to be controlled to attain good mechanical
properties for the composite since the least porous have
mechanical properties to a greater degree. SWCNT/HAp
composite coatings manifest stronger bioactivity than
pure HAp. The enormous potential for CNT is notably

broad in the biomedical field. Pei et al. [91] put for-
ward the finding that SWCNT/HAp composites on Ti
implants made a substantial improvement in their prop-
erties. They provide a uniform and crack-free surface on
SWCNT/HAp and exhibit crystallinity. They also induce
superior cell proliferation to pureHAp. Xu et al. [92] con-
sidered the optimum sintering conditions of CNT incor-
porated with HAp. Spark plasma sintering is used for
composites with enriched mechanical properties. CNT
reinforced with HAp also manifests adhesion proper-
ties with osteoblast cells. The biocompatibility of CNT
with HAp has also been investigated. Lahiri et al. [93]
discussed the CNT/HAp on the grounds of fair modu-
lus and thereby showed increased mechanical properties
and improved wear resistance. Thom et al. [94] dis-
cussed the composite on the surface of the 316 L stainless
steel by the Electrophoretic deposition (EPD) technique
expecting the presence of CNT to diminish the solubil-
ity and boost the mechanical properties. As CNTs can
enhance the mechanical properties by reinforcing into
HAp, Pei et al. [91] fabricated SWCNT/HAp composite
by the EPD method and observed the bonding strength
to be 25.7MPa which was much more sophisticated than
pure HAp coatings. The post-EPD treatments includ-
ing oxidative treatment were introduced for improving
the purity of the coating to such an extent to become
more productive. The implementation of thinner coat-
ings, specificallywith a thickness of 10μm, serves as a cru-
cial strategy for minimizing crack formation. Improved
bonding strength ranging from 15.3 to 25.7MPa indi-
cated superior mechanical properties of the composite.
Stango et al. [95] fabricated HAp/f -MWCNT compos-
ites by the sol–gel method. With different concentrations
of f -MWCNTs, the properties varied. Figure 9 shows
HAp@3% f-MWCNT composite coating developed on
316L SS substrate by a spin coating method. When
f -MWCNT concentration was increased from 0 to 5%,
the adhesion strength was 25.71 to 43.19MPa. Also, due
to the close bond between HAp and f-MWCNT which
has an effect on interactions of Ca2+ and COO− ions,
the coating was dense and compact. Similarly, Sivaraj

Figure 9. SEM image and cross-sectional image of Hap/3% f-MWCNT composite coating on the 316L SS substrate [97].
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et al. [96] investigated the composite coating of Cu-
doped hydroxyapatite with functionalized MWCNT for
its corrosion and anti-bacterial properties. The fabricated
composite was coated over the 316L SS alloy implant
and noted high barrier properties which meant higher
corrosion resistance. Apart from the prevention from
corrosion they turned out to be effective against both
gram-positive and gram-negative bacteria and showed
enhanced bioactivity through cell-membrane integrity
assay, MTT assay and haemolytic assay.

3.6. HAp/Graphene derivative composites

HAp thus far has been proven as an exceptional implant
coating. That being the case, here we explore the prop-
erties of the graphene family. The remarkable character-
istics of graphene and its derivatives include osteogenic
activity, chondrogenic activity, bone-tissue regeneration
inducing differentiation of stem cells, etc. and have
high mechanical properties due to its satisfying elastic-
ity, crystallinity, flexibility and high surface area. Due
to their unique and remarkable properties, they have
been extensively used as biomaterials or implant coat-
ings. Henceforth, toxicity studies also need to be con-
ducted to ensure that it is not cytotoxic. There are
quite a few works of literature that acknowledge that
graphene and its derivatives could be functionally mod-
ified with the intention that they do not exhibit any
toxicity and can be excreted through safe means with-
out affecting any tissues/organs. Graphene-based deriva-
tives are remarkably efficient and have a low biological
barrier. Nevertheless, they are non-biodegradable and
long-term toxicity is also under concern [98]. Cytotox-
icity of graphene is concentration dependent and with
lower concentration, they are biocompatible. Graphene
shows extremely goodmechanical properties because the
sp2 C–C bonds have honeycomb structures [99]. The
two derivatives of graphene are Graphene oxide (GO)

and reduced-graphene oxide (rGO). The microhardness
of HAp escalates with the Graphene derivative and sim-
ilarly elastic modulus and fracture toughness also are
improved inclusive of compressive strength. Moreover,
graphene can withstand harsh conditions during synthe-
sizing, like high temperature and pressure. The apatite
layers are thicker and more uniform than pure hydrox-
yapatites [100]. The composites are highly efficient in
improving the adhesion strength of HAp on the metal.
They have a higher Young’s modulus for GO than pure
Graphene due to multiple stacking [101]. Even though
uniform distribution, inherent brittleness, hardness to
cut into shape, etc. persist as a problem, graphene incor-
porated with HAp offers superior mechanical charac-
teristics, greater potential biological characteristics and
upgraded corrosion resistance [102]. The mechanical
efficiency was evaluated by varied parameters counting
the inherent behaviour of the matrix, the synthesizing
method, etc. considering that incorporating graphene
over HAp showed a smaller grain size and also resulted
in the formation of the thick bone-like apatite layer. The
grain size and porosity were similar and hence graphene
was more reliable for strength [103]. Baradaran et al.
[104] concluded that even an infinitesimal amount of
graphene derivative added to the synthesized compos-
ite can effectively improve their mechanical properties
and they exhibit higher elastic modulus and fracture
toughness than pure HAp. They further validated that
the reduced Graphene Oxide (rGO) addition raised the
porosity of the GO/HAp composite. Moreover, the addi-
tion of the rGO alters the density and when the rGO con-
tent is more, the density takes a leap which proceeds to
the deterioration of mechanical properties but improved
biocompatibility. Stango et al. [105] revealed the use
of HAP/GO composite with better mechanical strength
and bone mineralization by forming more adhesion
strength for more beneficial load-bearing applications.
Figure 10 represents the coating morphology of HAP/3%

Figure 10. SEM image and cross-sectional image showing dense coating morphology of HAP/3% GO on 316L SS [109].
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GO developed on 316L SS by a spin coating method.
GO surface is composed of chemical moieties such as
–COOH, -OH and epoxy forming a covalent link with
316L SS. The combination of GO with HAP supports
its association with the implant surface by increasing
the corrosion and wear resistance. The hardness mea-
surement values suggested that the reinforcement of
Graphene oxide enhanced the toughness of the compos-
ite from 2.59 to 4.22GPa just as the concentration of GO
increased from 0 to 3% [105]. Li et al. [106] also gave an
explicit idea of Graphene/HAp composite synthesized by
EPD and they found it to be superior to HAp coating.
It was observed that graphene had adhesion to human-
osteoblast-like cell lines and induced proliferation in vitro
for their adhesion and corrosion resistance. Cell adhe-
sion andproliferation showed significant improvement in
the prominently utilized Graphene oxide-hydroxyapatite
nanoparticle composites, with observed improvements
correlating with an increase in graphene oxide content
[107]. Due to their immense contribution to cell prolif-
eration, graphene oxides are of extreme importance in
biomedical research. Al-Arjan et al. [108] included Apple
pectin to Graphene oxide/hydroxyapatite composite to
notice better compressive strength, Young’s modulus and
porosity and uniform pore distribution which is regu-
lated by GO. The physical cross-linking due to the pres-
ence of GO attributes to the better microstructure and
hence better mechanical properties.

