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ABSTRACT

The implant and devices used in human body for repair or replacement of damaged
organs are based on metals, ceramics and plastics. None of them (except bio-ceramics)
make the natural union with bone and tissues in body environment, moreover release of
metallic ions and plastic debris and subsequently their accumulation in tissues near implants
cause sever pain and inflammation. This leads to requirement of revision surgery to replace
the existing implant with new one. The wear rate of ultra high molecular weight
polyethylene (UHMWPE) inner socket which articulates against metallic surfaces of cun,‘"an‘d
femur head in hip joint is as high as 100 pm/year. The poly-methyl-methacrylate (PMM'A)
bone cement used for joining implant to bone further restricts the service life of these
implants in harsh body environment.

The interest of researchers and medical practitioner is changing towards the
development of new techniques and materials to overcome the problems associated with
conventional metallic-UHMWE articulating surface, which lead to shielding the metallic
implant from corrosive body environment by application of coating and use of alumina-on-
alumina bearings. Currently plasma spraying process is the only technique approved by
Food and Drug Administration (FDA), USA to coat bio-ceramic materials. Since 2002,
marketing of alumina-on-alumina articulating hips had been approved in USA.

In this view, after extensively studying the published literature, it is conclnded that
the possible, practical and reliable way to prevent corrosion of body implants in harsh body
environment is the application of hydroxyapatite based composite coating with
incorporation of intermediate layer of bond coat which have reliable resistance to wear and
corrosion, adequate strength, ability to form natural bond with bone and surrou‘n'd..ing
tissues and allows no migration of metallic ions from substrate to coating. Very little
literature is availéble regarding utilization of plasma sprayed hydrquapatite-alumina
composite coating and alumina-titania bond coat for biomedical 'a'ppiications‘is scarce in
existing literature.

The current study elucidate effect of Al,05-13 wt% TiO, bond coat -in reduction of
elemental migration from substraté to coating, enhancement in bonding strength of coating
and effect of alumina .addition (0-30 wt%) on wear, hardness, bonding strength and _

corrosion behavior of .composite coatings. The effect of post coating heat treatment on



incorporation of reinforcerhent (alumina) and provision of t_)'_or:\g;ieeat,: Thel adhesive wear
resistance of coatings (wear betweeh similar articulating coatinge) &eqreased.with increase
in alumina contents of HA composite coatings. The maximum val,u.e* of tehSile bond strength
was recorded for HA-30 wt% Al,03 coating with Al;05-13 wt% TiO, 'bond‘coat and minimum
for pure HA coating without incorporation of bond coat. B » |

The corrosion and precipitation/dissolution behavior of___ ,tjnco‘a.ted and coated
specimens was studied in simulated body fluid. All the coatings offered better corrosion |
resistance as compared to bare substrates; moreover thelr corrosnon current den5|tles were
nearly same irrespective of substrate, which suggested that coatmgs were protectlve and
did not allow interaction of substrate wrth eIectronte Most of the amorphous phases got
dissolved in simulated body fluid after |mmer5|on perlod of 1 day, d|ssolut|on/preap|tet|on
occurred up to immersion period of 5 days and thereafter, precnpltatlon of apatnte Iayer was
seen on the coating surface ' 4

The coated speamens were subjected to post coating heat treatment at 500 700

and 900°C in air for 2h in order to regain crystalhmty of coatmgs The crystallinity o;ﬁgeezngé
was found to increase with increase in post coatlng heat treatment temperature from ;00 °C »
to 900°C. Development of ultra-fine particles was observed after post coatmg heat
treatment at 900°C for 2h. These ultra-fine particles have great afﬁnlty for bone bondmg :

and bone in-growth.
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PREFACE

%

The entire work carried out for this investigation has been pfesented in nine
chapters.

Chapter-1 contains the introductory remarks about the materials used for repalr/replace the

damaged tissues in human body, their bone bonding ability and their ||m|tat|ons The requ:rement of .

bioceramic coatings and methods adopted for nmprovement in thelr mechamcal propertles is briefly

discussed.

Chapter-2 presents the extensive literature review on orthOpedlc and dental lmplant
materials, thelr fallure mechanism, various joint simulator and wear testmg equnpments

role of coatmgs coating deposmon techniques. The. need of‘: atmg on metalhc body

implants, the coating techniques adopted to coat body lmplants advantages and I|m|tat|ons |
of these techniques and past coating treatments are discussed. .. - |

Chapter-3 deals with the experimental part and presents the expenmental_

g s

techniques and details of the equipments used in current study The procedd”es <and
equipment/machines em.ployed for depositing the coatmgs, their charactenzatuon,
evaluation of mechanical properties, corrosion and im.rﬁersion behavior in SBF and !post
coating heat treatment have been discussed. |
Chapter-4 presents the characterization studies which include the study -réiated to |

morphology, roughness and porosity of coatings.

Chapter-5 includes the results of mechanical properties of coatings, which inol,udesif:t?vear
resistance of coating against 400 grit abrasive, between similar coatings, hardness of co'ating ‘
across substrate-coating interface and bonding strength evaluatioh.ﬁ. |

Chapter-6 contains the results related to open' circuit _o%tential {ocp), ‘lri‘ne-ar
po-larization potentiédynamic polarization and Tafel polarization tests on 'bare andcoated
spec:mens in simulated body fluid. The biocompatibility of coated speCImens was studied by
in vitro examination in SBF for immersion perlod -of 5, 10 15 and’ 20 days at a controlled
temperature of 37+£1°C. ‘ ' . . o

Chapter-7 deals with the characterization of post coating heaxt treated specimens. The
coated specimens were heat treated at 500°C, 700°C and 900°C for Eh inair.

Chapter-8 includes the comprehensive discussions of the results obtained in present
- study. | '

Chapter-9 summarizes the conclusions from the results obta’i_ned-.withirtt‘he present
researc‘h and scope for future work. |

Vil
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CHAPTER 1
INTRODUCTION

Human’s intrinsic desire to rerﬁain active and to challenge his limitation to movement
due to ofthopedic degradation prope! research ihto the impféyement of orthopedic
intervention. The incidence of orthopedic interventions has increased enormously since the
human being entered the era of industrialization, largely dué to accidents caused by the use‘of
machines and automobiles for his convenience. The knee is one of ti1e most important and
most studied joints in the human body. Unfortunately, it is hfghly susceptible to osteoarthritis
which causes pain and loss of function and in some cases leads to total knee replacement.

According to Arthritis Foundation, arthritis related problems are second to heart disease |
and the leading cause of work disability. Mechanical»loadihg and especially dynamic‘gloading is
believed to play a majof role ih the degenerative procéss (Se’tton' et él., 1998 and Tets'\f(\?ortlﬁ and
Paley, 1994}. Over 500000 total joint replacements primarily hip and knees and 100000-300000
dental implants were used in USA alone annually (Shin et a-l 2003). According to American
Academy of Orthopedic Surgeons, approximately 120000 hlp replacement operatlons (hlp
prostheses) are performed each year in USA (Neville-Smith et al 2000). :

Since the late 1970’s, there has been a growing awareness of the compllcatlons related
to long-term use of cemented body implants. The loss of implant may be caused by one or
more of the reasons which includes wear, loosening, fracture and infection at later stage. The
~ probability of implant failure is directly related to the time, which inc‘feases with time and in |
many cases the complications are synergistic. The analysis: of failure of body implants have
made the practitioner reconsider the use of acrylic bone bce'mAent for'-_fi-xation at bone/implant
interface since it is the progressive deterioration at this interface that results in the failure of
either the bone or the implé_nt (Hench,»1.987). Load beaﬁng implant.’skin orthopedics:havé to
sustain complex mechanical loads without failure under corrosive thffohmental conditions.
Further, permanent implants e.g. joint prostheses or dental implants, which are designed for
service throughout the life span of the patient and have to bond t|ghtly to surrounding bone

need more attention (Bearinger et al., 1997).



properties along with biological benefits of coatings (Thomas, 1994);‘ Considerable efforts are
being made to produce biocompatible, bioactive, corrosion resistant coatings with well defined
structure, morphology and phase composition. The various coating"processes currently used for
hydroxyapatlte based coatings are plasma spraying, high velocnty oxyfuel (HVOF) high velocity
suspension flame spraying (HVSFS) (Gadow et al., 2010), ﬂame spraymg, sol gel flame assisted
chemical vapor deposition, chem|ca| vapor deposition (Trommer et aI 2007) electrochemlcal :
electrophoresis with and wuthout sintering, pulsed laser deposrtlon |sostat|c compression and
frit slurry enameling (Zhang, 2000) The most commonly used technlque is plasma spraying,
lntroduced in the early 1980’5 (Gottlander 1994). The. plasma spray technlquhe 1:0; cbatmg of
hydroxyapatite powder is appro_v_edby US Food and Drug Admlnlstratlon (FDA). _
Hydroxyapatite is slig'htly. resolvable 'in water or acidic solution and this accelerate
dramatically at lower pH (< 4) value The dissolution of hydroxyapatlte is a complex process at
constant pH, rate of dlssolutlon is |n|t|aIIy fast the dissolution is strongly affected by Ehe _H
concentration, but H duffusmn from bulk to the solid mterface is not a controllmg step Some
researchers propose that durmg |n|t|al reactlon calcium ions are adsorbed on the surface and
. the adsorbed calcium ions cover a part of the surface area and llmlt the accessnbmty to the .

surface. The available area for hydrogen attack is much |ess than the total maternal surface

area, which leads to a much Iower dlssolutlon rate in this caIC|um rich layer. The other{causes of
SEA T

dissolution of hydroxyapatlte are etches and pits formation due to structuraﬁl;wdesfects
dislocations and mclusmns hlgh coatlng porosity and Ca/P ratio other than 1.67 (Wang, i004)
The failure of body. lmplant may ‘be due to wear of one of the Jommg parts in the body
environment. The wear in the nmplant and surrounding bone may be abrasive, adhesive or
fatigue. Some wear testing: dev:ces are used to snmulate the wear m body environment.: The
knee simulator; one of the most complex wear testlng devnce Wthh tests actual knee
prostheses is very expensive W|th some commercial models costmg |n excess of~$ 200000.
. Wang et al. (1999) and Blun et al. (1991) have reported an mexpenswe alternatlve‘to knee .
simulators to test knee replacement materlals The other srmpler and mexpenswe models for
wear testing are: pin-on-flat, pin-on-disc, flat—on—dlsc and cyclic wsrlu:lrng wear testing machine.
Morks et al. (2007), carried oujt: wear tests using SUGA abrasion tes_te_r;,;.vyhich follows NUS-I1SO-3
standards (Japan), a similar wear testing machine is built to caiculate ‘th’é-we_’_ar resistance of

coated specimens in this study. -



| Chapter 2
LITERATURE REVIEW

Literature review rélevant to the research has been divided into four phases. First
phase contains a comprehensive review of existing Iiterat{urﬂe on' materials used for
orthopedic and dental implants, their properties, bone-implant_-[i.nteriface'and hip prosthesis.
The second phase contains the critical review of wear mechanisim and failure mechanism of
coatings. In third phase, critical review of coatings, their deposi{ioh prOcésses witﬁ detailed
* description of plasma spray process, post coating treatment and in vitro studies héve been
described. The last phase of this ch'apter is related to the problem formulation, scope and

objective of present.research work.

2.1 ORTHOPEDIC AND DENTAL IMPLANT MATERIALS '

- Biomaterials refer to synthetic materials used to replace a part of a living sysifin or '1
to function in the intimate contact with living tissue. From the nature of matena[sgpo‘l:nt of
view, biomaterials can be classified as polymers ceramics, metals and compos;tes ThIS.
classification may be overlaid on each other due to the fact that composites are made from
two or more type of materlals Various kinds of biomaterials that have been used m human

‘body are reported in Table 2.1.

2.1.1 Metallic Implant Materials

in biomedical applications 70% of irﬁplanfs consist of meféls (Sarao et al., 2009). The
- majority of metallic implants used in the skeletal system are baséd_On three types of alioys:
.austenitic stainless steels, cobalt-chromium alloys and titanium based alloys {Bonfield,
1987). The fixation of these metallic implants to bone has beer’i"'»one of the most',_(:iifficult
problems and the fixation is obtained through the acrylic bone cément. Cobalt-chf:'omium
(Co-Cr) alloys show excellent wear resistance, corrosion resistance and fatigue resistance,
although they have higher elastic modulus and are less biocdmpatible than titanium as
reported in Table 2.2. A process where the stiff implant carries much higher load than the
surrounding bone, called stress shielding is found to be increased due to high modulus of
elasticity of Co-Cr alloys. In addition; over 10% of the population‘;hat’ goes for body implant
is hypersensitive to at least one of the elements in Co-Cr alloys (9.6% Ni, 9.3% Cr and 6.0%

5



such as infection and stem breakage -are, largely av_oidedr.:_ngy\(" a days but the long term
failure of an implant is most often attributed to implant loosening, which can cause severe
pain, loss of joint function that necessitate revision surgery (Netter et al., 1989, Spector,
1990, Spector et al., 1991 and Long and Rack, 1998).

Table: 2.2 Relevant properties of materials used in orthopedic and dental implants,

(Long and Rack, 1998)

T

f

~ Elastic Tensile o
Materials Modulus Strength Advantages L Disadvantages
(GPa) (MPa) |
cp Ti 110 400 Biocompatible, | 'Pbor fatigue resistance,
corrosion resistance | wear resistance
Ti-6Al-4V | 124 940 Biocompatible, | Poor wear resistance
corrosion resistance, (fretting)
fatigue strength -
SS316 L | 193 540 Low cosf, easy Poor biocompati»:b'i]‘ity,
| availability and corrosion, high 'mwodu.‘lus
processing ' e
Co-Cr 214 4 480 "Wear and corrosion i High modulus, p60r 4
resistance, fatigue . biocompatibilityf -
strength e -
| UHMWPE | 0.4 3 Low fricti‘on and wear ['Susceptible to three body
‘ ' . ‘wear, particle creation
PMMA 3 . 35-50 -Rapid fixation, strong - | Low impact and fatigue
fixation for short time I:r"e,sistance, poor
;biqcompatibility N
Bone | 10-30 | 70-150 | - B .

cp: commercially pure

¥

Hench, (1998) reported that the failure analysis have made practitioners to
reconsider the use of acrylic bone cement at bone/implant iﬁt’effac,e since progressive
deterioration of bone cement at this interface results in the failure of either the bﬁ'rie or the

e

implant. Consequently, there is a growing interest in altérnative,, ceément-less methods for

e
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Ideally, orthopedic and dental implants should not aonly.be biocompatible, but aiso
bioactive, which means that the implants can be osteoconductive or osteoinductive, i.e.
they promote new bone growth around the implants. Bioactive fixation requires implant
materials to be bioaotive, which can establish bone bonding with living tissue by
physiochemical or cell-mediated biological process. There are two types of bioactive
materials currently in use .for orthopedic and dental applicatigns}:!bioglass and calcium
phosphates. Bioglass was invented by Hench in late 1960’s. He de)?eloped a surface reactive
bioglass, containing SiO,, Na,O, Ca0 and P,Os, which could be cn:e;micaily bonded t:? bone.
Nowadays, this type of bioglass is widely used in clinical applkications.‘Further;t these
materials have very good bioactive properties but their mechanicalb'properti.es are very poor.

In a study of radiographic -examination of hip arthrople;ety of patients after ten
years, 30 — 40% of the patients showed femoral Ioosening end 10 — 30 % showed aoetabular
loosening. After 15 years of implantation the rates of failure were much higher (Netter et

al., 1989). Implant loosening by mechanlcal failure of supporting cancellous bone due 1o
bone resorption (osteolysis) and break down of material tissue interface has been reported
but the cascade of events leading to failure are complex and can take many years to;_develop
(Spector, 1990, and Spector et al.,, 1991). Flowchart of many events leading to :.implant
failure is reported in Fig. 2.2. |

At the root of these problems there are two major causes: osteolytic response to |

wear particles generated from the articulating surface and osteolytlc response due to poor
long term biocompatibility and/or loss of fixation at bone- blomaterlal interface. Many of
these problems depend fundamentalily on material selection and implant design.