4. Doping of ions

Doping is regarded as the deliberate incorporation of a
highly distinct component into a substance, for enhanc-
ing its potential outcomes. Ionic substitutions or doping
is a very good alternative for optimizing the properties of
ceramic coatings. Different ions show diverse properties
on doping even with minute amounts. It was demon-
strated that F− ions dopedwithCaP enhanced theminer-
alization whereas SiO2 retards the mineralization [110].
Thence the selection is completely based on suitability
and necessity. Table 1 tabulates some dopants and their
effect on various ceramic coatings.

5. Effect of different coating types on the
mechanical behaviour

5.1. Plasma spraying technique

Plasma spraying stands out as a highly favourable coating
technique due to its intrinsic qualities and desirable char-
acteristics, making it a promising option for a range of
coating applications. The technique fundamentally uses
plasma gas and introduces the substrate to the plasma gas

and further the particles are deposited on the substrate.
They exhibit decent adhesion properties with enhanced
biocompatibility. The spraying technique has advantages
such as controllable porosity, controlled microstructure
and simpleness in the process which is complex to exe-
cute [140]. Figure 11 represents the schematic repre-
sentation of the plasma spraying method. A variety of
parameters also needs to be considered such as the parti-
cle size, the power setting, the post-treatments, the degree
of crystallinity, etc. Aside from the prevailing parame-
ters, it also depends upon the decomposition of HAp;
nonetheless, the strong influence of the parameter can
transform HAp into tricalcium phosphate [141]. If the
pore size is large, it would deteriorate the mechanical
properties. Hence taken into account, plasma spraying is
obligated to be carried out to improve bioactivity [142].
Porous tantalum was coated over the Ti alloy by plasma
spraying technique to observe good mechanical prop-
erties for the implants than the bare Ti alloy due to
their homogenous porosity. The surface characteristics
and micro-structure were improved with these coatings
due to the effective coating technique with an optimized
selection of coating parameters [143]. Yang et al. [144]
discussed the different parameters that have an impact on
the plasma spraying technique of HAp coating. Further-
more, as the plasma spraying is irreversible, they display
alterations in the crystallinity of HAp. Plasma spraying
usually gives thin and dense layers. Bansal et al. [145]
used a plasma spraying technique for coating hydroxyap-
atite reinforcedwith ZincOxide to enhance the corrosion
resistance of the Mg alloy. With different weight propor-
tions of ZnO, it was observed that the microhardness
improved with uniformity and hardly any cracks. Singh
et al. [146] studied the titania-reinforced hydroxyapatite
over Ti alloy by plasma spraying and observed fair surface
roughness owing to the particle size of sprayed powders.
The plasma-sprayed coating has to be monitored for the
micro-size voids present due to the material nature as
we see here for hydroxyapatite which has an amorphous
nature. By analysing the plasma-sprayed coating surface,
it is possible to deduce valuable information pertaining
to microcracks, porosity, porosity, micro-voids, as well
as the uniformity or roughness of the coating. As the
mechanical properties depend on microstructures, the
plasma spraying method is effective enough to obtain
better mechanical attributes [147].

5.2. Spray pyrolysis

The spray pyrolysismethod imparts thin filmswith larger
particle sizes which is attributed to the agglomeration of
particles. A uniform spraying could be attained by spray
pyrolysis [148]. They also have the advantage of relatively
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Table 1. Doping of various ions in different ceramics and the advantages.

Dopant Dopant advantages Ceramic Benefits References

• Bone regeneration
and osteoblastic
proliferation of cells

Calcium phosphate • Superior solubility with more Sr2+ content
• Exceptional osteoblastic proliferation

[111]

STRONTIUM • Reduced bone mineral-
ization

Calcium phosphate • Gradually retard the proliferation of certain harmful
cells

[112]

Hydroxyapatite • Increased densification and increased grain size pro-
duce increased hardness post-sintering.

[113]

Hydroxyapatite • Enhanced mechanical properties due to finer densifica-
tion with sintering

[114]

Calcium Phosphate-based
HAp, replaced Calcium with
Strontium

• Evidenced comparatively aggressive apatite formation
for the process of bone tissue regeneration

[115]

SILICON • Greatly essential for
healthy bone, collagen
production.

Hydroxyapatite, Tricalcium
Phosphates

• Enhanced solubility
• Increases the cartilage synthesis

[116]

` Calcium phosphates • Grain growth was retarded with Si and has smaller
crystalline size and ends in dense microstructure and
enhanced microhardness

• The number of cracks is enormously diminishedwith Si-
doped CaP

[117]

Hydroxyapatite • Improved hardness and elastic modulus of the HAp [118]
MAGNESIUM • Biodegradable and

non-cytotoxic
Hydroxyapatite • Even a minute amount clearly improves Young’s modu-

lus, hardness and fracture toughness
[119]

Calcium phosphate • Higher biocompatibility
• Phase transformation showed similarity to the mineral-

ization of human bones

[120]

SILVER • Great antibacte-
rial, antiseptic and
antimicrobial activity

Titania nano-walls • Exhibited apatite-like structures [121]

Hydroxyapatite • Only insignificant concentration is released from HAp
and ensures an antibacterial effect.

• Controlled release is preferred.

[122]

Diamond-like carbon • Corrosion resistance was better by uniform coating
• More advanced antibacterial activity was attributed to

higher corrosion resistance

[123]

Hydroxyapatite • The bacterial growthwas greater, contingent uponpure
HAp coating in contrast with Ag-doped HAp

[124]

Titania • No particular difference in the surface roughness
between Ag-doped and Ag-free coatings

[125]

Zirconia • Ag-incorporated ones gave way better anti-bacterial
effect due to the retarded fluorescence intensity and
thereby retention of the least number of bacteria

[126]

Hydroxyapatite/ PVA
composite

• In the presence of Ag, the composite scaffolds were
found to have excellent antibacterial activity with
enhanced biocompatibility

[127]

ZINC • Show activities against
osteoclast formation
and favours osteoblast
formation

Hydroxyapatite • Improves desirable biological characteristics [128]

Hydroxyapatite • Diminishes the crystallinity of the formed apatite and
thereby the structure has higher distortions

[129]

Titania/ZnO • ZnO in TiO2 increased the corrosion potential by weak-
ening the current density of the developed coatings

[130]

EUROPIUM • Photoluminescence Hydroxyapatite • Have fluorescent actions by ameliorating the overall
properties of coatings by exhibiting the biocompatibil-
ity of HAp and luminescence of Eu3+

[131]

Hydroxyapatite • Despite showing the potential toxicity in vitro, they act
as drug delivery systems to target cells and doping
Eu3+/Gd3+ provided imaging guidance

[132]

Zirconia • Eu-doped Zirconia exhibited better properties by PEO.
They considered different spectral coatings which seem
to be pronounced when coatings are done

[133]

Titania • Eu-doped TiO2 ceramics also exhibit high photocat-
alytic activity and improved adhesion properties.