2.1.2 Biomaterials Based on Ca and P

€

Calcium phosphates are an integral com'ponent of geolog"'i"fval' and biological systems.
They are found in virtually all the rocks and are major structu‘ra.l;jé_’onwp'_onent of vertebrates.
Calcium and phosphate are widely distributed elements on earth".“‘fThe surface layer of earth
contains about 3.4% calcium and 0.10% phosphorus (Weast, 1985:i986). Table 2.3 presents
most of the Ca-P ceramics with their calcium to phosphorus n{ol;ar ratio. The most widely “
used Ca-P ceramic for biomedical purpose are hydroxyapatite (HA), tri-calcium phosphate
and their biphasic combinations (Le Geros, 1991, Chow, 2000, Suchanek and Yoshimura,
1998 and Vallet-Regi and Gozalez-Calbet, 2004). Combinations of',okides of Ca and P with or

without incorporation of water give different calcium phosphates. All calcium phosphates
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Table 2.3 Abbreviations, formula and Ca/P ratio of. calcium. phosphorus ceramics,

(Liven, 2007, Shi, 2004 and Levingstone, 2008)

Compound name Abbreviation Formula Ca/P
_ ’ _ratio

Mono-calcium phosphate MCPM Ca(HzP_O4)erZO : 0.5
monohydrate ' A

| Mono-calcium phosphate MCPA Ca(H;"P'O‘;)z’ 05
anhydrous S '
Di-calcium phosphate DCPD CaHPQ4-2H20 | 10
dehydrate C " ‘
Di-caicium phosphate DCPA CaHPO, 10
anhydrate , .
Octacalcium phosphate OCP CagH,(PO4)6-5H,0 1.33
a-tricalcium phosphate - a-TCP a-Caz(P04);
B-tricalcium phosphate B-TCP B- Cas(P04)>
Amorphous calcium phosphate ACP Cayx(PO4), -nH,0
Calcium d'eficient 1 - 1.5-

CDHA Ca10—X(HPO4)X(PO4)6-X(OH)2-X m )

hydroxyapatite _ _ ‘ ”167
Hydroxyapatite : HA Ca10{PO4)s(OH) £1.67
Tetracalcium phosphate TTCP Cag(P04)0 2.0

2.1.2.1 Tri-calcium phosphate (TCP)

B-tri-calcium phosphate (Ca3(POs);) is a calcium phosphate of the stoichiometric
composition, having rhombohedral structure which can not be pref:i"pitated from solution. It
may only be prepared by calcification of calcium deficient HA at a temperature above 800° C

by following chemical reaction:

Cag(HPO,)(PO4)sOH — 3Cas(PO4); +'.H‘z,0> , - (2.1)
| (TCP) - IR
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2CaHPO, + 2CaC0; —» C34(PO4)20 +2C0O, + H,O - (22)
(TTCP)

2.1.2.3 Amorphous calcium phosphate (ACP)

Crystalline hydroxyapatite is generally considered to be the final stable product in
the precipitation of calcium and phosphate ions from neutral to baSIC solutions. However,
there is a broad range of solution conditions in which preapltatlon occurs spontaneously,
that may lead to precipitation of unstable amorphous calcium phosphates Amorphous
calcium phosphates are unique among the calcium phosphate savlt_s as they do not have long
range periodic arrangement of cryétalline materials. The morp}hology of ACP eonsists of
roughly spherical Cas (PO4)s clusters randomly distributed with their inter-cluster spaces
filled with ‘'water. Sedlak and Beebe (1974) reported that temperature programmed de-

hydroxy!atlon of ACP indicates that about 75% of this water is tightly bound msnde?ﬁhe ACP

particles. The rest is more loosely held surface water. The transition of ACP to crystallme
‘materials is not gradual but occurs rather rapidly, whlch is further sensitive to temperature
and pH (Boskey and Posner, 1973). The transformatton process occurs via multiplicative
prolifération of small crystals possibly through a dendrite-like growth mechaﬁ‘riém. The

concentration level falls off sharply at pH < 9.25. B 7;;;-

5.

s

©2.1.2.4 Apatite

n

The term apatite defines three unique minerals‘, hydr_ox:y'apatite (Caig (PO4)6(OH)2),
fluorapatite (Caio(PQO4)sF2) end chlorapatite (Cajo(PO.)6Cl3). Th'e.‘atqmig arrengement of the
three apatite phases differ principally in the positions of the occi\]_;;an“ts of anion position i.e.
hydroxyl, fluorine and chlorine groups, for threevend m_ember_;s: :‘r_‘_es'peCtiv.eiy {Hughes and
Rakovan, 2002). These materials demonstrate similar structur"':eva'nr:l pesses the structural
formula, X3Y2(TO4)Z. In nature apatite compositions include X = Y = (,:a 'Sr, Ba, Re, Pb, U or
Mn (rarely Na, K,Y, Cu); T=P,As,V, Si,Sor C(as CO3)and Z = F Cl; OHor O. In medlcme
apatite of interest possess X =Y = Ca; T = P; Z = F or OH. Out of these three apatites
hYdroxyapatite is most studied and uee'd biomaterial for orthbpedie and- c»jr'enfc»al :implants.

Hydroxyapatite has a crystalline structure of hexagonal rhombic prism as shown in Fig. 2.3
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revealed that hydro_thérmal processing of potassium di-hydrogen phosphate can cause a

complete transformation to apatite.

® OH

ff M‘;k‘s; .
) O

Fig. 2.3 Structure of hydroxyapatite projected down the c-axis onto basal plane,

(zhang, 2000) o - : +

Pure and dense ceramics can be obtained through sintering process, which ';hv:%[ves
calcification and compaction at room temperature followed by heat'ing' at high temperéture.
The calcification is performed at 600-900°C and adsorbed moisture, carbonates and
chemicals like ammonia and nitrates which remained from synthesis stage are removed as
gaseous products, leading td production of dense HA material du’ring sintering.i The increase
in crystal size and decrease in specific surface area are the result of procéssing. The product
with a Ca/P molar ratio more than 1.67 and formation of CaO is the v.rvesult of sinter.ing. The
presence of CaO is reported to decrease the strength (especially ébhesioh) due to stresses
arising from formation of Ca(OH),, which subsequently transform‘s"to,‘Cacog (Slosarczyk et
al., 1996). The presence of CaO may alter the rate and extent of biodégradation. A Ca/P
molar ratio less than 1.67 favors the presence of a-TCP or B-TCP in HA ceramics (Raynaud et
al., 2002). The Ca/P ratio does not influence sighificantly the grain growth of HA ceramics.
Moreover, due to formation of a new phase' and eVaporation of water, the decomposition

process may have negative affect on densification of the HA ceramics.
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bioactive glass are reviewed and classified with focus of attachment to the bone (Hench,
1991). It is reported that in spite of significantly improved strength and toughness, HA based
composites do not find wide applications due to decrease in their bioactivity and

biocompatibility as well as difficulties in processing.

2.1.2.7 HA based composite coatings

T L T

The metallic materials used for the body implants have fivery good mechanical
properties but they are not bioactive and biocompatible, so their service life i‘s restricted to
10 to 15 years and the failure is associated with the bone implant-interface. Bioceramics
have very good bioactivity and biocompatibility but they do not have even fair mechanical
properties, where tensile strength, brittleness, fracture toughne.ss and wear resistance are
concerned. Thus, one of the most important clinical applications of HA is the coating of HA
on metal implants to form a macro-composite material. This macro-composite materi

combines mechanical advantages of metallic substrate with excellent biocompatibjlity ar

bioactivity of HA. Such composit.e provide natural fixation of implant to bone 'and‘;giiinimi.
an adverse reaction caused by release of metal ions from the metallic s:fbstrat
Furthermore, HA coatings have been reported to promote ear'ly bone formatiorf"-arour
implants and promote the deposition and differentiation of mesenchymal cells .in
osteoblasts on HA coated im‘planf surface (Cleries et al., 2000). Ability of Q,;s;ig_edﬁla
adhesion onto the surface is due to the increased adsorption and‘fproduction of pro{gelns
addition, a study by Gottlander et al., (1992) has indicated HA coate.d implants havé%% highe.
percentage of bony contact after six weeks implantation as compéred to commerciglly pure
Ti screws. Histologically comparison of 0sseous a‘pposition to HA coated implants and Ti
Implants has demonstrated mineralization of bone directly on HA surface with no fibrous
tissue layer formation. However, a predominately fibrous tissue 'iﬁterféée was observed on
Ti implants with only minimal areas of direct bone contact_(Th'omléS et al., 1987). Many
investigators reported that histo_mefric studies in animal mode‘ls*h':ive demonstrated that
bone adapts in much less time to HA coated implants than.“to uncoated Ti Implants
(Gottlander and Albrektsson, 1991 and Weimlaender et al., 1992). «,

The HA coatings were tested based on their initial fixatibh,:stable bone in-growth
and remodeling around the stem in total hip prosthesis. The studies ha\(e revealed that the

micro-motions of HA coated stems were comparable to that of cemented stems.

Comparative studies have shown HA coated stems had higher survival rate and less bone
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HA-15 wt% Si0>-10 wt% Ti was plasma sprayed on SUS 304 stainless steel substrate.
The adhesive strength of coating layer adhered to eubstnate was expected to be higher than
cohesive tensile strength of the coatings (Morks et al., 2008). Results of investigation by
Morks, (2008} confirmed the improvement of the adhesive strength of HA coatings by
reinforcing with SiO, and Ti particles when compared with pure HA ceatings. An impact
theory was utilized to Iogically explain the HA-TiO; composite coating formation and mutual
chemical reaction between HA and titania during HVOF spraying by Li et al., (2003). It was
found that the crater caused by impingement of completely un- melted titania partlcle upon
HA matrix was far smaller than the titania feedstock. A chemlcal bond between HA and
titania within the composite coatings was suggested, which may- be. responsible for the
entrapment of titania particles during impingement process. ‘

Gu et al. {2003) reported in an investigation that plasma sprayed HA composite
coatings with 50 wt% Ti-6Al-4V showed superior mechanical stability than the pure HA
coatings in physiological environment, indicating much better long term stability of
composite coatings in physiological environment. Zheng et al. (2000) reported tnrat mean
bonding strength increased from 12.9 MPa to 14.5 MPa and 17.3 MPa by remforcmg the
‘plasma sprayed HA coating with 20 wt% Ti and 60 wt% Ti respectlvely The enhancement of
adhesion of the coating to substrate was reported by increasing the contents of Ti to HA.

The effect of plasma gas composition on the bond strength of HA-TI composute'
coatings was investigated by Inagaki et al., (2006). The plasma spray process was controlled
to get titanium rich coating near substrate surface and HA rich coating at the to;(graded
coating). The bond strength of coating prepared by plasma gas containing Ar-N; mcreased
by 1.5-2 times than the bond strength of coating prepared by Ar-O, as plasma gas. In
another study, Inagaki et al., (2003) investigated the effect of partia__vlly nitriding HA
composite coating lduring plasma spraying and reported subst_antiel ;jvncr.ease in bonding
strength by adding 0.8% N; to argon during spraying as compared t(;)'rc-oatings sprayed by
pure argon, further the bonding strength obtained was almost d_o‘ub_le’d'by adding 1.8% N, to
argon during plasma spraying as compared to pure argon as plasme gas.

Young's modulus and fracture toughness of HVOF sprayed_ HA, HA-10 wt% titania
and HA-20 wt% titania were investigated by Li et al., (2002C). The;results showed significant
increase in Young’s modulus by addition of 10 wt% titania to HA as compared to pure HA

coating, while by addition of 20 wt% titania, the value of modulus decreased but it was still

higher than pure HA coating. The decrease in value of modulus 'by addition of 20 wt% titania
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(1995) also agreed to the fact that Al,O3 addition helps in_cteaSing the bending strength of
HA composite. i
~ Alumina, which is classified as one of the chemically and biolog_ically inert material,
has been investigated as reinforcement material for hydroxyapatite (Champion et al., 1996).
Alumina particles retained their bio-inertness without affecting the biocompatibility of HA.
" Alumina with high density and high purity (>99 5) was the f|rst bioceramic widely used ‘
clinically. It is used in load bearing hip prostheses and dental lmplant because of its
combination of excellent corrosion resistance, high wear resistance, high strength, bio-
inertness and stability in physiological environment (Hulbert Fet aI:, 1987, .Hench and
Ethridge, 1982, Plenk, 1982 and Griss and H‘eimke, 1981). Most of“'im’plant’ devices are made
of very fine gtained polycrystalline a-Al,O3; a very small amouh?ti(')’f‘ magnesia (MgQO) is used
to Ibimit grain growth during sintering. Due to lack of chemical bonding between alumina and -
tissue, its applications as potential bone substitute are limited. In 2002, the Umted States
Food and Drug Administration (FDA) have approved marketing of alumina ceramlc on-

,‘,

ceramic articulated hips in USA. Addition of nano-size alumina into HA resulted in smaller
th.ermal expansion coefficient nearer to Ti-6Al-4V. Fu et al. (2602) also reported similar.
trend and in addition they reported a significant reduction in decomposition ot HA during
high temperature thermal spray process. .

The interaction between HA powder and human monocites results ih Iilr;e;g;gtjon of
inflammatory cytokines. The addition of 0.5-2% Zn was prbposed to retard the inﬂammftory
processes (Grandjean-Laquerriere et al., 2006). 4,

- Eduardo et al., (2008) prospectively followed 288 patientSik319 hips) (age in a range
of 14-70 years) in which alumina-on-alumina cup was used witb tlydroxyapatite stem for a
minimum period of three years. The cumulative ‘probability of net having a revision surgery
of one or both components for any cause was-reported to be;97%.-\they observed that
alumina-on-alumina prostheses had reasonable outcomes aft_er five:yee'rs and suggested
that continued follow up will be required to determine the We_ak between alumina-on-
alumina bearings resulting in osteolysis and loosening. " '

Four hundred seventy five hips t/t/ith alumina-_on-aldnﬂne, bearing surface with
hydroxyapatite coated titanium stem were implanted for comparing alumina-on-alumina
cervamic bearing with chrome cobalt-on-polyethylene bear;ng by t)’AntoniQ et ai., (2006) for .
a follow up period of 4 to 9 years. They reported significantly .hig-'he‘r:’ survivorship of alumina

21 -



bond coating has beén prbposed by Celik et al., (1997). The finé bénd cblatfng layer fits in
the grooves of metallic substrate and improves the surface roughness/finish of metallic
surface. Beyond métching the thermal expansion coefficients of substrate and coating,
several other reasons have been proposed for using bond coats. For instance, direct contact
of Ti with HA is not advisable because it is sﬁpposed that it catalyzes fhermal transformation
of HA to tri-calcium phosphate, tetra-calcium phosphate and CaO. Bond coat can act as
barrier to reduce release of metal ions from substrate to livihjé tissues (Kurzweg et al.,
1998A).

Bond coat or intermediate coat is an additional coating Iayér that is applied between
the substrate and top coat. The addition of intermédiate layer to substrate coating system
offers a number of advantages, mainly_improvbement in adhe_gii)n strength of coating to
substrate. >The bond coat reduces the release of metal ions from': metallic substrate, wh‘ich
improves the biocompatibility in case of body implants. This layer of coating can also reduce
the thermal gradient mismatch between substrate and coating at substrate{g:pgting
interface and hence reduces the forces that give rise to cracking and delam}inagign. The
interface of HA coating and titanium alloy substrate is a site of critical weakn_«e;s when
compared with the strength of inter-lamellar and intra-lamellar structure of I-!A __boating.
Investigators used different materials as bond coat including zirconia (ZrO,), titania (TiOy),
alumina (Al,O;) and the combination of these oxides and di-calcium silicate. L

The adhesive strength between bioactive céatings and medical metal substrate can
be improved by mechamcally interlocking the interface (Tucker, 1982). Mechamcal
interlocking was established via introduction of porous anodic A|203 intermediate Iayer on
physmally vapor deposited (PVD) aluminum film on titanium by Wu et al., (2006).

The bond strength of HA-ZrO; coating on Ti substrate was found to increase
substantially by incorporation of ZrO, bond coat. Chou and .Chgng, (2002A and 20028)
~ suggested possible strengthening mechanism of two layer coa‘tir)g:'is_.the rougher surface
provided -by ZrO, intermediate layer, which promotes bettér&:‘_ mechanical. interlocking
between HA top coat and ZrO, bond coat. The surface morbhA'c'}_ngy of Z2rO, bond coat
promotes the bonding strength by increase in surface area. In qddition, the toughness of
ZrO, could play a role in strengthening. The inter-diffusion ofl;/elements between HA and
ZrO, also promotes a better interface bonding. Kurzweg et aI'.,'"('1:998A) investigated CaO
stabilized zfoz (Ca0Zr0,) and 73 mol% titania-27 mol% non-stabilized ZrO; (TiO2+Zr0y) bond

layers. Results of adhesion tests showed that the CaO st,abilizjéd ZrO, lowered adhesion
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induced micro-cracking and coefficient of thermal expansion mismatch substantially
decreased (Lu et al., 2004).