[134]

• Eu is doped with FeCO nanoparticles or Cerium oxide to
provide the luminescent effect of bioimaging

[135] [136]

Calcium phosphate • Eu incorporation leads to a better bending strength
along with compression strength

• Brilliant alternative to bone cement

[137]

(continued)
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Table 1. Continued.

Dopant Dopant advantages Ceramic Benefits References

CERIUM • Improves metabolism
and renders
antibacterial properties

• The toxicity of the ions
depends on the con-
centration of doping

Hydroxyapatite • Doping Ce increases the osseointegration properties of
HAp and is biocompatible

[138]

Hydroxyapatite • Compatible character with human blood and antibac-
terial effect in Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus and Bacillus subtilis

• Non-toxic up to the level of 600 μg/ml concentrations
towards MG-63 cells with regular cell attachment and
proliferation

[139]

Figure 11. Schematic representation of plasma spraying.

less contamination. Figure 12 is the schematic represen-
tation of the spray pyrolysis method. The method is time
also efficient. The process is carried out by an ultrasonic
nebulizer, as discussed byChou et al. [149] at the 1.6MHz
frequency of equipment. They studied the Ag-Zn doped
β-TCP for its antibacterial properties. Uskokovic and
Jokonavic [150] used ultrasonic spray pyrolysis for coat-
ing HAp over a Titanium alloy implant. The drawback of
plasma techniques, which is less control over stoichiom-
etry and composition, was eliminated by spray pyrolysis.
They observed a homogenous coating supported by EDX
analysis. While the coating thickness increased, the coat-
ing roughness decreased. Spray pyrolysis appears a time-
consuming process since it did not give a uniform coating
with 1.5 h; rather, it took 5 h to complete monolithic
films. Vijayalakshmi and Sivaraj [151] studied a Zn-HAp
over CNT on 316L stainless steel using the former tech-
nique. They revealed a phase formation due to Zn and
the morphology was studied by different methods such
as Fourier Transmission Infrared Spectroscopy (FTIR)
and Scanning Electron Microscopy (SEM). It was finally
observed that they have enhanced antibacterial activity

due to the superior surface reactivity, surface area and
other properties attained through the fabrication tech-
nique. Cho et al. [152] studied the nanostructuredα-TCP
coatings by flame pyrolysis which was slightly different
from the procedure of normal spray pyrolysis. Flame
spray pyrolysis was attained by an externally applied
energy source.With this technique, themicrostructure of
the ceramic was altered tremendously by the high tem-
perature and hence exhibited a porous structure. They
provide monolayers with spherical shapes. Visentin et al.
[153] fabricated a bilayer of TiO2 and HAp using the
spray pyrolysis technique. The bilayer is achieved with
fewer cracks and more uniformity by optimizing the
parameters. Due to the fabrication of the bilayer, it is pos-
sible to minimize cracks and obtain a uniform coating,
thereby improving mechanical characteristics.

5.3. Plasma electrolyte oxidation

Figure 13 illustrates a schematic representation of the
PlasmaElectrolyteOxidation (PEO)method. The plasma
electrolyte oxidation technique is used as coatings even
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Figure 12. Schematic representation of the spray pyrolysis method.

for non-adhesive compounds. Thick coatings showmore
corrosion resistance properties than thin coatings. The
processing time of coating can affect the efficiency of the
coating [154]. In 2018, a review on PEO by Hryniewicz
[155] suggested that metals such as Ti, Ta, Nb, Zr, Al,
etc. were fabricated over substrates by the same process.
Kesik et al. [156] studied the plasma electrolyte oxidation
carried out over the Ti alloy for observing the improved
bioactivity. The alloy later showed high bioactivity and
anti-bacterial properties due to the surface modification.
Rokosz et al. [157] studied how different parameters like
voltage influence the PEO process. It was found that the
voltage had effects on the thickness of the coating and
the thickness of semi-porous layers. Sieber et al. [158]
put forward the idea of using PEO for wear resistance
applications. They coated ceramics over Al alloys using
PEO. The defective microstructure in the coating layers
on pure Al was greater than Al alloy by the PEO process
which was suspected to damage the implant substrate.
However, coating over Al alloy improves wear resistance
and corrosion resistance. Mg alloys are coated using bio-
ceramics for the betterment of biodegradability. PEO is
an excellentmethod for these kinds of coatings due to the
thickness and bi-layered structure that can be obtained
which could prevent degradation to a certain level. The
morphology of the coating can be observed to be altered
by altering parameters such as electrolyte concentration,
composition, pH, process time, etc. Other parameters are

voltage, current density, frequency and anode-to-cathode
distance. Varying these parameters tends to provide an
optimized coatingwith efficient characteristics [159,160].
Similarly, coatings over Zr alloys by PEO technique were
also studied. ZrO2, which is chemically inert, is prone to
show bioactivity only if certain materials are coated over
them. The oxide layers formed will have better cell adhe-
sion properties accounting for the PEO method [161].

5.4. Frequently used common coating techniques

5.4.1. Electrophoretic deposition
EPD is a coating technique that has broad application
in coatings, with complex microstructures and nanos-
tructures that are functionally graded [162]. The gains
achieved from the EPD were more vital causing the wide
use of the EPD technique including the ease of the pro-
cedure, being the simplest technique and possible scaling
up too. Cost-effectiveness, flexible microstructure, high
degree of control over the complex shapes and uniform
distribution of particles are noteworthy advantages [163].
The process is attained by the migration of charged par-
ticles towards an electrode in an electric field and the
deposition is achieved by the agglomeration of particles.
Usually, in the post-EPD process, an appropriate heat
treatment has to be applied for enhancing the mechan-
ical properties. The parameters such as voltage and time
of EPD are important and they are conducted usually
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Figure 13. Schematic representation of the plasma electrolyte oxidation.

under constant voltage/current. A variety of nanostruc-
tures could be fabricated using EPD techniques includ-
ing nanotubes, nanowires, etc. Boccaccini et al. [164]
reviewed the fabrication of CNTwith SiO2, TiO2,MnO2,

Fe2O3 and other composites. The technique can also be
used for manipulating the structures or layers of CNT
for obtaining thin coatings. Kwok et al. [165] already
characterized HAp fabricated by EPD on the Ti-6Al-4V

Figure 14. Schematic representation of the Scratch test apparatus.
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due to the homogeneity they showed while deposition.
The thickness of coatings was preferred to be 10μm and
found to be crack free also exhibiting high adhesion
strength of 6.8 to 10.7MPa. Boron-doped hydroxyapatite
was used to coat over implant material to have better
corrosion resistance, implant-tissue interface interaction
and cell adhesion. The morphology displayed after EPD
is also a fair reason behind the better properties exhib-
ited by the coatings [166]. Drevik et al. [167] proposed
the fabrication of nano-HAp over the Ti-6Al-4V using
EPD. They also were tested for various tests including
mechanical tests, scratch tests, nanoindentation, etc. and
showcased their improved properties. Chellappa et al.
[85] investigated various composite coatings involving
ZrO2/TiO2, SiO2/TiO2 and SiO2/ZrO2 on the Ti-6Al-
4V by the EPD method by varying voltage and time
duration to improve the mechanical strength of the coat-
ings. All the composite coatings derived by EPD were
found to have better corrosion resistance behaviour with
enhanced scratch resistance. Moreover, EPD is combined
with another coating technique to improve their effi-
ciency. Nawaz et al. [168] combined EPD with Radiofre-
quency sputtering techniques to obtain coatings of great
anti-bacterial efficiency and biocompatibility.