Bioglass was plasma sprayed onto a titanium substrate with and without Al,05-40
wt% TiO, as bond layer. The bond strength of specimens with bond coat was inéreased by
three times as compared with the sbecimens without bond coat and the adhesive bonding
at metal bioglass interface turned into cohesive bonding by épp_lication of bond .coating

layer (Goller, 2004).

- 2.1.2.9 Significance of bone implant interface

When attempt is made to regenerate bone via the_conduction of bone into
biomaterials, the conduit is implanted édjace_nt_to bone tissue. lm‘plant when prosthesis into
bone, it is primarily held in place by press-fit mechanical fixation. Cells from the tissue begin
to invade and populate the material, lay down new matrix and eventually form new bone.
Following implantation of biomaterial in bohe, events analogous to those that occur during
fracture healing may occur. It may include formation of a hematoma between t;iOne and
scaffold for infiltration of cells.

- The mechanism of tissue attachment is directly related to type of tissue -respohse at
implant interface (Hench and Ethridge, 1982). No implanted material in living tissue system
is inert; all materials elicit a. response from living tissues. The four types of res’ponSe allow
different means of achieving attachment of prostheses to musculoskeletal system. =

Ca s

e if the implant material is toxic, the tissues surrounding the implant will die.

e |If the implant materia. is non-toxic and biologically inactive, a fibrous tissue of
variable thickness will form.

e |If the material is nontoxic and biologically active, an interfa_cia-l bond will form.

e If the material is nontoxic and dissolve, the surrouncylir:i-g‘ tissue will replace the '

material.

, The bone and coated implant interface is shown in Fig. 2.4. A schematic illustration is
presented in Fig. 2.5 (Kunz-Schughart et al., 2000 and Moses et al., 2003). Two crucial steps
have been identified for intimate contact to occur and to minimize conditions that would

lead to the formation of fibrous capsule: first, adhesion _of the‘ desired type of cells,
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secondary fixation provided by the chemical bond prevents loosening of implant. The
mechanism is similar to the healing of fractured bone. Micro-motion at the bone implant
interface must be less than 50 um in order for successful osseointegration and adequate

fixation to occur (Scheller and Jani, 2003).

2.1.2.10 Comparison of biological and synthetic HA

Biological HA that is present in mineral contents of bone, teeth and teeth enamel
contains many impurities, because the apatite structure is very hospitable and allows
substitution of many other ions. Biological HA is typically calcium deficient and carbonate
substituted. The minor elements/ions associated with biclogical apatite are magnesium
(Mg?"), carbonate (CO5%), sodium (Na*), chloride (CI'), potassium (K*), fluoride (F) and acid
phosphate (HPO,). Trace elements inciude strontium (Sr?*), barium (Ba®*) and lead (Pb?").
The bioactivity and biocompatibility of synthetic HA is not only suggested by its similar
composition to that of biological HA but also by the results of in vivo implantation, which
has producedno'inflammation, no foreign body response and no local or systemic toxicity
(Klein et al., 1993). The confirmation of biocompatibility of HA|s reported by Ducheyne et
al., (1990A), Buma et al., (1997) and Ducheyne and Qiu, (1999). The composition of bone

and synthetic HA are reported in Table. 2.5.

Fig. 2.4 Interface of bone and HA coated implant (KLLﬂ%“SChU-?kN‘b &d e
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bone

[ biomaterial

Fig. 2.5 Schematic representation of the events. occurring at the bone implant
interface: "(a) Protein adsorption from tissue fluid and bilood cell; (b)
Inflammatory and connective tissue cells approach the implant; {c) Formation:
of a febfiliar mineralized layer and adhesion of o;teogenic cells; (d) Bone
deposition on implant and bone suu;face; (e) Remodeling of newly formed

bone by osteoclasts, (Moses et al., 2003)

Titanium HA coated
implant implant
HB e © T Bone
onec ———
/]
fmplant 4—wgge o | s e— mplant

Fig. 2.6 Micrographs showing osseointegration into HA coated implant, (Soballe,
1996)
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HA coated

Fig. 2.7 Micrographs showing the formation of a fibrous membrane on titanium

implant and no membrane on HA coated titanium implant, (Soballe, 1996)

2.2 FAILURE MECHANISM OF HA COATINGS

The main failure mechanism of HA coatings are dissolution and wear. HA is slightly
resolvable in water or acidic solution (Ryu et al., 2002). Several mechanisms are proposed by
investigators to explain the dissolution behavior of HA (Raemdonck et al., 1984 and Le
Geros, 1988). The pH value of less than 4 d(a_matically accelerate this process and CaHPO,
(monetité) or CaHPO,4-2H,0 (DCPD, brushite) is more stable than HA at this pH value. There
are three brimary wear mechanisms namely, abrasive or third body weér, adhesive wear
and fatigue or delamination wear in bone and implant system.

Abrasive wear is removal of material from one surface by other. Since no surface is
perfectly smooth, local asperities on harder surface will plough through the softer material
and gouge out wear particles. Presence of localized chemical bonding between two surfaces
due to high pressure is the cause of adhesive wear. This wear is more common in hip joint’
replacement than in knee joint replacement. Fatigue or delamination wear cause formation
of sub-surface cracks and propagates due to cyclic loading. The tip of crack experience high
stresses, which propagate the crack until one crack joins the other and surface flakes off,
which creates large wear particles. The third body wear is most common in the bone

implant system and is studied in detail in Section 2.2.3 of present study.
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Table 2.5 Comparison of bone and synthetic HA ceramic, (Nicholson, 2002)

Composition (wt%) Bone HA
Ca 245 39.4
P 11.5 18.5
Ca/P ratio : 1.65 1.67
Na 0.7 Traces
K - - 0.03 Traces
Mg 0.55 Traces
CO;” 5.8

2.2.1 Dissolution Behavior of Hydroxyapatite

T.he crystallinity and composition of calcium and phosphate phases and pH are the
main factors which controls the rate of‘in-\./itro/in-vivo dissolution of HA. The rate of
dissolution also debend on the type and concentration of the surrounding soIQtion, the pH
of solution, the degree of saturation of the solution, the solid/solutién ratio and length of
suspensioﬁ in the solution. Factors such as the Ca/P ratio, impurities like F~ or Mg2+, the
degree of micro and macro porosities, defective structure and amount and type of other
phases have significant effects on bi/odegrada'tion. Only two calcium phosphates materials
are stable at room temperature when in contact with aqueous solution and pH of the
solution determines the stability of one of two materials (Klein et al., 1993). The solubility of
various calcium phosphates in an aqueous solution at room temperature (25°C) is
represented in Fig. 2.8. The equilibrium diagram of predominant calcium and phosphorous
is shown in Fig. 2.9, while Table 2.6 gives all the equilibrium chemical reactions which could

take place in Fig. 2.9. At a pH lower than 4.2, di-calcium phosphate (DCP) is more stable

wWhile at higher pH, (more than 4.2), HA is a stable phase (Schneider Jr., 1991 and Klein et al.,

Nea,

1993).\Th‘ewun—hydrated high temperature calcium phosphates when interacts with water or

Ay
body fluid, at 3')}?°C, forms HA.
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4Ca3(PO4); + 2H,0 —> Ca1o(PO4)s(OH), + 2Ca* + 2HPO,> (2.3)

The pH of physiological environment is 7.4. As presented in Fig. 2.8 the crystalline
HA is stable at this condition, whereas - tri-calcium phosphate, octo-calcium phosphate.,idi-
calcium phosphate anhydrous and di-calcium phosphate dihydrate are less stable than
crystalliné HA at physiological conditions (Le Geros and Le Geros, 1993). .

When HA is placed in an aqueous solution in the absence of any soluble salt oi"--
calcium or phosphorous, the system will equilibrate along dotted line Z-Z’ as presented in
Fig. 2.9. Decomposition phases, such as calcium oxide {CaO), a-tri-calcium phosphate (a-
TCP), B-tri-c»alcium phosphate (B-TCP), oxy-hydroxyapatite (OHA) and oxy-apatite (OA) are
less stable than HA in vivo. The dissolution order that follows in the physiological solution is

given hereunder (Heimann, 2006}:

CaO >> ACP >> a-TCP >> B-TCP >>0OHA/OA >> HA (2.4)

Chow, (1991) showed that the amount dissolved at equilibrium depends upon the
thermodynamic solubility product of the compound and the pH of solution. Further, it was

suggested that at pH of 7.0, the solubility decreases in an order as shown below:

TTCP >> a-TCP >> DCPD >> DCPA ~ OCP >> B-TCP >> HA {2.5)

Klein, {1990) suggested that in particular, decomposition products which are formed
even during the extremely short residence time of HA particles in hot plasma jet, dissolves

more rapidly as compared to well crystallized HA particles in following order:

Ca0 >> TTCO >> ACP >> TCP >> HA (2.6)

The mechanism of degradation of calcium phosphate in the human body is not very
clear. Some investigators, such as Nagano et al., (1996), De Groot, (1984) and Yamada et al,,
(2001) believe that the process is a physio-chemical one, in which parficles are ingested by

osteoclast cells attached to the surface and intracellular dissolution of these particles
g :

M

ocCcurs.
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investigation, the implantation of nitrogen and helium ions w}asr«;d_dne_‘gn' AlSI 316L SS by
Muthukumaran et al., (2010). A significant improvement in cor‘rosion resistance and pitting
corrosion was observed with both nitrogen and helium ion implantation as compared to
virgin AISI 316L SS in NaCl solution (9 g/l of H,0) at pH value of 6.3 and temperature of 37°C.
Resistance to pit initiation, lesser susceptibility to localized attack and no change in HA
phase during sintering are the findings of Kannan et al., (2003)_ on-H2$O4 treated, HA coated
55 316L in Ringer's solution (NaCl: 8.6g/l, CaCly- 2H;0: 0.66 g/l and KCI: 0.6 g/l of H;0). The
presence of HA coating over passive layer was suggested as the prf'mary ;c.éu‘se, which played

a dual role in preventing metal ion release and making the surface more bioactive.
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Fig. 2.8 Solubility isotherms for various phases in the sy‘stté'm "‘Ca0-P,05-H,0 at 25°C,

(Ray, 2004 and Raemdonck et al.,' 1984)

Porter et al., (2002) compared the in-vivo behavior of the HA coating with a
crystallinity of 70+5% with an annealed coating with a crystallinity of 92+1%. The non-

annealed coatings demonstrated the precipitation of plate-like biological apatite crystallites
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could cause mechanical failure of im_plant after long term use (Bauer _e‘g al.,.1993, Hemmerle
et al.,, 1997 and Gledhill et al., 2001B).

The inconsistent osseointegration of HA caused by HA dissolution is accompaniéd
not only by biological conditions, a diversity of HA material fabrication and use conditions
also play an important role. For HA composite processing, it is more cbmpiicated according
to the shape or form and performance which will be accomplished.

The ASTM standard specification (ASTM F1185-88), (2003) Staf;s that ceramic HA for
surgical implants has to have a minimum HA contents of 95% By quantifative X-ray
diffraction analysis. The concentration of heavy elements should be limited. fo the values
shown in Table 2.7. The properties of HA required by the International Standards Institute
(1SO 13778-1: 2000, Implants for surgery, Hydroxyapatite-Part I: Ceramic hydroxyabatite),
(2000) should have a crystallinity of at least 45%, the maximum aillowable limit qf._heavy
metals up to 50 ppm and the C'a/P ratio for HA used for surgical implants betweengl_’.‘GS and

1.82. The shape and microstructure of HA particles also affect the quality of coating.,, _

*

2.2.3 Wear of Body Implants

The production of wear debris and subsequent tissue inflammatory requgég has
emerged as a central problem limiting the long term clinical outcome of Egtal hip
replacements (Hafris, 1995, MaGee et él., 1997 and Wroblewski, 1997). The main;types of
wear seen on retrieved knee prosthesis include delamination caused by surface failure of
polyethylene, pitting of surface, third body wear and adhesive ‘wear (Hood et al., 1983,
Landy and Walker, 1988 and Collier et al., 1991). Low conformity‘ designs were f;)und- to be
associated with delamination (Engh et al., 1992}, while in a relétive conforming design,
surface damage was found to be associated with entrapped :mrv~lilc "oarticlés (Hood et al.,

r

1983).
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Table 2.6 Chemical reactions in Ca-P-H,0 solution system, each of reaction is plotted in

Fig. 2.9 and marked by respective alphabet, (Chander et al., 1979)

A Ca10{POa)s(OH); + 14H" «> 10Ca”* + 6H,PO, + 2H,0

B: Ca10(PO4)6(OH); + 8H* <> 10Ca”" + 6HPO,* + 2H,0 |

C: Ca10(POa)s(OH); + 8H" <> 6CaHPO," + 4Ca’* + 2H,0
D: Ca10(PO4)s(OH)2 + 8H-PO, + 14H* «> 10CaH,PO,* + 2H,0
E: Ca10(PO4)6(OH); + 4H,PO4 + 4H" <> 10CaHPO, (ag) + 2H,0 |
F: Cap(PO4)s(OH); + 8H* <> 6CaHPO, {aq) + 4Ca’* + 2H,0 |
G: Cao(PO4)s(OH)2 + 8H" + 4HPO,* <> 10CaHPO, + 2H,0

H: Ca10(PO4)s(OH), + 2H' <> 4Ca* + 6CaPO4 + 2H,0

I: Ca1o(PO4)s(OH), + 4HPO,> <> 10CaPO, + 2H' + 2H,0

J CaH,PO,* &> Ca®" + H,PO,
K: CaH,PO," <> CaHPO,(aq) + H*
L: CaHPO, (ag) + H' «> Ca* + HoPO,

M:  CaHPO, (ag) <> Ca’* + HPO,”
N: CaHPO, (ag) <> CaPO, +H"

0: CaPO; + H' <> Ca”" + HPO,~

P: H.PO4 <> H' + HPO,”
Table 2.7 Limits to concentration of heavy metals ..
Elements ' ppm (maximum Ii'mﬁ)
Arsenic (As) 3 T
Cadmium (Cd) 5
Mercury (Hg) ‘ 5
Lead (Pb) 30
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that wear of hydroxyapatite pin against glass-infiltrated ,alp'rni'r'i‘a'-'o'ccu.xrrred primarily by
fracture and deformation. The hydroxyapatite wear particulatés r_nixéd with wear products
from glass infiltrate in alumina and water to form an intermediate surface layer. Because of
this adhered debris layer, steady state wear is more appropriately described as three body
wear as compared to two body wear. Pin-on-disc experiments wi_th HA pin and glass-
infiltrated alumina (in-ceram alumina) conducted by Kalin et'aL;h_(z‘oo‘z,) showed that the
wear vb|ume of HA increased as surface roughness of gIasS-infilthéﬁéﬂ alumina and load was
increased, while for a given surface roughness value, the wear faét:c;r, remained independent
of load. Further, polished glass-infiltrated surface showed no evidénce for material transfer
at low load, while mechanical wear with removal of glass infiltrate was observed at higher
loads. _

Morks et al., {2007) investigated the role of arc current m plasma spray technique on
abrasion behavior of coatings and reported that with increase in arc current the abrasion
resistance of HA coating increases mainly due to increase in hardness of coati:pg'. The
resistant to abrasion wear was found to be dependent on coating thickness als‘b as the
abrasion wear resistance increased as thickness of HA coating become less than 30’§um due
to the increase in hardness of thin HA coatings. The dependence of gas flow rate |n plasma
sprayed HA coatings was studied by Morks and Kobayashi, (2006), they repbrted..that HA
coatings sprayed at high gas flow rates exhibit higher abrasive wear resistance as cémpared
to those sprayed at low gas flow rate due to higher cohesion bonding among the séf%ts and
lower porosity.

The wear resistant properties of HA can be improved by reinforcing the secondary
phase to HA to produce composite coatings. Several reséa;rchers' have used various
reinforcement materials such as silica (Si0,), titania (TiO,), alumina (Al,Os), zirconia (ZrO,),
carbon nano-tubes (CNT), diamond like carbon, P,0s-CaO gla§s, yttria §tabilized zirconia
{YSZ), NizAl and titanium and its alloys. A composite powder ofHAwnth 4 wt% multi-walled
CNT was deposited on Ti-6Al-4V. Both HA and HA-CNT com'pos:‘ift;éw’:éc’)a't‘i"ngs showed better
wear resistance than Ti-6Al-4V substrate while, HA-CNT cqr:nfp-_o'site coatings result in
reduced weight and volume loss in comparison to HA coatings and Ti-6Al-4V substrate. Low
weight loss of HA-CNT coating during wear was due to under—prdﬁbing;and self-lubricating
nature of CNT and the pinning of wear debris assisted by CNT bri‘dg'ing“and stretching (Balani
et al, 2007A). | |
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azide limits bacterial growth in the fluid énd has a role:_i_n inhibitin_g protein adsorption on
the surface of implant, while EDTA discourages calcium phosphate precipitation. Overall, a
joint simulator provides a reasonable good idea regarding wear performance for artificial
joints. The time taken for analysis, variability of lubricants and foremost the cost inputs are
major limitations for their use. Unfortunately, the cost of commercial models of knee
simulator is in excess of $200,000 (Rs. 1 crore). ) |

The most complex wear testing devices are knee simuiator§: .w;hich test actual knee
prosthesis. Most knee simulatars provide physiologic loading an'd can reproduce at least
four degrees of freedom: Flexion/Extension (F/E), Anterior/Postelrior»(A/P);- ti_bial-;rotation

and abduction/adduction. Some of the joint simulators are discussed in details hereunder.

2.2.4.1 Six station rolling sliding tribotester

The six station rolling sliding tribotester is quite effective machine for testing the
contact fatigue behavior of different orthopedic polymers (Van Citters et al., 2004_) and is
equally useful in testing their wear behavior due to clinically relevant stress and;;"motion
environment. The tribotester articulates cobalt-chromium cylinders against UHMWPE pucks.
The contact stresses resulting from this specimen geometry can be determined‘“tnrough
Hertzian line contact theory. Moreover the non-confirming contact creates surface—
subsurface stresses that are similar to those found in contemporary total knee replacement
bearings {Kennedy et al., 2000 and Van Citters et al., 2004). Alighment of the artlculatlng
cylinders is performed through placing pressure sensitive films at contact between”a! Eo Cr
cylinder and an UHMWPE puck. The image of rolling sliding tribotester is presented in Fig.
2.10. B

The intensity of color on otherwise translucent film is reiated to contact pressure at
that particular location. Shims are generally inserted in the bearing'mounts until tne two i.e.
Co-Cr cylinder and UHMWPE puck become parallel and unifdrm_contact pressure profile
appears. After the insertion of snims all the six stations should :!sho'w similar pressure
distribution across the contact width. Each station mcorporates a fluid bath to provide
lubrication and cooling at contact points. The contact can be vuewed through the acrylic
windows incorporated with the system. The design of the testing machine ensures.that all
the contact axes are perpendicular to direction of .sliding. E’a"ch pair can be loaded
independently as per the requirement of test, as constant !oad ‘pneumatic system is
incorporated with each pair of cylinder and puck. A crank and rocker arm powered by a
fixed speed motor is used for articulation. Backlash is prevented b\r adjustable gears as well
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Normat load,

(b) | (¢

LIHMWPE

LUBRICANT BATH
(25% BOVIKE SERUM)

CaoCr

Fig. 2.10 Multistation rolling sliding tribotester: (a) Macrograph of tribotester, (b)
contact conditions in one of the stations (Kennedy et al., 2007), (c) CAP

model of one of the six stations, (Van Citters, 2004)

Fig. 2.11 Three stations of AMTI-Boston six station knee simulator, Model.K52-6-1000,
(Advanced Mechanical Technology Inc., USA)
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The frame, motor and loading system of- an.old five station, uniaxial hip joint
simulator were utilized to complete one station of three axis knee wear simulator. The Co-Cr
ball 54 mm in diameter with 42.4° F/E motion revo.lve on the disc and a vertical upward
static load of 2kN is applied on the lower side of the disc as shown in Fig 2.13. The detailed
design of machine is reported by Saikko et al., (2001). '
~ 2.2.4.4 Fein focus X-ray microscope and fretting wear apparatus N

The equipment consists of a Fein Focus X-ray image processing system (Fein Focus
Roentgen-system, Germany) with a beam spot size 4-20 um in diameter. Micro-focused X-
rays directly penetrate the contact surfaces and forms a visible image on a fluorescent
screen placed below specimen. A high speed digital camera captures the images developed
on fluorescent screen and convert to visual images which can be displayed on a monitor. A
definite time interval is selected to capture the images and image processing functions are
used to treat and enhance the images to reveal the detailed phenomenon of fretting wear.
The line diagram of the equipment is represented in Fig. 2.14. ~

This equipment is improved version of simple ball-on-flat fretting wear;;jte.sting
machine. The upper specimen is a ball made from hardened stainless steel AlSI 416.with a
diameter of 25 mm as shown in Fig. 2.14. The material to be investigated for wear studies is
made in form of a flat and mounted on table which'reciprocates at a specified fresqtj't_ancy.

H

Electromagnetic exciters are used to oscillate the table at a given frequency. Aéfg;hction
generator controls the displacement via a power amplifier. A piezoelectric force transducer
is used to measure tangential frictional force and amplitude of :oscillatory movement is

measured by laser sensor with a minimum resolution of 2 um (Fu et al., 1998).

2.2.4.5 Wear testing equipments

All of the joint simulators which simulates motions and loading of the actual human
knee joint are very expensive for procurement and very difficult tb handlé and manage.
Many investigators have used some simple machines to estimate the wear lose of the
coated as well as bare metallic specimens used for body implants. Khén et' al., (1996), Balani
et al., (2007B), Kalin, (2003), Kalin et al., (2002), investigated wear resistance of specimens
on pin-on-disc wear testing equipment using phosphate buffered saline; simulated body
fluid, carboxymethyl cellulose in distilled water, distilled water to lubricate the contact

respectively, while Gross and Babovic, (2002), Sidhu et al. (2007), Bolelli et al., (2006)
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Inspired by the above design which offersi,betge;r,yyéarum‘easurement. due to line
contact, combination of slidir;g and rotational motion, which rebroduces two degrees of
motion i.e. anterior-posterior and flexion-extension (flat sliding specimen and rotating disc)
out of six dégrees of motion of knee joint, similar equipment was bQilt for present study.
Flannery et al., (2008) simulated the same two degrees of motion in three station wear

simulator to measure wear of tibial inserts..

2.3 ROLE OF COATINGS

Early failure of body implants frequently occurs due to cofhpiex reactions between
metallic materials and harsh body environment. It is important to clarify the degradation
mechanism of materiais used for implants by typical salts pres»e,vnit in body fluid so as to
increase the service life of implants. Materials for body implants need excellent mechanical
properties, including resistance to corrosion, stability .of microstructure, good strength and
natural union with bone and ability to grow new bone at interface. These reqalr ments

especially which are related to osseointegration can not be achieved by presents alloys

# 1{;;; N
1
3,

alone.
Bioactivity is widely accepted as the essential requirement for an _'i’értificial'
biomaterial to exhibit chemical bonding to living tissues upon the formation of a bone like

Y.

apatite layer on its surface in any simulated or actual body environment (Koku_tf’o et al,

1

1990). The human body is a harsh environment for metals and alloys which consfl;is of an
oxygenated saline solution with salt content of about 0.9 % at pH pf 7.4 and tempe%:ture of
37 + 2°C. The body fluid constitutes water, complex cbmpounds,lgcbj_issolved oxygen and large
amounts of sodium and chloride ions and other electrolytes I{kéz_bicarbonateg and small
amount of potassium, calcium, magnesium, phosphate and am(i__'n.b;zf'(_:id, fpr-c;)‘te'ins, v‘plasma,
lymph etc (Morks and Kobayashi, 20078 and Mudali et. al., 2003) The;"f'(jllowing are the

needs and some major requirements for coating and substrate fdr%tib@ implants.
2.3.1 Need of Coating T

¢ Major drawback of using uncoated metals and alloys for body implants is biological

incompatibility and degradation in harsh body environment.
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Fig. 2.14 Schematic illustration of fretting wear tribometer, (Fu et al., 1998)
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Fig. 2.15 Schematic illustration of pin on disc wear rﬁachine 'w_ith lubrication facility,

(Balani et al., 2007A)
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Table 2.8 Hydroxyapatite coating techniques, (Azom.com

Coating Coating thickness Advantager/limitations
process .
Dip coating 0.05-0.5mm Complex substrate can be coated

Requires high sintering:ﬁempe_ré'ture
Thermal expansion misfﬁatch’ is'common

Electrophoretic | 0.1 —2.0 mm Can coat complex substrates ,
deposition Cannot produce crack free - coatings without
' difficulty : .
Requires high sintering temperatures
Hot Isostatic | 0.2 —2.0 mm HIP cannot coat complex substrates
Pressing High temperature is reéquired, producing thermal

expansion mismatch
Produces dense coatings

Sol — Gel <lpm Complex shapes at low processing temperatures
Expensive raw materials '
Sputter 0.02—-1pum Line of sight technique .
Coating Produces amorphous coatings f;~
' Uniform coating thickness on flat substrates
Thermal 30 — 200 um High processing temperature and rapld coollng
Spraying leads to amorphous coatings ' ’

Line of sight technique

Vacuum plasma spray and high pressure plasma spray have also been mtroduced
The introduction of robots in the spraying was another important technologlcal
advancement. The thermal energy in the plasma spray process is provrded by hlgh'energy
plasma that is formed within the plasma gun. The spray gun con;sists of a tungsten cathode
(electrode) and a high purity copper anode (nozzle) separated bx;v,ﬂa small gap. DC current is
supplied to the cathode, which than arcs across to the anode 'tfr'eating an electric arc. An
‘ionizing gas, such as argon, helium, hydrogen or nitrogen i.s fgdmto rt‘he’ erc where it
becomes ionized and forms a plasma flame. In some cases a 'miiidre ;rgjf ggses is used. The
gas.get excited to high energy level and plasma so formed is uns_?t:able and |t r'ecor'nvb‘ines to
form a gas again, releasing a large amount of thermal energy. Sé‘he'rh'at.ic representation of
plasma spray gun and shrouded plasma spray gun are shown'fn Fig. 2.18 and Fig. 2.19
respectively : - C
Vacuum plasma spraying (VPS), also known as low pressure plasmé spraying (LPPS) is
recently being used for production of HA coatings (Gledhill et al., 1999 and Gledhill et al.,
2001A). The VPS process consists of a conventional plasma spraying system enclosed in an

evacuated chamber which provides an inert atmospheie for the gun and the work piece.
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The pressure in the chamber is generally i.n the range of 50-100 mBar. In a vacuum
the velocity of plasma jet can be much higher, reaching the speed of up to three times the
speed of sound (Nicholson, 2002). The plasma spraying is most flexible and versatile thermal
spraying process with respect to the sprayed materials. The high temperature plasma spray
process permit the depositidn of coatings of metals, composite, cermets and ceramics and it
has specia! applications for thermal, electrical and biomedical pﬁrposes (Bunshah, 2001).
Plasma techniques are capable of producing thick coating of more than 100 um at high
production rates with no degradation of mechanical properties of éubstrate (Yoshiba, 1993).
Among other key features of plasma spraying are formation of microstructures with fine,
non-columnar and equiaxed grains, ability to produce hombgenEOusbcoatings that do not
change in combosition with thickness, ability to process materials in virtually any
environment e.g. air, reduced pressure inert gas, high pressure and underwater (National

Materiais Advisory Board, 1996).

2.5 THE PLASMA SPRAY PROCESS

2.5.1 Arc Formation
Plasma is a complicated phenomenon. It is often referred to as the ‘Fourth State of

Matter’ (Rossnagel et al., 1990), as it differs from solid, liquid and gaseous state %nd does
5

i .
\M. B

not obey the da_ssical physical and thermodynamic laws. Plasma are used in many different
teéhniques e.g. for modification and activation of surfaces. There is currently much research |
being carried out into understanding them and controlling tHem. The actual prbcesses
involved in plasma formation are complicated. All gases at a nonzero qbsolute temperature
contain some charged particles, electrons and ions, along with some neutral gas atoms. The
charged particles only substantially affect the properties of the gas at concentrations where
the space charge found by the particles is large enough to restrict their motion. Dissociation
and ionization of the gas leads to free electric charge carriers. As the charge concentration
increases, the restriction on particle motion becomes more and more stringent and at
sufficiently high concentrations, the interaction of positively and negatively chafged

particles results in persistent neutrality within the whole gas. Any disturbance of neutrality
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Fig. 2.19 Schematic illustration of shrouded plasma spraying bmcess,

(in.materials.drexel.edu)
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Solidification begins after deformation is completed at the particlé substrate interface (or
previously deposited layer), as this interface acts as heat sink.

The solidified particle on substrate is called lamella or splat. The solidification time
for HA particles has been suggested to be as short as 107-10° s (Tong et al.,1998), which
further depends on the thermal conductivity of substrate material and the thickness of any
previously deposited lamella on which they impact. The temperatu;’e of substrate is affeqted
by heat transfer from bo‘th.the plasma flame and droplets impacti,né on it, which can be in
excess of 1000°C depending on the spray parameters used (Oosterbos et al., 2004). The
particles flatten, cool' down and solidify so rapidly that the next impinging néyticulate hit
already solidified lamella (Fantassi et él., 1992). Successive impacting particles cause lamella
to built-up to form the coating. One pass of plasma gun generally.produces a coating layer
of about 10 — 15 lamellae thick. Between the depositions, reaction between the surface of
deposited lamella and surrounding environment may occur, such as absorption of water or
oxidation. The numbér of lamellae deposited depends on the requirements‘of the géjckness

of coating.

Particle size, velocity and temperature have been recognized as plasma: spray
conditions that have a greatest influence on lamelia formation (Yankee and Pletka, 1991).
The properties of substrate or previously deposited layer also effect the lamella fq‘:t;;mation.

The lamella may exhibit one of the two principle morphologies: pancake or

represented in Fig. 2.22.

The effect of plasma gas flow rate, percentage of seicondary gas, velocity and
temperature of plasma and particle on splat characteristics wasfinVestigated by Yankee and
Pletka (1991). The results showed that the splat size was inversely pfoportiqnal to the
plasma velocity, with smaller droplets being formed at highf-plé's‘,mé velocity. -This was
thought to be due to shorter residence time of the HA particles ih the ﬂamevléading to less
superheating of droplets. Relatively low plasma velocity was q_t)'seryed,to produce large
lamellae. | '

Hotter plasma conditions produced lamellae of ’pancake'",\_}vhile less hot plasma
conditions produced ‘flower’ morphology. The formation of arms of the ‘flower’ lamellae
depend on the viscosity of molten particles. The appearance of the ‘flower’ splat shows that

solidification occurred after the effect of surface tension became dominant over viscous

flow forces.

57



The size and the mass of the particles were also seen to influence the splat
characteristics, larger particles being more likely to create ‘flower’ morpholbgy. A variety of
lamellae can be obtained in one spraying operation, because the particles due to their
different size and injection velocity distribution, experience different trajectories and thus
different thermal and momentum histories (Fantassi et al., 1992).

The structure of the coating at grain level is termed as ult‘-ra-strUcture Examination
of the ultra-structure of a coating looks at the crystals that ‘are formed during
recrystallization. The size and structure of crystals formed depend on the phenomenon that
occurs inside each newly generated coating layer. The micro- structural features such as
pores, cracks and splat boundanes influence the coating quahty Durmg the sohdtﬁcation
crystals generally grow in on preferential direction within the splat Two types of lamellae
generally forms during recrystallization, either columnar or fine grained equiaxed also
referred as brick wall (Pawlowski, 1995). Fine grained equiaxed crystals grow parallel to the

surface. Both types of ultra-structures are represented in Fig. 2.23. The dimenSio_ns of

crystal in thermal spray coating are of nanometer range.