5.4.2. Sol–gel coating
A procedure that dates back to 1842, involves the pro-
duction of a sol which is subsequently deposited on the
substrate or implant through methods such as dipping,
spinning or spraying. The aids provided by sol–gel were
similar to that of EPD which include chemical stabil-
ity, simple proceeding techniques, easiness of synthesiz-
ing, cost-effectiveness and the capability to coat complex
microstructures and geometrical shapes. Dense coatings
with more than 10μm thickness could be achieved by
sol–gel coatings which yield high quality, crack-less and
thicker coatings [169]. They also furnish desirable bioac-
tivity when organic/inorganic precursors are used. It was
concluded that the bioactivity described by them was
exceedingly higher than those techniques that use high
temperatures. There were different parameters related
to the quality of the coating; one such is the dipping
process into the solution. Earlier in 1992, it was found
by Gugliemi et al. [170] that they dealt with protec-
tion against oxidation, and thermal fluctuations by act-
ing as barriers, scratch resistance, etc. They observed
it by coating four metals using SiO2/TiO2/ZrO2 coat-
ings by the sol–gel technique. The osteointegration was
also improved by sol–gel coatings over stainless steel
implants. This is a proven environment-friendly tech-
nique, which can leave behind toxic processes, cease
waste formation and increase corrosion resistance. A lot
of parameters influence the sol–gel-coated substances

including the sol concentration, precursors, solvents, pH
level, viscosity, temperature, composition, etc. Except for
the longer process time, the purity and adhesion offered
by the sol–gel coating method are worth mentioning
[171]. Nanostructured coatings could also be fabricated
by the sol–gel technique. Advincula et al. [172] stud-
ied the biocorrosion properties of nanostructured TiO2
over Ti-6Al-4V. A TiO2 stable layer was observed and it
gradually controlled the resistance of elements other than
Ti. Gugliemi [170] further suggested that the cracking
of the coating depended on the thickness. An increase
in additional layers of coatings implied more defects in
the coatings. Vijayalakshmi et al. [173] spun the sol on
the polished 316L SS by the spin coating method at the
constant speed of 2000RPM/Min at room temperature.
They studied the effect of single- and triple-layered coat-
ings to increase the coating thickness with high adhe-
sive strength. The insulating aspect of sol–gel coatings
indisputably increased the corrosion resistance with a
better mechanical strength. Priyadarshini et al. [174]
have developed sol–gel Ce-HAP coating on Ti-6Al-4V
by a spin coating method. Increased adhesion strength
between the coating and substrate interface likely arises
owing to the formation of chemical bonds at the inter-
face. Anti-bacterial resistance was improved for coatings
by inculcating gentamicin with hydroxyapatite over Ti
alloy for controlled release of antibiotics. Sol–gel tech-
niques are used for enhanced anti-bacterial effects due
to their potential for controlled release of drugs from the
coatings [175].

6. Characteristics of coatings

6.1. Mechanical evaluation

To ensure a clear and explicit evaluation, specific tests
are employed to completely understand how the coat-
ings over the implants are achieved and to assess their
quality both in vitro and in vivo. Figure 14 portrays
the schematic representation of the Scratch test appara-
tus. For many years, the scratch test has been a relevant
method for evaluating the mechanical stability of coat-
ings. The adhesive property displayed by the coating to
the surface of the implant was substantiated by a scratch
test which was influenced by assorted parameters such as
the hardness and thickness of coatings, roughness of the
surface hardness of the metallic implant, lubrication, etc.
It was corroborated that the roughness value should be
less than 0.25 μm for the desired result [176]. Schwarzer
et al. [177] perform the macro- and micro-scratch tests.
The coating thickness and the surface roughness exerted
an impact on the test. One parameter essential for the
scratch test is hardness. A scratch test could be used only
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when the shear stress between surface layers is lesser than
that of the softer compound. Buckling and wedge spalla-
tion seemed to be the failure modes of scratch test with
hard coatings, as shown by Bull and Berasetegui [178].
Drevet et al. [179] examined themechanical properties by
scratch test and nanoindentation technique. The conclu-
sion from the scratch test of nanostructured HAp coated
over the Ti-6Al-4V by EPD pointed out that post-EPD
treatments improved the adhesion, before the treatment,
under the circumstance that, the load was 3.8N and after-
wards showed the rapid change in load from 3.3 to 7.9N.
The results suggested that the coatings were less porous
and compact due to Young’s modulus measured from 5.2
to 19GPa. Ceramic coatings through the EPD technique
are carried conducive to hinder the cracking. EPD coat-
ing shows good results against cracking as a result of the
densification of the coating. When EPD coatings are car-
ried out twice to enhance their thickness, the crack of
the first coating is filled and hence reduces the overall
cracking of the coating [180].

Nanoindentation is another aforementioned method
for mechanical testing for coatings which is a technique
for observing the mechanical behaviour of coatings.
Continuous load is measured which gives the hardness,
Young’s modulus, Yield stress and dynamic mechanical
properties through measurements and various calcula-
tions [181]. The indentation technique could be tested
in two ways: indentation which is perpendicular to the
surface and perpendicular to the cross-section [182]. The
morphological observations are obtained by SEM, atomic
force microscopy, EIS, etc. [183]. Karacan et al. [184] dis-
cussed the corrosion occurring over the Ti alloy. They
also discuss the nanoindentation tests and the hardness
and modulus of elasticity values.

Using the nanoindentation studies, Young’s modulus
and nano-hardness were evaluated by Dey et al. [185].
The Weibull distribution statistics is used by most of the
authors for theoretical expression since it is the most
common and widely used method. The indentation size
effects were also evaluated by these studies. The nanoin-
dentation technique makes use of a high-resolution
instrument and parameters like load vs. depth of pene-
tration plot along with providing details on other param-
eters which include contact stiffness. By the Oliver-Pharr
model for nanoindentation

H = Pmax

Acr
(1)

where Pmax is the maximum applied load and Acr is the
real contact area. Nanoindentation studies were done to
study the elastic moduli mismatch between HAp and
other metal substrates by Samandari et al.. Mechani-
cal compatibility between the implant and coating is

highly relevant for long run in implant fixation. Depth
serving indentation tests were also carried out and the
Oliver-Pharr approach was used for finally determining
the properties from the studies. It is revealed through
this study that the elastic moduli mismatch is indeed a
serious problem to be dealt with when it comes to the
mechanical compatibility of coating and implant substi-
tutes. They conclude through the findings that HAp was
better coated over commercially pure-Ti rather than Cr
Alloy or SS substrates so that there is the least mismatch
between them [186].