T

o
The rapid cooling and solidification generally results in columnar ultra- Structure,

3

while the slow heat removal rate at interface results in fine- -grained equiaxed mlcrostfucture
(Pawlowski, 1995). If the cooling rate is very high, the coating may solidify before any
crystals can be formed which leads to higher contents of amorphous phases in the} coating
(Tong et al., 1998). The variation of grain size and phase stability of HA coating as a functlon
of coating thickness is reported by Yankee and Pletka, (1992). Crystal size of the mmal layers
is very small as rapid cooling and rapid solidification at substrate restrict crystal growth. The
size of the crystal increases from interface towards coating surféce due to smaller cooling
rates {LeGeros and LeGeros, 1991 and Ji et al., 1992) .

Sun et al., (2003) deposited HA coating on by plasma spraylng process and
developed a model (Fig. 2.24) based on previous researches showmg formation of various
phases upon deposition of droplet on substrate. They suggested that-~format|on of various
phases in plasma sprayed droplets depend upon hydroxyl state and coohng rate of droplet
during solidification and accumulation of heat and hydroxyl group durmg coating bunldup A
droplet consists of three layers as discussed earlier. A crmcal coolmg rate may lead to
recrystallization of stoicheometric melt (Fig. 2.24a) and transformatlo.n of de—hydroxylated
melt to amorphous phases. Decreased cooling rate may lead tc’>; recrystallization of de-

hydroxylated melt as shown in Fig. 2.24b whereas, accumulation of hyd[okyl group and heat

transferred by incoming molten particles or by plasma to previ'oﬂu”sly depbsited splat may
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Fig. 2.22 Splat morphologies of particle by plasma spray process (a) flower mdﬁbhology
and (b) pancake morphology, (Pawlowski, 1995} .
(a)
1T 11712
Fig. 2.23 Ultra-structure of lamellae resulting after recrystallization (a) columnar ultr.

structure and (b} fine-grained equiaxed ultra—structure; (Pawlowski, 1995)
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The stoichiometry of HA powder and partial pressure of water in “surrounding
atmosphere have the greatest effect on the formation of various phases when HA is heated.
The consequences of changing stoichiometry of HA and partial pressure of water have been
investigated by many researchers (Sridhar et al., 2003, Fang et al.,, 1994 and Park ef al.,
2002). Fang et al., (1994) showed the effect of stoichiometry on the thermal stability of HA
from his éxperiments in which HA powders with Ca/P ratio of 1.52-1.68 were heated to
1100°C. The results showed that the powder with Ca/P ratio of 1.57 fully decomposed to
TCP, the powder with Ca/P ratio of 1.67 partially decomposed to TCP, while no change was
observed to the powder with Ca/P ratio of 1.68. Tampieri et al., (2000) also reported that
stoichiometric HA endures thermal treatment at significant higher temperature in respect to
non-stoichiometric HA.

The thermal behavior of CaO-P,0s system at high temperature without presence of
water vapor is shown in Fig. 2.25, while Fig. 2.26 presents the thermél behavior of CaO-P,0s
system at high temperature in presence of water vapors. It can be seen from Fig.'2.25 that

HA is not stable under these conditions and various calcium phosphates mcludf“

ng TTCP
(Ca4P), TCP (CasP), monetite (Ca,P) and mixture of calcium oxide (CaO) and Ca4P aréfﬁjrmed.

Figure 2.26 shows the Ca0O-P,0s system at a_partial water pressure of 500 mm of Hg.
Under these conditions HA is found to be stable up to a maximum temperature ‘off‘1550°C.
The Ca/P ratio is generally not exactly .equal to 10/6; hence other calcium phospha"ges such

P2
A

as CaO or TTCP are also stable at this temperature. It can be concluded that in.order to

avoid de-hydroxylation and decomposition of HA during thermal spraying ,?i.; highly
crystalline, stoichiometric HA powder should be used. "'
Although, there is agreement between researchers about the processes that occurs
during thermal decomposition of HA, it is difficult to predict the exact temperature at which
these reactions take place. This is because of the reason that reaction does riio't occur
instantly but take place over a wide range of temperature. Researchers have used several
techniques to determine the effect of temberature on HA, such as Thermo-gré.vimetric
Analysis (TGA) (Lazic et al., 2001 and Tampieri et al., 2000), Differential Thermal !Analysis |
(DTA) (Park et al., 2002 and Deram et al., 2003), heat treatment in-situ using high
temperature X-ray Diffraction (XRD) (Liao et al., 1999), and hc;vat treatment in-situ using
Fourier Infrared Spectrdscopy (FTIR) (Liao et al., 1999) to find out the temperature at which
decomposition of HA take place. The evaporation of water from hydroxyapatite has been

reported to occur in a wide range of temperature (25°C — 600°C) (Sridhar et al., 2003, Lazic
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interface and increase in adhesive strength, shear strength and Yotmg's modulus of Hvur
sprayed HA coatings by heat treating them in air at 750°C for 30 min was reported by Li et
al., (2002B).

Post spray treatment at 800°C on plasma sprayed HA reinforced a-TCP coating
eliminated the TCP phase from either decomposition of HA or TCP feed stock and TTCP and
Ca0 phases produced by decomposition of HA retained (Wang et aI._ 1998).

Laser treatments were performed to increment the degree of crystallinity of plasma
sprayed titania-HA functionally graded coatings by Cannillo et al., (2V009)' end concluded that
laser power of 80 or 100W increased the degree of crystallinity and reduced the contents of
by-products present in as-sprayed plasma sprayed HA coatings. It was further concluded by
them that the increment in crystallinity was not as high as could be achievved"by thermal
treatment but the very short time requirement and the selectivity of treatment were found
as the benefits of laser treatment over thermal treatment.

To enhance crystallinity and purity of sol-gel derived HA coatings, the coatings were
annealed in vacuum at a sintering temperature of 300°C, 600°C and 900°C and‘IR'spectra
showed considerable improvement of molecular arrangement manifested through clearly
distinguishable absorpt|on peaks (Balamurugan et al., 2006). Sol-gel derived hydrox' : ';atlte
coatings were heat treated at a temperature ranging between 500-900°C and analﬁyzed by
XRD. The results of XRD suggest that crystallization starts at a temperature between 500-
600°C, but a temperature of 800°C is required to remove most of the organic materlal and

produce thin homogeneous coating (Gross et al,, 1998).

Post coating heat treatment at 600°C for 2h on specimen produced by dep‘g}étti?n of
HA-2% CNT by electrophoresis technique resulted in adequate bondmg strength between
coating and implant surface against peellng (Kaya, 2008).

Water vapor (hydrothermal) treatment has been enlpioyed to promote the
transformation of amorphous phases to crystalline phase in the as- sprayed HA coatlng
Weng et al., (1995), treated the as-sprayed coatmgs in an envnronment contalmng water
vapor with a vapor pressure of 0.15 MPa for different periods of time. They observed that
water reacted with amorphous oxy-apatite, which lead to reoccdpetion’of-lattice vecancies
on the missing hydroxyl positions by hydroxyl gro‘ups and transfo'rnwation of the‘ amorphous
oxy-apatite to crystalline oxy-hydroxyapatite. The enhancement df growth of crystall’ites and
reconversion of decomposition resultants, such as TCP, TTCP and 'C’ao into crystaliine phase
was reported by water vapor treatment. | ! _ |

Zyman et al., {1993B) investigated structural changes in the surface layers of as-

sprayed HA coatings during immersion in water. They reported that the diéa'ppearance of
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remarkable activity in simulated body. fluid, with the fqrmatjqﬁ of a silica-rich iayer and
hydroxyapatite crystals. However, hydroxyapatite dvid not appe‘ared as a thin film on top of
the silica-rich layer, but rather as regions dispersed inside each layer (Bolelli et al., 2009).

Hamdi and lde-Ektessabi (2007) studied dissolution behavior of simultaneous vapor
deposited calcium phosphate coatings on silicon substrate in calcium free Hank’s balancéd
salt solution for testing the corrosion behavior of implant materials. The results showed that
amorphous coatings dissolved almost immediately with no coating left after 1.5 days of
immersion, a-TCP dissolved steadily with time, while HA phase Was‘ stable with no sign of
dissolution even after 14 days of irnmersion period in calcium free Hank’s solution.

Balamurugan et al., (2007C) studied the in-vitro behavior of s‘ol-gé'l derived CaO-
P,0s5-Si0,-Zn0 bioglass in simulated body fluid and reported that incorporation of ~Zn into
bioglass does not reduce bioactivity of bioglass, however Zn addition was found to be
beneficial for cell attachment and for maintaining pH of SBF Within ‘physiological‘ limit by
forming zinc hydroxide in SBF solution. Stimulation of early cell proliferation in bioglass war
also reported by addition of {imited amount of Zn.

Khor et al., (2004) reported that the extent of HA thermal decompositio

sprayed coating is significantly reflected through the melt state of powders. HA splat
markedly dissolve more readily than un-melted part. Two types of coatings were dé&elope
on Ti-6Al-4V substrate using two dlfferent processes namely vacuum plasma spraylr\g (\_/P!
and detonation gun (D-Gun) spraying by Gledhill et al., (1999). The results showed that tt
D-Gun process produce a denser coating with higher proportion of amorphous phase suc

as B-TCP than VPS. The higher crystallinity and lower residual stress found i

coatings result in a slow rate of dissolution in-vitro and in-vivo relative to D-Gun co'atfi;r.)gs.
In a study conducted by Zhang et al., {2010), Al,0s/diopside (diopside: MgCa(SiOs);) ceramic
composite were prepared by uniaxial hot-pressing and their biological aétivity in SBF was
determined. They detected Ca and P on the surface of AI203/di6bside r:e'ramic composites
after soaking in SBF for 9 days with formation of an apatlte Iath like Iayer They reported
that addition of excess dlopsrde to alumina resulted in poor mechamcal propertles of
composite and suggested appropriate amount of diopside in alumlna would prowde both
good mechanical properties and biological activity. L ";

Muthukumaran et al.,, (2010) studied the nitrogen andi;h‘elium ion implanted AISI
316L SS against corrosion resistance in sodium chloride (NaCi) (9g/.l of H,0) solutiqn at pH
6.3 and temperature of 37°C. The general corrosion and pitting corrbsion b'ehavidr‘ of both
helium and nitrogen implanted steel showed a significant improv.ement as compared to
virgin steel, further helium implanted steel showed better_ corro‘s_ion resistance as tompared
to virgin steel. - c »
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FHA coatings. The apatite layer took 28 days to smq_pthen in SBF with bovine serum
albumin, while took only 7 days in standard SBF and giucose-containing SBF.'V

Balamurugan et al.,, (2007B) investigated TiO, reinforced HA coatings on SS 316L
developed by sol-gel process for resistance against electrochemical corrosion in Hank's
solution. The physical degradation of thick coatings (> 24 pm) was observed on immersion.
The mechanism of degradation suggested was de-agglomeration of HA and TiO; particles
accompanied by subsequent inter-particle fissure formation and eventual particle
detachment from substrate. The results suggested that coating-~thi¢kness of 20-24 pm was
effective range for titania reinforced HA coating on 316L SS. '

In 1990 Kokubo et al. used simulated body fluid to perform in vitro' simulation of in
vivo conditions. Oyane et al., (2003) proposed a revised SBF to take into account the fact
that a large proportion of calcium and magnesium species present in serum were bound to
proteins and unavailable for apatite formation. The revised SBF had a 40% lower
concentration of calcium and 33% lower concentration of magnesium. ‘

After a long span of time of research in this field, the opinion of ia‘rge part of

blomaterlals community is that the formation of apatite on'a material immersed mtSBF is a

proof of bioactivity and can be used to anttupate its bone bonding ability in-vivo.

Cell culture involves growing osteoblasts on the coating and evaluatmg thelr
response to coating over a perlod of time. Changes that can be monitored mclude cell
morphology (changes in shape of cells), cell proliferation (quantlty of cells present) and cell
viability (number of cells that are living or dead). Biochemical changes such as expressron of
different genes, within the cell can aiso be measured. These changes indicate the level of
cell differentiation occurring i.e. how quickly the cells are becoming bone tissue. Me‘asurmg
the proliferation of cells gives important information about how _vyell these cells can grow on
the coatings. Cellular behavior can be influenced by characteristi"‘c’s of the material, including
chemistry, composition and topography and the absorption and_‘;‘elease of compounds into
the cell culture media (Rouahi et al., 2006). Calcium phosphate'particles on th{e anodic
oxidation surface affect cellular attachment and spreading. Pre- mcubatron in medrum prior
to cell seeding and cell culture medium may affect the calcium’ phosphate coatlngs Long-
term in-vitro cellular assays and in-vivo experiments are necessary to ﬂnd out the effect of
calcium phosphate deposition to biclogical responses (Lee et al., 2010). Phases such as CaO
dissolve in SBF in initial soaking period i.e. within seven days‘ ‘of immersion' and as
consequence the Ca ion concentration in the solution increases. Mechanical properties of
HA/Ti-6Al-4V composite coatings were found to be superior than pure HA coatmgs which
indicated the better long-term stability of composite coatmgs in phy5|olog|ca| enwronment
(Gu et al., 2003).
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Lim et al., (1999) deposited HA-ZrOz.composite coating by plasma spray process onto
Ti-6Al-4V substrate and reported that phase transformation of ZrO, from tetragonal to
monoclinic during plasma spraying played a significant role in strengthening of HA-ZrO;
coating. They further suggested that phase transformation of ZrO; led to volumetric
increase of ZrO,, which strengthen the coating and retarded crack growth due to generation
of compressive stresses. Khor et al.,, (2000) studied the effect of phése compositions of
plasma sprayed HA-ZrO, composite coating. They observed that HA, ZrO,, CaO, TCP, TTCP
and CaZrOz as the main phases of coatings were related to different contents of ZrO,. They
further reported that content of these amorphous phases decreased with increase in
amount of zirconia from 10 wt% to 50 wt%. The presence of CaZrOs; was observed in
compdsite coatings with zirconia contents less than 30 wt% and reaction of CaO with
zirconia was suggested as the possible reason. During plasma spraying the tetragonal
zirconia transformed to cubic zirconia and the cause suggested for improvement in phase
composition of composite coating was same as suggested by Lim et al., (1999)“'91,3 study
Morks (2008) deposited HA-SIO; (SiO; 10-20 wt%) composite coating onto SUS 304‘5§%ai"r1|ess
steel substrate and reported increase in hard-ness, wear resistance and adhesii’fie-%ond
strength of composite coating as compared to HA coating. The causes suggested for
improvement in mechanical properties of composite coating as compared to ‘HA coatings
were: slight increase in hardness of combosite coating was due to decrease inj.i.coating
porosity by SiO, reinforcement, improvement in abrasive wear resistance was due?}(he fact
that SiO, act as solid self-lubricant and the increase in bond strength was due to thg(ﬁé‘ason
that semi-molten SiO; particles strongly adhered with HA particles and metallic substrate.

Bond coats are already widely used between substrate and top coat in industrial
applications mainly to compensate thermal expansion coefficient mismatch between
substrate and topcoat, to reduce diffusion of substrate elements-int5 coating#¢and to
enhance the mechanical properties of coating especially bond strength of coating. The
" application of bond coat to enhance mechanical propertied of thermal sprayed HA coatings
are also available in literature. Chou and Chang (2002B) studied the strengthening of
bonding at HA coating and Ti-6Al-4V interface by addition of intermediate layer of ZrO, as
bond coat and reported an increase in bond strength by application of bond coat to
36.2+3.02 MPa as compared to 28.6t 3.22 without bond coat. The suggested. cause for
improvement in bond strength by incorporation of bond coat was diffusion of Ca ions from

HA to ZrO; and rougher surface morphology provided by ZrO, bond coat. In é"study by
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hydrothermal heat treated specimens showed better erosion resistance as compared to as-
sprayed coaﬁngs on all impact angles and significant improvement in bonding strength. The
increase in erosion resistance of hydrothermal heat treated specimens was due to impeded

cracks propagation, which was related to increase in fracture toughness_ of the

2

hydrothermal heat treated coatings. Further, it was reported that wear fractures depend on
the fracture toughness of materials. .

Lahiri et ’al., (2010) demonstrated wear behavior ef pIasmaAsbrayed HA-CNT coatings
against alumina ball of 3 mm diameter for a total travel distance of 100 m using ball-on-disc
wear tester. A normal load of 5 N was applied and wear test were conducted in dry
conditions as dry conditions are more aggressive as compared to lubricated by physiological
solutions. Addition of CNT resulted in about 80% decrease in wear volume and increase in
wear resistance of composite coating as compared to HA coating. Two major faetors were
found to be responsible for increase in wear resistance of composite coating: decrease in
coefficient of friction by addition of CNT and toughening of HA coating by CNT
reinforcement, which reduced material removal. In a study conducted by Coathup et al,,
(2005), plasma sprayed porous HA surface were more effective than other un- cemented
interfaces and cemented implants in resisting progressive osteolysis along the aceta_bular
cup-bone interface. Further, results shoWed the significant effect of HA coated“po’rous

implant in term of bone contact and in- -growth in the presence of wear debrls and in

prevention of interfacial wear particle migration.

Little work has been published on composite coatings developed by hydroxv p: i

and aluminum oxide and application of Al,03-13 wt% TiO; bond coat as mtermedlate layer
between HA and substrate to the best of knowledge of the author. Two different substrate
materials namely AlISI 316L stainless steel and pure titanium have been selected -as substrate
materials for present study. These materials are widely used for O»rthobedic an,d“ dental
repair/replacement. The present study has been performed. to ‘evaluate . me"éhaﬁical
properties and corrosion behavior of plasma sprayed pure and reihforced (0130th%'A1203)
HA coatings. The corrosion and dissolution/precipitation vbeh'a\ilio'r_ _of- coatings was
conducted in simulated body fluid. In aim to re-crystallizer the amorphous calcium
phosphate phases developed during plasma spraying and to refine the grain sizé of HA
coating, post coating heat treatment at 500°C, 700°C and 900°C was carried out for 2h in air.
Behavior of these coatings regarding mechanical properties such as hardness, bonding

strength and wear resistance; corrosion resistance and_development of amQrphoUs phases
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. CHAPTER 3
EXPERIMENTAL TECHNIQUES AND PROCEDURES

This chapter presents the experimental techniques and procedures employed for
deposition and characterization of coatings. Techniques to analyze properties like surface
roughness (Ra), porosity, microhardness, bond strength are described in this cﬁapter. A
detailed descriptiovn of processes used for corrosion and immersion behavior of coatings in
simulated body fluid {(SBF) has been furnished in this chapter. The details of procedure for
wear testing and post coating treatment has been describ.ed. The procedures for analyzing
the specimens after corrosion and immersion in SBF, post co’ating treatment and wear

testing have been described. The specifications of the equipments utilized are furnished.

3.1 SUBSTRATE MATERIALS ' ot

-x\.v«

Low carbon surgical grade stainless steel AISI 316L SS and titanium have been
selected as the substrate materials for the present study. The substrate materia'_ls were
procured commercially from Guru Steel and Engineering Limited, Mumbai (Indie))" in the
rolled bar form. The nominal chemical compositions of these materials, as provided by
supplier are presented in Table 3.1. The actual chemical composition of AlSI SS316L has
been determined with help of Optical Emission Spectrometer (Thermo Jarrel Ash TIA
181/81, USA) and that of titanium has been determmed using EDAX analysis; whlch are

reported in Table 3.1. These metallic materials find wide applications in bone and dental

implants and repair.

3.2 DEVELOPMENT OF COATINGS BY PLASMA SPRAY”P'R'OCE-SS"'

3.2.1 Preparation of Substrate Materials

Surface conditions of substrate significantly affect the -borid strength of thermal
spray coatings. The surface finish, texture and topography of the substrate are of particular
importance. Impurities or any oily product such as grease on the surface of the substrate
will greatly reduce the coating adhesion and may cause cracking or delamination. The
specimens should not be held in bare hands after it is prepared for coating and also after the

coating has been developed. In most of the cases an oxide free substrate is required for
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Fig. 3.1 FESEM morphology and EDAX analysis of hydroxyapatite: (a) at lower
magnification (100X) with EDAX analysis and (b) at higher magnification
(400X) '
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the porosity by color difference technique. The software determines the pore area si.ze in
view field by converting the porre areas (grey-level areas) intb a background color such as
red in this case, while the rest of microstructure remains in its original color. The area of one
feature is numerically related to the total area of the picture and the software counts the
number of one color pixels and -sets that as ratio of total number of pixels in the picture
(total area of micrograph). Twenty different points, five in each orthogonal direction were
chosen to determine porosity on the coated surface. Porosity measurement of plasma
sprayed coatings has also been made from polished cross-sections of the specimens. Ten
different points were selected along the cross-section to determine porosity along the cross-
section. An average of twenty readingé on coated surface and an average of ten readings
along cross-section were taken as the value of porosity and are reported in Chapter 4 of

present study.

3.3.4 Measurement of Surface Roughness' “ -

The surface roughness can be described using a number of different measures, such
as Ra, Rq, and Rmax. In engineering applications, roughness is most often described as Ra,

which is defined by equation 3.1.

[l | :
Ra = 2 ; , (3:1)

Where y is the ﬁeight or depth of the peak with reference to mean line (central line),
while / is the length of the mean line. Ra is the average height ('heigﬁt above line o’r"‘depth
below line) between the surface of coating and mean line. ' '

The Ra values of coated specimens were measured uAsing non-;:ontact- optical
profilometer (Model: Wyco NT1100, Veecco Instrumentation Inc., USA) with software vision
— 32. The scanning mode used was vertical scanning interferometery. The center line
average (CLA) method was used to obtain Ra values. Twenty points were selected for
observation (five in each orthogonal directicn). The surface roughness of coatings has been

reported in Chapter 4.
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3.4.3 X-ray Mapping Analysis

To obtain surface and cross-sectional analysis for presence of different elements in
the coatings, the specimens were cut along cross-section, mounted in transoptic powde-r
and polished in accordance with the procedure already discussed in Section 3.3.1 and made
conductive as discussed in Section 3.4.2. X-ray mapping analysis of specimens (surface as
well as cross-section) was performed on FE-SEM, for image acquisition, back scattered
electron (BSE) and/o‘r secondary electron (SE) image mode was entailed. An aécelerating
voltage of 20 kV, a working distance of 9-10 mm and an image size of 1024 x 884 pixels were
used to get quality images. Energy dispersive X-ray (EDAX) analysis and X-ray mapping was
employed to obtain elemental composition at different points on coating and surface of
coatings. The selected area for cross-sectional analysis has three regions i.e. substrate,
coatihg (top coat and/or bond coét) and epoxy region. The analyses were done for the
substrate and the coatings elements and are presented in Chapter 4, 5, 6 and 7: of this
réport. B

#

3.5 THERMOGRAVIMETRIC ANALYSIS/DIFFERENTIAL THERMAL ANALYSIS

To study the effect of temperature on feedstock during plasma spraying,
thermogravimetric and differential thermal analysis were used. Starting powd;e'lrs “and
feedstock were analyzed using TGA/DTA technique in a temperature range of 30°C —':1500°C
in nitrogen environment with nitrogén flow rate of 200 ml/min. The temperéfure was
increased at a rate of 10°C/min. Aluminum oxide powder {10.5 mg) was used as reference.
TGA/DTA plots were obtained using TG/DTA {(Model: EXSTAR A6300, Sll Nano Technology
Inc., Japan) equipmer‘it'.v The results obtained are presented in: Chépt'erll of the ':present

study.

3.6 FOURIER TRANSFORM INFRARED SPECTROSCOPY

To analyze the presence of different groups (hydroxyl, phosphate, carbonate etc.) in
feedstock and coated specimens FTIR spectroscopy was conducted on feedstock, as-coated
specimens, specimens after immersion in SBF and post coating heat treated specimens. The

transmittance or reflectance mode was adopted for FTIR analysis. For transmittance mode
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scanned with scanning speed of 1°/min in 20 range of 10° to 60° and ihtensity Qf-peaks were
recorded. The diffractometer interfaced with Bruker DIFFRAC P, X-ray diffraction software
provides ‘d’ values directly on diffraction pattern. These ‘d’ values were then used for
identification of various phases with help of JCPDS data cards. The software X’'pert high
score version 1.0a was also used to confirm the presence of respective phases. The results

obtained from X-ray diffraction patterns are presented in Chapter 4, 6 and 7 of this study.

3.8 MECHANICAL PROPERTIES OF COATINGS

The mechanical properties of coatings such as microhardness, bond strength and
wear were evaluated and compared for various types of coatmgs

3.8.1 Measurement of Microhardness

To obtain microhardness of plasma sprayed coatings, the specimens were cut,
Mounted and polished as explained in Section 3.3.1. The microhardness of coatmgs along
cross-section was measured by using SHV 1000 Digital Micro Vickers Hardness Test;; fitted
with Vickers pyramid diamond indenter (Chennai Metco, India). A load of 2.942 N was
applied for penetration for a dwell time of 10 s and hardness was measured in Hv. Herdness
values obtained were calculated by the software installed wifh Micro Vickers Héfdness

- S
e

tester by following relationship:

1885.4x F
1, = B
Where F is the applied load, g
d is the mean of two diagonals of indent, pm. ' R
Each reported value of the hardness is the average value of three measurements

ThESe microhardness values are plotted as a function of dlstance from coatmg—substrate

interface and incorporated in Chapter 5 of present study.

3.8.2 Measurement of Bond Strength

The tensile bond strength of the plasma sprayed coatings’ was measured using the
ASTM (633 79 standard with help of universal mechanical testing systemb(HZS K-S Material
Testing Machine, Hounsfield, England) with a capacity of 20 kN fitted With the Hounsfield S —

Series testing software for Windows. This method covers the determination of adhesion
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horizontally at 10.6 strokes/min against coated disc rotating at 10.6 rpm.‘The combination
of sliding motion of flat and rolling motion of disc produces a sliding/ro_lling motion which is
not present in conventional pin on disc wear tester. The width of the disc and flat was 1 cﬁ
and a line contact of 1 cm was established for experimentation. The tests were conducted in
dry environment i.e. the contact of flat and disc was not lubricated with any fluid. A weight
of 120 g (1.1772 N) was applied for evaluatidn of wear resistance of plasma sprayed
coatings. Weight loss was measured after every 40 cycles using electronic weighing scale
with an accuracy of 0.1 mg. Two types of wear tests were conducted: first, the cbated disc
with coating on its periphery was rotated against horizontally reciprocating flat specimen
covered with 400 grit silicon carbide (SiC) abrasive; second, the coated disc was rotated
against flat specimen coated with same type of coating.

After each run of 40 cycles the specimens were visually examined. If coating on the
specimen were found to worn out completely, the weight loss readings were discard_eél.and
‘the specimens were replaced with fresh specimens and run of 200 cycles started with fresh

set of specimens.

Bare specimen : Coated specimen

Fig. 3.4 Photograph of tensile bond strength fixture

91



For abrasive wear test (coating against abrasive), abrasive was changed a&er each
run of 200 cycles. Two types of wear conditions i.e. abrasive and coating; coating and
coating were used to find wear behavior of coatings. To charactérize the type of wear,
surface obtained after wear experirhents were analyzed with FE-SEM. The as coated surface
of the specimen was very rough however, due to wear the surface asperities were worn out
and a smooth surface was observed by visual examination. To find the surface morphology
and roughness of worn out specimens, the specimens were analyzed by atomic force
microscopy using scanning probe microscope (Model: NTEGRA; Make: NT-MDT, Moscow,
Russia). ’ -

Atomic force microscopy (AFM) in semi contact mode with silicon nitrate probe was
utilized to analyze the surface profile (2-D and 3-D) of specimens after wear test. The
resolution of microscope in this mode was 1 A. The results obtained from wear tests: wgi_ght
loss measurement, versus no. of cycles; FE-SEM images of worm our surfaces %§h<3;:v;ng
surface morphology and AFM images showing surface profile and roughness are pfesented

in Chapter 5 of present study.

- 3.9 IN-VITRO STUDY OF COATINGS

3.91 Preparation of Simulated Body Fluid

The simulated body fluid (SBF) which has ion concentration nearly equal to human
blood plasma was used for in-vitro study. SBF was prepared as per the method suggested by
Kokubo and his colleagues (Kokubo and Takadama, 2006). The comparison' of ion
concentration” of SBF ahd human blood plasma is presented in Table*3.3. The chemical

regents with the amount required to prepare one liter of SBF are reported in Table 3.4.The

£l
S

minimum p[jifi'gy of all the reagents was 99%. Glass containers were not usedr’ for
preparation of SBF. Smooth and scratch free good quality plastic/polyethylene wares were
used for preparation of SBF because apatite nucleation can be indﬁced on surface of glass or
edge of a scratch. Prior to preparing SBF all wares were washed with 1 N HCI .solution and
placed in same for 10-12 h. After removing from the solution wares’w‘ére washed with

distilled water and dried by blowing hot air. In order to prepare 1000 mi of SBF, 700 m! of
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Table 3.3 Comparison of ion concentration of simulated body fluid and human blood
plasma
lon Simulated Body Fluid (mM) | Human Blood Plasma (mM)
Na* 142.0 142.0
- K" 5.0 5.0
- Mgt 1.5 1.5
Ca” 2.5 .25
cr 147.8 - 103.0
HCO> 4.2 27.0
HPO,” 1.0 1.0
$0,% 0.5 0.5
pH 7.40 7.20-7.40

ot

The working electrode was test specimen of 1 cm” area, counter electrodes v:;éréitwo
highly pure graphite rods and reference electrode was saturated calomel electrodg (SCE)
~ housed in Luggin capillary. Test sample was prepared in such a way that total exposed area
of sample to eléctrolyte was 1 cm?®. The rest of the surface of sample was covered with non-

toxic and non-conductive enamel. Each sample was allowed to stabilize at its open circuit

potential (OCP) for 30 min in ’CéII off’ mode before starting electrochemical tests. ‘“\’ﬂj»

et Hwge

i

The electrochemical tests were conduicted for LPR, pofentiodynamic polarization and
Tafel polarization studies. The ‘primary reason for LPR test was that the surface of test
sample doe not damage as test is carried out in very small potential range (-20 mV to +20
mV With respect to OCP) and a good idea of initial corrosion current density ttand
‘polarization resistance can be obtained. Potentiodynamic polarization tests were car;ie&'out
in range -250 mV versus OCP to 1600 mV versus SCE. All the tests were conducted W|th a
scan rate of 0.1 mV/s. The plots so obtained were interpreted with help of Electrochemistry
PowerSuite software provided by the manufacturer. The ‘results obtained- from

electrochemical experiments are presented in Chapter 6 of present study.
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Table 3.4 Chemical regents for preparation of simulated body fluid

Order of Addition Regent Amount Measuring container
1 NaCl 8.035¢g Weighing glass
2 NaHCO; 0.355¢ Weighing glass
13 KCI 0.225¢g Weighing glass
-4 K>HPO,4.2H,0 >0.231 g Weighing glass
5 MgCl,.6H,0 0.311¢ Weighing glass
6 1M —HCl 39ml Graduated cylinder
7 CaCl; 0.292 g Weighing glass
8 Na,SO4 0.072g Weighing glass
9 (CH,0H)3 CNH, 6.118 g Weighing glass
10 1.0 mM HCI C—S ml Syringe/droépér

3.9.3 Experimental Setup for In-vitro Studies

In orden; to evaluate activity of coatings in simulated body fluid,
precipitation/dissolution behavior of coatings was investigated. Plastic beakers measuring‘
50 ml were utilized for soaking the specimens in SBF. The beakers were soaked in; 1N HCl
solution for 10-12 h to sterilize them, removed, washed with distilled water and:%é:l'_ried at
room temperature.

The as c‘oatéd specimens were washed ultrasonically in distilled water and dried at
room temperature. The coated specimens after cleaning in uitrasonic bath were never
touched by bare hands. Each sample to be used for immersion test was weighed with

accuracy of 0.1 mg prior to soaking in SBF. The volume of SBF for soaking was calculated by

following equation suggested by Kokubo and Takadama, (2006),:

v, =22 | (3.1)

Where, V_ is volume of SBF in ml and S, is the apparent surface area of the specimen in

mmz.
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for 2 h, the specimen was allowed to cool in the furnace for 12h or until the room
temperature had been attained. Then the boat carrying the specimen was removed from
the furnace and subjected to visual observation carefully with respect to color change and
other physical aspects of cracking or peeling of the coatings.

The post coating heat treated specimens were then subjected to FE-SEM/EDAX
analysis to evaluate surface morphology of coatings, XRD analysis to find out various phases

present and FTIR analysis to evaluate existence of various groups.