Tribology is the study of wear and tear to estimate the
mechanical durability of implants. Wear resistance stud-
ies are an important criterion to study when orthopaedic
implants and joints are considered. Certain coatings
inherently known for wear resistance are ZrO2, Al2O3,
etc. Hence, they are combined by researchers along with
HAp and other less wear-resistant coatings to improve
their characteristics. Rattan et al. [187] reinforced HAp
with Al2O3 and observed that the wear resistance has
been improved. It is done by evaluating the friction
coefficient curves. The coefficient of friction is smaller
for pure HAp owing to their surface smoothness and
when Al2O3 is added; in addition, surface roughness
is observed. Other parameters that determine the wear
resistance of a coating are porosity, the thickness of the
coating, surface smoothness, etc. along with wear vol-
ume loss and wear rate. Baligidad et al. [188] conducted
a similar study by adding rGO to HAp and observing
the improvement. A tribometer set-up can be used for
wear tests. As rGO content is increased, the lubrica-
tion between coatings and substrates is improved and
further coefficient of friction decreases and hence not
normally preferred for orthopaedic joint implants. TiO2
addition on coatings was also studied for wear proper-
ties. Tribology studies were carried out by researchers
and found that the debris accumulation in the sur-
faces led to the COF value fluctuations suggesting that
abrasive wear is more and depends on the TiO2 con-
centrations added to the coatings [189]. Surface mod-
ifications are also done on the coatings which tend
to improve the wear resistance according to certain
works of literature. Figure 15 illustrates the wear test
apparatus.

6.2. Corrosion studies

The corrosion resistance of the coatings is a vital param-
eter to keep an eye on for determining the coating
effectiveness. Corrosion behaviour can be understood as
the effect of the ions in body fluids that causes dam-
age to the coating or the implant, thereby leading to
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Figure 15. Schematic representation of the wear tester.

implant failure. Henceforth, corrosion has to be consid-
ered ssessentially and superior corrosion-resistant coat-
ings should be preferred. Corrosion studies are normally
carried out by electrochemical impedance spectroscopy
(EIS) and polarization measurements. Corrosion resis-
tance studies were also carried out for coatings of Mg
which detains the capability to degrade in vivo. Chiu et al.
[190] studied MgF2 coatings and their corrosion resis-
tance properties by tests such as immersion tests, EIS,
polarization tests or electrochemical studies. Electro-
chemical Impedance Spectroscopy (EIS) was realized to
be a strikingly peculiar analyzing technique as observed
by Yao et al. [191] while probing into the corrosion stud-
ies of ceramic coatings over Ti by the Plasma oxidation
technique. EIS technique renders spectra in accordance
with the selection of different parameters such as current
densities, frequency, etc. The results are correlated to the
thickness and strength of the coating. The thicker and
denser the coating, the better the corrosion resistance.
The immersion test results showed that the untreated
MgF2 covered with corrosion products and the treated
ones have better resistance show only a slight colour fad-
ing and show a milder attack of corrosion [190]. An
immersion test in simulating body fluid (SBF) was car-
ried out for the ZrO2/SiO2 composite over the Stainless
steel SUS 304. The in vitro test was done for the same to
observe the corrosion properties [192]. Raj et al. [183]
also discussed α- and γ -alumina and Al2(SiO3)3. They
emphasized the evaluation of the corrosion resistance
by electrochemical methods and morphology. Thickness
was tested by nanoindentation and corrosion resistance
by EIS and polarization studies. The polarization tests
would be determined by various parameters such as cor-
rosion potential, current density, etc. Figure 16(a) and (b)
represent the schematic representation of the evaluation

of corrosion studies by Potentiodynamic polarization and
Potentiodynamic polarization curve (Tafel plot). Extrap-
olation of the Anodic and cathodic regions of Tafel plots
gives Corrosion current (Icorr) and corrosion potential
(Ecorr) values where they could be correlated with inverse
proportionality; that is, with an increase in corrosion
current, corrosion potential decreases. Figure 17(a), (b)
and (c) gives the schematic representation of the Elec-
trochemical Impedance spectroscopy method and rep-
resentation of Nyquist and Bode plots, respectively. A
larger semicircle diameter from theNyquist plots denotes
better corrosion resistance. A Bode plot is a graphical
representation of frequency vs. impedance.

Corrosion resistancewas tested onmost of the ceramic
coatings and only if they provided significant resistance,
they were considered a favourable coating. Ceramic coat-
ings onAluminiumwere studied byGuan et al. [193]with
Plasma Electrolyte coating which possesses sufficient
dielectric properties. ThePolarization test results demon-
strated that the corrosion potential increased in con-
trast to the Aluminium substrate. The coating at 120min
shows corrosion potential at its peak. Exempting from
the corrosion potential the current density of the tech-
nique also affects the corrosion resistance. The more the
current density, the more the corrosion. Hence, the least
current density should be adapted. HAp/TiO2 combined
coating over Ti implant produces exceedingly high cor-
rosion resistance and better adhesion strength than pure
HAp since they contribute two layers of coating: one of Ti
which is densely thin and HAp which is crystalline and
thick. The corrosion study using Ringer’s SBF revealed
highly increased corrosion resistance compared to pure
HAp. By furnishing bilayers, they exhibit high resistance
to corrosion and the interlayers of the coatings which
are anticipated to be dense can adequately prevent the
immediate association of body fluid to the metal [194].
Similarly, HAp over the Ti-6Al-4V alloywas fabricated by
the sol–gel method to provide desirable corrosion resis-
tance. EIS was carried out for the same coating by Hadad
et al. [195] to obtain the results that support improved
corrosion resistance. Sidane et al. [196] also considered
HAp/Titania coating over stainless steel metal. The out-
comes revealed the regulation of corrosion potential and
current density over corrosion resistance. The TiO2 coat-
ing can diminish these parameters and thereby promote
corrosion resistance. Plasma-sprayed Al2O3 was studied
for corrosion resistance and showed high corrosion resis-
tance. Lower porosity was exhibited by these coatings.
The moderate Calcium Phosphate ceramics exhibited
maximum corrosion resistance and moderate hardness
[197]. Alumina coatings over Aluminium were fabri-
cated by Atomic Deposition. EIS studies revealed that
the thickness of the coating was highly favourable for
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Figure 16. (a): Schematic representation of potentiodynamic test for corrosion studies. (b) Representation of the potentiodynamic
polarization curve (Tafel plot).
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Figure 17. (a): Schematic representation of electrochemical impedance spectroscopy for corrosion studies. (b) Nyquist plot for
impedance study. (c) Representation of Bode plot for Impedance study.

protecting the coating [198]. Another hybrid coating of
ZrO2 and Poly(methyl methacrylate) (PMMA) was stud-
ied by Norouzi et al. [199] which made it obvious that
it provided good adhesion, low defects and more corro-
sion protection. The better adhesion was the sole reason
behind corrosion resistance and showed better activity
than pure ZrO2; because the hybrid coating of ZrO2-
PMMA showed the best corrosion by laying in the top
layer. YSZ over AISI 316L SS was evaluated for corro-
sion performance and found that hardly any degradation
occurred from the Impedance studies [200]. Alumina
Zirconia composites fabricated by PEO gave better coat-
ings with improved mechanical properties and corro-
sion resistance. Barati et al. [201] studied the corrosion
resistance and noticed the improvement due to higher
thickness, roughness and porosity. HAp/Graphene oxide
composites were studied for the corrosion behaviour by
Sebastin et al. [202] using SBF solution in vitro. The EIS
studies of the coatings provided data suggesting that the
corrosion resistance improvedwith an increase inCharge

Transfer Resistance (Rct) value with the incorporation of
graphene into HAp.