30w T ke POWERR SUPvORY .. ¢
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Fig. 3.8 Experimental setup for post coating heat treatment: (a) silicon tube furnace;
(b) control unit and (c) specimen in alumina boat placed in silicon tube

furnace
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The surface morphology of as-sprayed and post coating heat treated specimen are
shown in Fig. 3.9. The cross-sectional macrograph of post coating heat treated specimen is
shown in Fig. 3.10. It can be seen from macrographs that color of as-sprayed coating is light
gray, whereas the color of post coating heat treated specimen is sea green, which is similar
to the color of starting HA powder used to prepare feedstock for plasma spraying.
Delamination of coating was not observed by visually examining the coated specimens after
post coating heat treatment. The results obtained from analysis of post coating heat

treatment of specimens are presented in Chapter 7 of present study.

{(a) (b)
5 mm
Fig. 3.9 Surface macrographs of coated specimens: (a) as-coated specimen and (b)

post coating heat treated specimen at 900°C in air for 2h

Fig. 3.10 Cross-sectional macrograph of post coating heat treated specimen at 900°C

in air for 2h
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Chapter 4
CHARACTERIZATION OF COATINGS

This chapter deals with the characterization of plasma sprayed pure hydroxyapatite
(HA: Ca1g(PO4)e(OH)z), HA-10 wt% aluminum oxide (alumina: AlLO3), HA-20 wt% aluminum
oxide and HA-30 wt% aluminum oxide coatings on AISI 316L stainless steel and titanium
with and without incorporation of a bond coat of aluminum oxide-13 wt% titanium oxide

(AlLO3-13 wt% TiO,).

4.1 INTRODUCTION

In the present chapter the coating characterization has been described. It includes
the results related to surface and cross-sectional morphology, porosity, coating thickness,
surface roughness, elemental analysis, X-ray mapping and phase analysis of coatings using
field emission scanning electron microscopy/energy dispersive X-ray {(FE-SEM/EDAX), X-ray

mapping, X-ray diffraction (XRD), TGA/DTA and FTIR techniques.

4.2 RESULTS

4.2.1 Coating Feedstock

The feedstock for the coating was prepared by mechanically mixing hydroxyapatite
with different weight compaosition (0-30 wt%) of aluminum oxide in a blender for 30 min. at
3000 rpm without any medium. The microstructure, EDAX point analysis and X-ray mapping
of HA-10 wt% Al,0O3, HA-20 wt% Al,0; and HA-30 wt% Al,O3; powders are presented in Fig.
4.1 to Fig. 4.3 respectively. The microstructure, EDAX point analysis and elemental X-ray
mapping of pure HA, Al,O3; (reinforcement) and Al,03-13 wt% TiO, (bond coat) powders are
already presented in Chapter 3 of present study. It is evident from the micrographs and
elemental mapping of powders that aluminum oxide is evenly distributed in matrix of
hydroxyapatite powder. The hydroxyapatite powder particles shows a combination of
spherical and angular morphology with varying particle size in a wide range of 20-75 um
while, aluminum oxide powder particles are spherical agglomerates of irregular shaped
particles (8-24 um). The size of aluminum oxide agglomerates vary in a narrow range of 85-

L

100 pm.
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4.2.2 Surface Morphology of Coatings

The surface morphology of as-sprayed and along cross-section is shown in Fig. 4.4
and 4.5 respectively. The plasma sprayed HA composite coatings with varying amount of
alumina {0-30 wt %) shows typical splat surface morphology with distinct splat boundaries.
The surface morphology of coatings clearly shows the splat boundaries, un-melted/partially
molten splats and voids. Some cracks can be seen in morphology of HA-20 wt% Al,O3
coatings (Fig. 4.4). The cross-section of coatings show that bond coat and top coat are intact
with each other and to the substrate except for pure HA coating in which the interface of
bond coat and top coat is partially damaged due to grinding and polishing during sample
preparation. The micro-cracks can be seen in the cross-section of coating, however a
network of cracks as characterized by plasma sprayed HA coatings is absent. A little amount
of pores can also be seen in the microstructure of coating along its cross-section. FE-SEM
micrographs of coating surface along with EDAX point analysis of plasma sprayed HA, HA-10
wt% Al,Oz, HA-20 wit% Al,O3 and HA-30 wt% Al,03 on AISI 316L SS are shown in Fig. 4.6.
Characteristic plasma sprayed coating microstructure is observed on coated surfaces.
Overall coatings are dense with some un-melted/partially melted HA particles present on
completely molten HA splats {Fig. 4.6a — d). Cracks are not visible on the coating surface at
fower magnification however; their presencé can be seen at higher magnification. Micro-
cracks are clearly visible within the molten splats (Fig. 4.6d). Micro-cracks may have formed
due to reduction in volume of molten splats during cooling/solidification and difference in
cooling rates of coating spiats and substrate. EDAX analysis at diffefenz points indicates
mainly the presence of coating elements i.e. Ca, P, O and Al with négligible amount of
substrate elements. The element analysis of HA coating (Fig. 4.6a) indicates constituents of
HA. However, weight % of Ca at point 1 is much higher than at poi'nt 2. EDAX point analysis
of HA-10 wt% Al,O; (point 3 and 4 in Fig. 4.6b) shows presence of Ca, P, O and Al. At both
the points the composition of aluminum oxide is nearly same and no substrate elements
have been detected. Figure 4.6¢c and d illustrate the micrographs and element énaiysis of HA
coatings with 20 wt% Al,O3 and 30 wt% Al,O5 respectively. The EDAX analysis at different
spots in these micrographs show uneven distribution of aluminum oxide with negligible
amount (less than 1 wt%) of substrate elements such as Fe, Cr and Ni. k

Figure 4.7 illustrates the plasma sprayed HA, HA-10 wt% Al,O3, HA-20 wt% Al,O, and

HA-30 wt% Al,O3 coatings on titanium substrate. Micro-cracks and some un-racited/partially
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melted HA particles embedded in fully molten splats could be observed. EDAX analysis
indicates a similar trend as for coating on AISI 316L SS for distribution of elements with
negligible presence of titanium (substrate). The as sprayed coatings were light in color as
shown in Fig. 3.12a in Chapter 3 of present study. The EDAX point analysis on the surface of

as sprayed coatings does not show the actual distribution of reinforcement material (Al,03).

(a)
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Fig. 4.1 FE-SEM image (400X) showing morphology of HA-10 wt% Al,0; feedstock: (a)

particle morphology and EDAX point analysis (wt% of elements) and (b) X-ray
mapping
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Fig. 4.2 FE-SEM image (400X) showing morphology of HA-20 wt% Al,O; feedstock: (a)
particle morphology and EDAX point analysis (Wt% of elements) and (b) X-ray

mapping
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Fig. 4.3 FE-SEM image (400X) showing morphology of HA-30 wt% Al,O; feedstock: (a)

particle morphology and EDAX point analysis (wt% of elements) and (b) X-ray

mapping
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HA coating

HA-10 wt% Al O,

HA-20 wt% Al,0,

Fig. 4.4 Surface morphology of as-sprayed coatings

HA coating

HA-10 wt % Al,O; coating

HA-20 wt % Al, O, coating

HA-30 wt % Al, O, coating

HV

Fig. 4.5 Crosss-sectional morphology of coatings with bond coat of Al;03-13 wt% TiO,

106



[credanrzaannsisganmaps.spe 19-4n 2018 99847

o Point 1

55.51% Ca
21.71% P
" 22.77% 0O

X R K R XU X X

100 250 200

wose
Ener gy -keV

Point 3
52.99% Ca
20.44% P
06.50% Al
20.07% O

A W 6® TG 100 3K 1
Energy -kev

e TISER DA 1A WMED: dx:11.06.1¢ ndr'AS SAmpe
Lecu: $15

Point 5

15.12% Ca
02,72% P
49.59% Al

i 33.66% O
‘ 0.38% Cr
B ~ 0.53% Ni —

g © w

.0 SP—
1204 1

nop 200 490 1] 100 1008
Euetyy - kel

credax]/pmiesisy anmaps ape 12 Jun-2018 1 22508
(Secs:d

« Point 7

40.09% Ca —1
¢ 22.69% P

02.33% Al
33.19% 0O
0.37% Fe
0.79% Cr
0.54% Ni

« e e
» 1

03

»r

514

4 o y) .
580 500 e 309 s

106 2600 380

"
.0
Ener gy - ke

[riotaxi2gamenitgenmepespe 11-m 2618 169556
LSvce:a

Point 2

ca

WE|

40.51% Ca
20.42% P
39.07% O

49

8-

LEE

R IR
Ereigy - keV

CetandT genewe QeToptEos Ho-ApY IHIDNIAS)
(Seex: 12

1 o Point 4

47.43% Ca
19.89% P
06.73% Al
25.95% O

M S &0 T E® 0 1
Energy- keV

. e in

CladanIl genenie genniaps.epc 12-Jon 2814 112725
LSecs: 1

o Point 6

42.57% Ca
22.65% P
e 06.31% Al
s | 28.01% O
- 0.26% Cr

L] -
" ‘ } 0.20% Ni
i 3
cr w
AL 6. Y TR
“w 2% i “ow i 1“e 1249 1440
Energy - ke¥

[roadanizysnestsigenmaps.spe 12-Jon-2418 152327
LSecs: 12

- & Point 8

47.40% Ca
11.52% P
n 09.43% Al
30.41% O

M-

* . 0.19% Fe
J 0.60% Cr

o ’ 0.45% Ni
| " < ft. B

LU} MY P N A A A N N
Eoergy-ReV.

Surface morphology and EDAX point analysis from different spots on plasma

sprayed AISI 316L SS: (a) HA coating; (b) HA-10 wt % Al,O3; (c) HA-20 wt% Al,03
and (d) HA-30 wt% Al,05

107



Fig. 4.7

19 w3
LSecs

Point 1 ]

52.99% Ca
22.91% P
23.76% O
0.34% Ti

c:0dacir ganesic genmaps.epc 8 Apr- 2410 113546
LSecs: 18

.. <« Point3
" = 42.00% Ca
22.82% P

0.21% Al
s - 34.97% O

oK
> ok
AK
e S SR S— T r
1M 28 3% 4% 5H GH TOR 500 08 1
Fuergy kv
ansapc 17 Jm 2071
(R
1.4 -
N Point 5
oin
1.9

38.40% Ca

22.57% P
0.54% Al

38.49% O

- +
[ 1
Inovgy - ke¥

 SPYrE e ——— 92 don 90 147557
USees: 1t

L7 L]

Point 7 —

6.57% Ca
2 6.12% P
oo 43.34% O
s | 43.91% Al
0.06% Ti

¢ G

H ' Y ooy T Y
LU R R L LU T T Y S
Energy - KeV

Redxd2 genenis genmaps.spe 18- lon. 2018 127518
LSecs: 14

Point 2
55.32% Ca
4 23.03% P
i . 21.33% O
0.32% Ti
i
> cak
g M 20 30 4 SH O e 10 @ N0 10
Eier iy - heV

T A ATt
LSees: 14

Point 4

48.52% Ca
- iy 21.09% P

Sew i 01.04% Al
29.35% O

130 28 I A s
Fuieeiy/ . ho¥

I 12 D iR ganmape apc 12 s 2018 124 14T
(R

re

Point 6

31.85% Ca
20.85% P
03.85% Al
43.28% O
0.16% Ti

Bt g k¥

- P - T -
1 k] 108 < 600 10.08 120 Thatt

5200307 GAnESIE MDD, s 12-Dan 2898 $E31M
LSecs: 10

A v

Point 8

30.30% Ca
21.73% P
7.49% Al
40.40% O
0.08% Ti

Surface morphology and EDAX point analysis from different spots on plasma

sprayed titanium: (a) HA coating; (b) HA-10 wt % Al,O3; (c) HA-20 wt% Al,O3 and

(d) HA-30 wt% Al,03

108



4.2.3 FE-SEM/EDAX Analysis of Coatings

.The FE-SEM micrographs and EDAX point analysis along the cross-section are
presented in Fig. 4.8 — Fig. 4.11. The FE-SEM micrographs show that coating is continuous
and intact with the substrate in all the substrate-coating combinations. The coating is
damaged at the interface during sample preparation (grinding and polishing) as presented in
Fig. 4.8d (at bond coat/top coat interface), in Fig. 4.9c (at substrate/coating interface) and in
Fig. 4.9d (at bond coat/top coat interface). The black colored spots in coatings are the pits
generated due to removal of un-melted or partially melted powder particles during sample
preparation. Some micro-cracks are present in the coating but the network of cracks which
starts at interface and expand through out the coating is absent. Micro-cracks arise from
shrinkage of splats during cooling/solidification and differential thermal contraction
between substrate and coating. Dark colored streaks and spots in light grey HA matrix
represent aluminum oxide particles, which are distributed along a direction parallel to
substrate coating interface. White colored streaks in bond coat correspond to Tioz"p‘articles.

EDAX point analysis of coatings was carried out at different points along tﬁe Cross-
section of ptasma sprayed coatings and resuits are shown in Fig. 4.8 to 4.11. Thé results
depict that no substrate element has migrated to the coating. EDAX analysis at dark colored
streaks and spots confirm the presence of aluminum oxide as shown at point 4 in Fig. 4.9b,
point 6 in Fig. 4.9d, point 4 in Fig. 4.10a, point 4 in Fig. 4.10c and point 5,9,6,6 in Flg 4,113,

b, ¢, d respectively.

4.2.3.1 Coating thickness

The as coated specimens were cut along the cross-section, mounted in transoptic
mounting resin and subsequently mirror polished to obtain FE-SEM images. The coating
thickness values were measured at some randomly selected locations on back scattered
electron (BSE) or secondary electron (SE) images and average coating thickness for various

coatings is reported in Table 4.1-4.4.

4.2.3.2 Porosity analysis of coatings

The porosity of bioceramic coatings is of prime importance. Porosity influences

physical and mechanical characteristics of hydroxyapatite coatings. It effects the body’s
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reaction with this mineral component of bone as porous structure ailows fibro-vascular in

growth thereby helping implant to resist migration. Micro-pores are generally produced
during plasma spraying due to solidification contraction and splat filling effects. Porosity of
coatings was measured on as-coated surface and on the polished cross-section at ten
different points and results are reported in Table 4.1-4.4. Lower porosity values were found
in case of as-coated surface as compared to that for polished cross-section. The higher value
of porosity on polished cross-section may be attributed to pullout of un-melted particle

cores during grinding and polishing process.

4.2.4 Surface Roughness of Coatings

As coated surface was very rough due to presence of un-melted/partially meited HA
and alumina particles in completely molten splats. A non contact profilometer was used to
determine the surface roughness of as sprayed coatings. The centre line average (CLA)
method was used to obtain the surface roughness of as sprayed coatings with vertical
" scanning interferometery mode. Surface roughness (Ra} was measured at twenty different
points {five in each‘orthogonal direction) and average surface roughness has been reported

in Table 4.1-4.4.

Table 4.1 Microstructural properties of plasma sprayed hydroxyapatite and aiuminum

oxide composite coatings on AlSI SS316L

Coating HA HA-10 wt% | HA-20 wt% | HA-30 wt%
Al,0; Al,O; Al,O,
Coating thickness (j1m) 176 190 220 | 223
Po;osity As coated surface 3.26 3.3?4“_»4 342 3.61
(%) Polished cross-section 7.15 7.2.1‘-*-'—‘ o ":735"'"“" 1 7.46
Surface roughness (pm) 3.1-7.31 4.12-7.56 | 4.96-7.98 | 4.84.8.37
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Table 4.2 Microstructural properties of plasma sprayed hydroxyapatite and aluminum

oxide composite coatings on titanium

| Coating HA HA-10 wt% | HA-20 wt% | HA-30 wt%
Al,0; Al,0; Al,03
' Coating thickness (pm) 180 180 207 180
' Porosiﬁ') As coated surface 3.2 3.25 33 3.32
(%) % Polished cross-section 7.07 7.12 7.15 7.17
Surface roughness (um) 5.01-7.26 6.05-7.41 | 7.1-7.94 7.39-8.56

Table 4.3 Microstructural properties of plasma sprayed hydroxyapatite and aluminum

oxide compaosite coatings on AlSI SS316L with bond coat of AlL,O; — 13wt% TiO,

-

Coating HA HA-10 wt% | HA-20 wt% | HA-30 wt% |
ALO; | ALO; A1,0;
CBating thickness (um) 209 198 . 205 236
Bond coat thickness (um) 50 48 34 53
‘Porosity | As coated surface 3.32 3.42 3.49 3.71
(%) Polished cross-section 7.22 7.31 7.42 7.48
4.61-7.82 | 4.53-7.98 | 4.67-8.21

Surface roughness (um)

4.26-8.62

Table 4.4 Microstructural properties of plasma sprayed hydroxyapatite and aluminum

oxide composite coatings on titanium with bond coat of Al,O, — 13wt% TiO,

Coating HA HA-10 wt% | HA-20 wt% | HA-30 wt%
AlL,O; Al,0; Ai;03
Coating thickness (um) 238 226 206 148
Bond coat thickness (um) 75 79 40 63
Poro_sm; As coated surface 3.26 331 3.41 3.47
(%) “Polished cross-section 7.18 7.23 7.29 7.34
“Surface roughness (pm) 5.2-7.45 5.36-7.62 6.65-8.19 6.98-8.84
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4.2.5 X-Ray Mapping of Coatings

Plasma sprayed hydroxyapatite and aluminum oxide composite coatings on AISI 316L
SS and titanium with and without incorporation of Al,03-13 wt% TiO, bond coat were
analyzed by X-ray mapping. The surface of as-sprayed specimens and polished cross-sections
were analyzed to find the distribution of coating elements. The effect of bond coat on

diffusion/migration of substrate elements to the coatings was also studied.