6.3. Biological evaluation

6.3.1. In vitro studies
An implant coated with ceramics, if introduced to the
human system, may induce rejection by immunologi-
cal responses by the body. Consequently, in vivo test-
ing is mandatory for any biomedical implant. However,
being costlier and requiring animal models, it is pre-
ferred to test the bioactivity and the biological responses
in vitro. Essentially, two methods are discussed for in
vitro testing by Xiao and Wu [203] which are apatite
formation evaluation in SBF and osteogenic differentia-
tion by cell experiments. Either one or both are neces-
sary for in vitro testing. Biocompatibility, anti-bacterial
and anti-tumour activities of bioactive scaffold fabricated
from Arabinoxylan incorporated with Zn and reduced
Graphene oxide with hydroxyapatite are studied for bone
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tissue engineering. Enhanced cell proliferation and via-
bility were studied with preosteoblast cell lines due to
theirmultifunctional properties and the synergistic effect
shown by the scaffold. Similar scaffolds were studied
for improving their cell adhesion characteristics and cell
viability which resulted in the generation of a potent
material for bone-tissue engineering [204,205]. Another
scaffold comprising acrylic acid, guar gum, hydroxyap-
atite and titania nanoparticles with the optimum amount
of graphene oxide showed improved mechanical proper-
ties and compatibility with tissues with better cell pro-
liferation [206]. In addition, Si-substituted HAp fabri-
cated by the ultrasonic spray pyrolysis technique showed
improved cell proliferation and osteocalcin production
owing to the incorporation of Si ions [207]. Osteoblast-
like Human Osteosarcoma cells (HOS) were studied for
the composite by Kim et al. [63] who observed the
spreading and proliferation of cells and more attach-
ment of cells from alkaline phosphatase activity (ALP).
Strontium-doped hydroxyapatite incorporated with chi-
tosan and polypyrrole was studied for its in vitro bioac-
tivity using an MTT Assay and live/dead staining assay
for the cell viability and concluded that from the first
day of incubation onwards, cells showed adequate pro-
liferation on MG63 cell lines and least toxicity [208]. Ag
was coated over Mg alloys to obtain a coating with high
anti-bacterial efficiency. This was achieved by combining
twomethods including micro-arc oxidation and physical
vapour deposition. An efficient bi-layer of anti-microbial
coating of the porous structure showed its effectiveness
against E. coli and S. aureus [209]. HAp/Alumina com-
posites were formerly known to exhibit better mechani-
cal strength with higher concentrations of Alumina. But
their bioactivity was discussed in detail by Radha et al.
[210] through in vitro studies by immersing the sample
in SBF. After 21 days, the conclusion was derived that
Alumina affects the crystallinity ofHAp.Additionally, the
ceramic coatings exhibit a marginal increase in heamol-
ysis, and concurrently, the cell proliferation rate was sig-
nificantly high. The osteogenic activity was evaluated by
the MTT assay for a titania coating and confirmed effi-
cient activity by numerous osteoblast cells on the tissue-
coating interface which further concluded that they carry
excellent anti-bacterial and osteogenic activities [211].
Zirconia at the same time is a great bioceramic, which
shows good mechanical properties as implant coating.
Zirconia was coated over the AZ91DMg alloy, for reduc-
ing the bio-corrosion effect of the Mg implant. YSZ is
deposited over the implant by the EPD technique and
in vitro tests are performed in SBF by immersion. They
showed rapid alteration in pH due to the degradation of
Mg and 50min EPD coated ones provided the best cor-
rosion resistance. Also, Zirconia could slightly improve

apatite formation on the surface which was substantial
in biomedical implants. [212]. Apart from YSZ, mono-
clinic zirconia coated over Ti alloy by plasma spraying
gave bone-like apatite formation in vitro. The Ca and P
concentration was lesser with the time of immersion get-
ting higher. The bioactivity also depended on the coating
thickness and the nanostructured surface was significant
for a coating to show good bioactivity. The monoclinic
Zirconia thereby could support cell proliferation as per
the study of Wang et al. [213]. Similarly, YZP reinforced
with Titania showed apatite formation succeeding three
days of immersion in SBF due to the rutile phase of
TiO2 that is immensely efficacious in the generation of
apatites [214]. Huang et al. [215] studied antibacterial
analysers in vitro for Zirconia doped with Ag and Cu.
The antibacterial activity of ZrO2-Ag composite gave
eminently potent bioactivity in vitro. Robertson et al.
[216] gave insights into coatings comprising titania nan-
otubes/HAp by co-deposition over the Ti alloy using
plasma spraying and sol–gel dip coating. These coatings
showed a micro-structure that was helping the mechani-
cal behaviourwhichwas apt for orthopaedic applications,
besides providing great osteoblastic activity and cell pro-
liferation. Hydroxyapatite with other dopants which was
coated over Rex-734 alloy was known to exhibit anti-
bacterial activity and biocompatibility. They show fair
osteoblastic performance and great cell viability owing to
the surface properties that determine the biological per-
formance of the material [217]. Priyadarshini et al. [139]
investigated the inhibition performance against certain
bacteria by in vitro studies on Ce-doped HAp. Ce-HAp
was non-toxic to certain levels. The in vitro studies on
MG-63 osteoblast-like cells paved the way for inference
regarding the use of the same in orthopaedic implanta-
tions due to high biocompatibility and tissue regenera-
tion applications. Studies on haemolytic activity showed
that with increased concentration of doping material, the
haemolytic ratio is increased. Accordingly, an optimum
concentration was confirmed for optimized haemolysis,
thereby uncovering applications in tissue engineering.
The in vitro studies also confirmed that with higher con-
centrations, there was visible toxicity to the cells which
successively leads to lesser cell viability.

6.3.2. In vivo studies
It is crucial for any biomedical implant to have acquain-
tance with the immunological response shown by the
body to the implant. The coating of the implant also
needs to be studied as the coating surface comes into
contact with the body fluid, different cells, tissues, etc.
On that account, in vivo studies are imperative after the
execution of the in vitro studies. It normally concerns
implanting the material under study into an animal
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model like rats or rabbits and sacrificing them for
the evaluation of the bioactivity and histocompatibility.
Figure 18 represents the image ofWister Albino rats used
for in vivo studies. Short-term in vitro test results alone
cannot be considered for compromising health. Some of
the calcium phosphate ceramics show high in-vivo sig-
nificance. For new bone formation through in vivo, the
composition should contain more CaO, finally leading to
the conclusion that CaO containing HAp is more influ-
ential for any macrophagic response [218]. Alumina, a
known bioinert ceramic, has been incorporated with flu-
orapatite to display apatite formation and bioactivity with
improved cell adhesion, hence a stable implant fixation.
The in vivo studies in rabbits indicated strong osseointe-
gration shown by the coating material by evaluating the
importance of the bone-implant interface contact ratio
[219]. Kim et al. [220] studied hydroxyapatite coated over
the Zirconia surface to observe a preferable cell prolif-
eration and attachment from in vivo studies. Profoundly
greater osteoconductivity with the least inflammation
is observed while coating zirconia which is completely
bioinert to become a material with bioactivity. Similarly,
Roy et al. [221] studied nano-HAp over Ti by plasma
spraying the coating. The rat femur was the medium of
in vivo studies which resulted in the formation of osteoid
on the surface of the coating which implies bone-tissue
integration rather than the uncoated implants. SinceHAp
is well known for aiding bone mineralization, it helped
this coating and the in vivo studies in a possible way.
Another study by Jiang et al. [222] was on hydroxya-
patite coating over titanium alloy which could also act
as a drug carrier for antibiotics. It was confirmed by
studies on rabbits that the coating is efficient enough to
show great biocompatibility and hence can carry potent
drugs with controlled release. Micro-computed tomog-
raphy imaging confirmed new cancellous bone forma-
tion in rabbits after 8-week post-implantation. Alzubaydi
et al. [223] carried out in vivo studies in HAp and PSZ-
coated Ti implants on rabbits. Having insights into the
increasedmechanical properties and great bond strength,
the in vivo studies were left unexplored. They showed
high osseointegration in addition to improved bioactiv-
ity. The Hap-coated Titanium enhanced bone healing
response required for osseointegration and osteocon-
ductive potential. The PSZ- and Hap-coated implants
showed fibroblast tissues and osteoblasts which boosted
new bone formation. Apart from new bone formation
they also exhibited rapid and superior bone matura-
tion. Cheng et al. [224] studied a silver nanoparticle
incorporated with TZP coating which showed extremely
high antibacterial and bio-integration properties. Sacri-
ficing thirty rats, which were divided into three groups
for convenient studying, revealed that the Ag-coated

Figure 18. Image of theWister Albino Ratmodel ready for in vivo
studies in the calvarial region.

Ti had extra-ordinary antibacterial activities due to the
biofilm formation and prevention of bacterial adherence.
The coating surfaces were compatible with osteoblasts
and enhanced their proliferation. Comparable antibac-
terial activity was studied in vivo by Li et al. [225] for
Zinc-loaded TiO2 nanotubes. Rats were sacrificed to
obtain the conclusion for in vivo studies which comprise
enhanced osseointegration and lesser growth of bacteria.
The reduction or suppression of bacteria was a boon for
an implant that is already effectively showing mechanical
properties and bioactivity. Notwithstanding in vivo stud-
ies are satisfying supplementary studies are a requisite for
clinical testing of all coatings.

6.3.3. Stem cells and tissue regeneration studies
Stem cells are capable of self-renewal and differentiation
and vary concerning their sources and potentials and also
depending on their interaction with the microenviron-
ment. Among many types of stem cells, adult stem cells
are vital for bone, cartilage, etc. Typically bone regen-
eration is possible inherently by nature, but using bio-
ceramics aids in accelerating bone regeneration. This
contributes to the effect on Mesenchymal cells (MSC)
which are familiar for improving angiogenesis and pos-
sess anti-inflammatory activities including cytokines that
can regenerate and hence show high bone-regeneration
applications. As they can differentiate into a variety of
cells, they are explored for tissue regeneration in connec-
tive tissues [226]. A Silica-based bioceramic composed of
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Calcium Silicates, Calcium Phosphates, ZrO2, etc. pro-
mote osteogenic and odontogenic stem cell proliferation
according to the study of Chen et al. [227]. They confine
beneficial biocompatibility and stimulate cell prolifera-
tion, thereby accelerating the healing process. The gran-
ular surface of the bioceramic aids the proliferation of
cells by attaching to the surface and hastening up spread-
ing. HAp was also studied for its osteogenesis properties
which were significantly visible during the study. HAp
scaffolds with nanostructured surfaces have the capabil-
ity of inducing osteogenesis by influencingMesenchymal
stem cells and thereby repair bone damage or injuries.

Bone morphogenic protein 2 (BMP 2) is a promi-
nent factor in the osteogenic differentiation of stem cells.
Among the certain other factors that affect osteogenic
differentiation, there is an extracellular matrix (ECM),
cytokines and various other growth factors which include
the basic Fibroblast Growth Factor (bFGF) from Human
umbilical vein endothelial cells [228]. Bioactive ions
that are coated over the implants tend to influence the
stem cell lines by altering their microenvironment and
their surface topography which, in turn, results in the
restriction of ECM contact between the material and
the cells and consecutively causes osteogenic differenti-
ation. Pang et al. [229] studied HAp and how it affects
MC3T3-E1 cell behaviour. The author suggested that the
HAp topography influenced osteogenesis by the prolif-
eration of osteoblasts-like cells which includes osteocal-
cin, osteonectin, etc. and differentiation of certain cells.
The rod-like HAp surface behaved more competently
with a higher rate of proliferation. Guimarães et al. [230]
conducted a similar study, but with HAp and bioactive
glass coated over zirconia. The studies on MC3T3-E1
cells showed better cell adhesion with improved sur-
face texture which meant the laser sintering technique
used for coatings showed meliorated bioactivity. Tissue
regeneration studies are also highly decisive for biolog-
ical evaluation studies. The topography of bioceramics
was an important factor that could enhance tissue regen-
eration. Stem cells persist in a significant strategy of tissue
regeneration till time. Certain authors have noticed that
some bioceramics will release bioactive ions so that it
would influence the stem cell behaviour, and tissue engi-
neering applications could be met. Hence, bioceramics
are an important component to be used as a scaffold
[231]. Poinern et al. [232] studied nano-HAp for in vivo
behaviour in sheep which offered good regeneration by
showing well-grown granulation tissue alongside myofi-
bre regeneration. Some other tissue components were
also observed to regenerate including fibrins. A Silicate-
based ceramic namely gehlenite showed better adhesion
and osteogenesis by the proliferation of osteoblasts. The
mechanical properties that were already studied did not

give any details on bio-compliance, whichmade Esfahani
et al. [233] execute it and obtain the results which proved
bone regeneration application. Similarly, Zhou et al. [234]
studied nano-HAp for application in the repair of hard
tissues like bone or teeth. This study was a kickstart for
future studies on the extensive application of the former
as a scaffold in tissue applications. There is clear evi-
dence of bioactive ions influencing the stem cells, thereby
causing osteogenic differentiation to stem cells and also
inducing osseointegration to the cell-implant interface
and providing cell adhesion.

7. Discussions

In this research, we conduct a thorough review of the
influence of mechanical behaviour on ceramic coatings
achieved through distinct coating techniques. It is essen-
tial to comprehend how the coating techniques alter the
mechanical behaviour since those assist in determining
the method that extends the finest results. The litera-
ture review unveils that various factors affect mechan-
ical properties such as microhardness, elastic modulus,
adhesion strength, etc. Not only the coating but also the
technique is extremely relevant when it comes to the
discussion of mechanical properties. The coating tech-
niques diverge in providing different coating characteris-
tics. EPD technique can furnish thicker coatings that are
crack-free. As crack-free surfaces can alter the mechan-
ical properties, certain parameters like deposition time
could be depleted to minimize the same and improve
their properties. The surface cracks reduce the tensile
strength of the coatings, also it was admitted that the EPD
technique affects the mechanical properties a lot.

Nano-hydroxyapatite/nano-copper-nano titania coat-
ing fabricated by the EPD process was studied for its
mechanical properties by various tests like nanoinden-
tation. The physical adhesion of the coating was one of
the principal aspects which influenced the mechanical
behaviour. The process of EPD paved the way for coating
complex structures with increased adhesion strength and
decreased contact angle. Nanoindentation results sug-
gested that with increased deposition time, an increase
in thickness, hardness and adhesion was observed which
was further confirmed by a nano-scratch test [235].
Besides, HAp/CNT coatings over the Ti alloy by EPD also
showed higher improvement in mechanical properties
than pure HAp or pure CNT. Higher adhesion strength
was indeed a remarkable property which was due to
the EPD method since they provided thicker coatings
of around 25–40 μm which are crack-free. Also increas-
ing the deposition time contributed to an increase in the
thickness and also caused cracks to form on the surface.



846 K. K. ANAVADYA AND U. VIJAYALAKSHMI

Accordingly, minimizing deposition time was essen-
tial to minimize crack formation [236]. Plasma spray-
ing also affects the microstructure of the coatings. The
process that includes high temperature for fabrication
of coatings explains the change in surface microstruc-
ture and forms microcracks on the first layer of coat-
ing although scale down the same with increased pro-
cess time, which, in turn, decreases porosity successively
increasing the elastic modulus and residual stress of the
coatings. Plasma-sprayed coatings formmicrocracks and
pores when YSZ coatings are fabricated. In other words,
the increased temperature during the fabricating process
decreases the porosity and thereby increases the elas-
tic modulus and residual stress of the coatings. Longer
process time leads to denser coatings due to the disap-
pearance ofmicrocrackswhich further leads to decreased
porosity due to the reduction of cracks. Hence deduc-
ing the microstructure of coatings attained by coating
techniques determines the mechanical properties [237].
Girolamo et al. [238] studied plasma-sprayedAl2O3 coat-
ings which show a porosity of 7.1% with a microhard-
ness of 12.8GPa. It demonstrated that a higher spraying
distance would increase the microhardness as well. Mag-
netron sputtering technique that can provide smooth
film exhibits high mechanical resistance due to increased
elastic modulus that is dependent on the sputtering
temperature. Magnetron sputtering techniques provide
a smooth film that can exhibit increased mechanical
resistance, due to higher elastic modulus. The hardness
and elastic modulus are highly reliant upon the sput-
tering temperature. Establishing an association between
microstructures and mechanical properties revealed the
necessity of optimizing the sputtering parameters. With
improved deposition temperature it favours the decline
of elastic modulus along with hardness and accepted that
mechanical behaviour depended upon surface topogra-
phy [239,240]. Chernozem [241] studied TiO2 and HAp
coating fabricated by Magnetron sputtering. TiO2 nan-
otubes fabricated by the same method were familiar
for their decreased elastic modulus and nano-hardness
and TiO2 coating became more densified. Similarly,
the sol–gel coating provides greater corrosion resistance
instead of providing fairmechanical properties. The pres-
ence of cracks formed on sol–gel coated surfaces affects
the mechanical behaviour. Sol–gel-coated HAp/TiO2
coatings exhibit prominent mechanical properties. An
increase in strength is observed that accounts for an
increase in TiO2 concentration and is not attributed to
the sol–gel coating. The coating technique offers thin and
dense coatings but being a composite, HAP/TiO2 shows
advanced properties [63,242]. The PEO technique also
aids in increasing the hardness and elastic modulus due
to alterations in surface microstructures. Also, they show

high surface roughness and porosity. Thus, studies elu-
cidate that there is an evident influence of the coating
method onmechanical behaviour. In conclusion, the sur-
face topography and microstructure have an exceptional
role in determining mechanical behaviour and they need
to be chosen wisely for the best results.

The corrosion behaviour of the coatings should be
inferred thoroughly, which may alter the mechanical
properties. The studies showed that the corrosion shown
by the coatings due to the ions in the body fluid may
cause high deterioration in mechanical properties since
they affect the tensile strength and fracture toughness
of the implant. Also, the corrosion may induce certain
structural alterations or ruptures in the coatings which
in sequence lead to the direct contact of the implant
surface to the body fluid that causes deterioration of all
the characteristics of the implants including mechanical
properties. The review on biological evaluation unveils
that specified coating techniques and their parameters
are capable of improving osseointegration. Additionally,
each ceramic coating possesses certain biological prop-
erties apart from the mechanical properties such as HAp
which has high biocompatibility. Hence these coatings
fabricated by appropriate coating methods can improve
their new-bone-formation capability and osseointegra-
tion property.

8. Conclusion

Quite a few surface modification techniques on ceram-
ics such as composite and doping of ions in ceramics
and various coating techniques are discussed. Particu-
larly, relevant attributes for exceptional use in biomedical
applications and the impact of miscellaneous processes
on mechanical behaviour are meticulously reviewed. We
pay heed to bioceramics which fall within the category
of biomaterials that can assist and aid patients in distress
due to underlying disease or injuries. Their advantages
could be complemented by reinforcing several dopants
to the parent material, each of the elements when doped
in optimum concentration renders a specific function
that can be tailored in accordance to our inclination and
patient’s requirement.

Integration of dopants into parent material results in
coatings with enhanced characteristics. It was inferred
from different pieces of literature that the microstruc-
ture, roughness of the surface, thickness and adhesion
of the coating are the rudimentary factors that hinge on
the mechanical attributes. The necessity of the implant
and the coating analogous to the mechanical behaviour
of natural bone compels the optimization of the coat-
ing method to procure an efficient coating with appro-
priate attributes. Corrosion also plays a pivotal role in
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implant failure that cannot be ignored as it may gener-
ate toxicity and produce adverse effects or even damage
tissues. Those coatings that successfully showed bene-
ficial biological properties were further explored for in
vivo studies which could be further extended to bone-
tissue engineering and later on trailed to clinical trials
and thereby used effectively in the biomedical domain.
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