4.2.5.1 Surface analysis

FE-SEM micrographs and X-ray mapping for HA, HA-10 wt% Al,0s, HA-10 wt% Al,03
and HA-10 wt% AlLO; on AISI 316L SS and titanium substrates without and with
incorporation of bond coat are shown in Fig. 4.12 to Fig. 4.27. The surface analysis of
coatings shows that the coatings are rich with elements of hydroxyapatite i.e. calcium and
phosphorus. A negligible amount of substrate elements are visible in the images of X-ray
mapping as shown in Fig. 4.12-4.19. X-ray mapping of HA-20 wt% Al,O; and HA-30 wt%
Al,O3 coating on AlSI 316L SS and HA-10 wt% Al,03 and HA-20 wt% Al,O3 coating on titanium
show that aluminum oxide is present in a scattered form (Fig. 4.14-4.15 and Fig. 4.17-4.18).
However, Fig. 4.13 and 4..19 show the uniform distribution of aluminum oxide.

Figure 4.20-4.27 show the FE-SEM micrographs and X-ray mapping of coatings with
incorporation of Al,03-13 wt% TiO, bond coat. The elemental distribution is in similar
manner as that for the coatings without bond coat. However, substantial reduction in
diffusion of substrate elements has been observed. X-ray mapping images (Fig. 4.21, 4.22
and 4.25) indicate even distribution of aluminum oxide. X-ray mapping along cross-section
of coated specimens was conducted to investigate in detail distribution of aluminum oxide

in hydroxyapatite matrix, which is discussed in subsequent section.

4.2 5.2 Cross-sectional analysis

X-ray mapping was carried out on mounted and wheel polished specimens to analyze
the distribution of elements across the coating thickness of bond coat and top coat. Figure
4.28-4.43 shows the FE-SEM images and X-ray mapping of coated specimens along their

cross-sections.
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Fig. 4.12 FE-SEM image and X-ray mapping of surface of HA coated AISI 316L SS
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Fig. 4.13 FE-SEM image and X-ray mapping of surface of HA-10 wt% Al,O5 coated AISI

316L SS
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Fig. 4.15 FE-SEM image and X-ray mapping of surface of HA-30 wt% Al,O3 coated AISI

316LS5



Fig. 4.16 FE-SEM image and X-ray mapping of surface of HA coated titanium
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FE-SEM image and X-ray mapping of surface of HA-20 wt% Al,0O; coated

titanium
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Fig. 4.19 FE-SEM image and X-ray mapping of surface of HA-30 wt% Al,O3 coated

titanium
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Fig. 4.20 FE-SEM image and X-ray mapping of surface of HA coated AISI 316L SS with

bond coat of Al,03-13 wt% TiO;
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Fig. 4.21 FE-SEM image and X-ray mapping of surface of HA — 10 wt% Al,03 coated AISI

316L SS with bond coat of Al,03-13 wt% TiO



— 20 wt% Al,O3 coated AlSI

FE-SEM image and X-ray mapping of surface of HA

Fig. 4.22

13 wt% TiO;

Os-

2

316L SS with bond coat of Al

127



Fig. 4.23 FE-SEM image and X-ray mapping of surface of HA-30 wt% Al,O3 coated AISI

316L SS with bond coat of Al;03-13 wt% TiO>
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Fig. 4.24 FE-SEM image and X-ray mapping of surface of HA coated titanium with bond

coat of Al;03-13 wt% TiO,
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Fig. 4.26 FE-SEM image and X-ray mapping of surface of HA-20 wt% Al,O3 coated
titanium with bond coat of Al,0; — 13 wt% TiO,
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Fig. 4.27 FE-SEM image and X-ray mapping of surface of HA-30 wt% Al,O; coated

titanium with bond coat of Al,O3 — 13 wt% TiO,
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The dark streaks in the light background in FE-SEM images are aluminum oxide
particles (reinforcement), which was confirmed by comparing micrograph with
corresponding X-ray mapping image for Al.

X-ray mappings of plasma sprayed HA, HA-10 wt% Al,03, HA-20 wt% Al,03 and HA-30
wt% Al,O; coatings on AISI 316L substrate are presented in Fig. 4.28-4.31 respectively,
whereas Fig. 4.32-4.35 represents X-ray mapping of these coatings on titanium substrate. X-
ray mapping of HA indicates the presence of Ca and P (Fig. 4.28 and 4.32). X-ray mapping of
composite coatings show the presence of Al in Ca and P rich matrix (Fig. 4.29-4.31 and Fig.
4.33-4.35). in all the coating-substrate combinations the aluminum oxide is evenly
distributed in the matrix of hydroxyapatite, which was not visible in X-ray mapping of
surface of as sprayed coatings (Fig. 4.12-4.27). Moreover, it can be inferred from the cross-
sectional X-ray mappings that alumina is present at the splat boundaries of hydroxyapatite.
The presence of alumina at splat boundaries is supposed to increase the strength of
composite coatings. Negligible diffusion/migration of substrate elements to the coatings
had been indicated by X-ray mappings.

Figure 4.36-4.39 show the X-ray mappings of plasma sprayed HA, HA-10 wt% Al,0;,
HA-20 wt% Al,Os; and HA-30 wt% ALO; coatings on AISI 316L substrate with bond coat of
Al,0s-13 wt% TiO; respectively, whereas X-ray mapping of coatings on titanium substrate
with bond are presented in Fig. 4.40-4.43. The distribution of coating elements show a
similar trend as that for coatings without bond coat and the diffusion of substrate elements
in coatings seems to be restricted by incorporation of intermediate layer of bond coat. From
X-ray elemental distribution of coatings with and without incorporation of baond coat of
ALO;-13 wt% TiO,, it can be inferred that with application of bond coat the

diffusion/migration of substrate elements is restricted.
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Fig. 4.28 FE-SEM image and X-ray mapping of cross-section of HA coated AISI 316L SS
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Fig. 4.29 FE-SEM image and X-ray mapping of cross-section of HA-10 wt% Al,04 coated

AISI 316L SS
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Substrate

Fig. 4.30 FE-SEM image and X-ray mapping of cross-section of HA-20 wt% Al,03 coated

AISI316L SS



Substrate

f HA-30 wt% Al,O3 coated

FE-SEM image and X-ray mapping of cross-section o

Fig. 4.31
AISI 316L SS



Fig. 4.32 FE-SEM image and X-ray mapping of cross-section of HA coated titanium
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Fig. 4.33 FE-SEM image and X-ray mapping of cross-section of HA-10 wt% Al,O; coated

titanium
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Substrate

Fig. 4.34 FE-SEM image and X-ray mapping of cross-section of HA-20 wt% Al,0O3 coated

titanium



Substrate

Fig. 4.35 FE-SEM image and X-ray mapping of cross-section of HA-30 wt% Al,O3 coated

titanium
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Substrate
rmediate coat

Fig. 4.36 FE-SEM image and X-ray mapping of cross-section of HA coated AISI 316L SS

with bond coat of Al;03-13 wt% TiO,

142



Substrate
Intermediate coat

Fig. 4.37 FE-SEM image and X-ray mapping of cross-section of HA-10 wt% Al,O; coated

AIS| 316L SS with bond coat of Al;03-13 wt% TiO;
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Substrate
Intermediate coat

Fig. 4.39 FE-SEM image and X-ray mapping of cross-section of HA-30 wt% Al,O; coated

AISI 316L SS with bond coat of Al,03-13 wt% TiO,
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Fig. 4.40
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FE-SEM image and X-ray mapping of
bond coat of Al,03-13 wt% TiO2
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Fig. 4.41 FE-SEM image and X-ray mapping of cross-section of HA-10 wt% Al,O3; coated
titanium with bond coat of Al,03-13 wt% TiO,
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Fig. 4.42 FE-SEM image and X-ray mapping of cross-section of HA-20 wt% Al,03 coated

titanium with bond coat of Al,03-13 wt% TiO,
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Fig. 4.43 FE-SEM image and X-ray mapping of cross-section of HA-30 wt% Al,O3 coated

titanium with bond coat of Al;03-13 wt% TiO>
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-4.2.6 X-Ray Diffraction (XRD) Analysis of Coatings

XRD diffractograms for feed stock and as-sprayed coatings on AIS| 316L SS and
titanium substrate with and without incorporation of bond coat are depicted in Fig. 4.44 to
4.49 on relative scale. Figure 4.44 shows the XRD patterns of different feedstock used for
main coating. Diffractograms for pure HA, HA-10 wt% Al,03;, HA-20 wt% Al,03 and HA-30
- wt% Al,O3 are shown in Fig. 4.44a-d respectively. Hydroxyapatite is the main phase present
in the feedstock as depicted by Fig. 4.44 a-c, whereas with increasing the amount of
aluminum oxide in hydroxyapatite the intensity of HA peaks decreased substantially and

more intense peaks of aluminum oxide could be seen in Fig. 4.44 d.

HA n , _' Coating
AI203 2 n . feedstock
A' . .
A Uy MTm m a A 7y

1YW (d)

" Relative ihtensity (arbitrary unit)

Diffraction angle (20)

Fig. 4.44 X-ray diffraction pattern of feedstock for plasma spray coating: (a) HA;
{b) HA-10 wt% AL, Og3; (c) HA-20 wt% Al,03 and {d) HA-30 wt% Al,0O3

Figure 4.45 present the XRD diffractogram for powders used as reinforcement and
for épplication of bond coat. XRD pattern for aluminum oxide is shown in Fig. 4.45a and for

Al,05-13 wt% TiO, is presented in Fig. 4.45b.
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Diffraction angle (20)
Fig. 4.45 - X-ray diffraction pattern of powders for plasma spray coating: (a} Al,Os

(reinforcemnt ) and (b) Al;0s-13 wt% TiO, (bond coat)

The X- ray diffractogarms for as-sprayed coatings are prsented in Fig. 4.46 to 4.49.
The X-ray patterns of plasma sprayed HA coatings with different composition (0-30 wt%) of
aluminum oxide on AISI 316L SS and titanium are shown in Fig. 4.46 and Fig. 4.47
respectively. Hydroxyapatite is the main phase present in coatings with varying alumina
contents on both the substrates. The main (most intense) hydroxyapatite peék is present
between 31-32° (20) in the XRD diffractogarms. Intensity of all the peaks belonging to
hydroxyapatite (20: 25°-35°) initially decreases with addition of 10 wt% aluminum oxide (Fig.
4.46b and 4.47b) however, intensity of these peaks increase with further increase in
reinforcing phase (Fig. 4.46 ¢, d and 4.47¢c, d). The intensity of these (HA) peaks as seen from
XRD patterns is relatively more than intensity of peaks that belong to pure hydroxyapatite
coatings on both substrates i.e. AlSI 316L SS and titanium. Peaks of substrate elements are

not present in XRD patterns.
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Fig. 4.46 X-ray diffraction patteren of as coated AISI 316L SS: (a) HA coating; (b) HA-10

wt% Al,O3 coating; (C) HA-20 wt% Al,O3 coating and (d) HA-30 wt% Al,O3
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Along with hydroxyapatite other phases of calcium and phosphorous are present in
the X-ray pattern. These undesirable phases are generally pfesent in plasma sprayed
hydroxyapatite coatings. These .phases include a-tri-calcium phosphate (a-TCP), B-tri-

calcium phosphate (B-TCP), tetra-calcium phosphate (TTCP) and calcium oxide (CaOZ. a-TCP
and B-TCP are present in the pattern at 30.8° and 31.1° (20) resp.éctively. Very low:'i:r\tensity
peaks that belong to tri-calcium phosphates can be seen in ?he pattern of a-lll coating
substrate combinations (Fig. 4.46 and 4.47). The most intense "peak of tetra calcium
phosphate is visible between 29°-30° and 40°-41° (20) in Fig. 4.46 and Fig. 4.47 which shows
variation in intensity with aluminum oxide addition. The peak belonging to calcium-oxide is

visible at 37.3° (26) in all coatings. Aluminum oxide peaks are visible between 43°-44° and

57°-58° (20) in the XRD pattern of coatings (Fig. 4.46 b-d and Fig. 4.47 b-d).
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Coatings on pure
titanium

HA m o-TCP o B-TCPQ
TTCP 1 ALO, A a0y

Relative intensity (arbitrary unit)

Diffraction angle (20)

Fig. 4.47 X-ray diffraction pattern of as coated titanium: (a) HA coating; {b) HA-10 wt%
Al,0O3 coating; (c) HA-20 wt% Al,O; coating and (d) HA-30 wt% Al,O; coating

High intensity peaks of aluminum oxide only appear in the XRD pattern of coatings
with its higher concentration (20 wt% and 30 wt%). The most intense peak of aluminum
oxide is visible at 29.8° (20) in Fig. 4.46d.

The X-ray diffractograms of plasma sprayed HA coatings with different composition
(0-30 wt%) of aluminum oxide on AIS! 316L SS with titanium substrates with Ai,03-13 wt%
TiO, bond are shown in Fig. 4.48 and Fig. 4.49 respectiQer. The XRD pattern contains main
peaks corresponding to hydroxyapatite with some peaks of other calcium phosphates. The
intensity of main HA peak (31.8° 20) (Fig. 4.48a-c and Fig. 4.49 a-c) initially increases with
addition of aluminum oxide from O to 20 wt% and show the similar behavior as that for the

coatings without bond coat ( Fig. 4.46 and Fig. 4.47) .
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Fig. 4.48 X-ray diffraction pattern of as coated AlSI 316L SS with Ab03-13 wt% TiO;
bond coat: (a) HA coating; (b) HA-10 wi% Al,O; coating; (c) HA-20 wt% AlLO3
coating and (d) HA-30 wt% Al,O; coating "

However, the intensity of this (HA) peak decreases for the coatings with 30 wt%
aluminum oxide addition as shown in Fig. 4.48d and Fig. 4.49d. A similar trend is observed
for the HA peak at 26° {28). Aluminum oxide peaks in XRD pa>tt_ern are visiblé at 28.4° and
55.5° (20) in Fig. 4.48b-d and 4.49b-d. However, intensity of mai[i aluminum oxide peak (20:

28.4°) decreases with increase in contents of reinforcement material to HA as shown in Fig.

4.48c, d and Fig. 4.49b-d.

4.2.7 Fourier Tranform Infrared (FTIR) Spectroscopy of Coatings

FTIR is another characterization technique for analysis of feedstock and coatings

since it can provide information concerning structural distortion and de-hydroxylation,
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which can not be obtained readily from XRD method. The FTIR plots for feedstock and

plasma sprayed coatings are presented in Fig. 4.50 to Fig. 4.52.
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Fig. 4.49 X-ray diffraction patteren of as coated titanium with Al;03-13 wt% TiO, bond

coat: (a) HA coating; (b) HA-10 wt% Al,O; coating; (c) HA-20 wt% Al,O3
coating and (d) HA-30 wt% Al,O; coating

The FTIR plot for feedstock of plasma spray coatings is shown in Fig. 4.50. The sharp
peaks corresponding to hydroxyl group (OH’) are present around 3564.5 cm™ and 635.7 cm’*
in spectra of pure HA powder (Fig. 4.50a) whereas for reinforced powder it is observed
around 3578.8 cm™ and 635.7 cm™ as shown in Fig. 4.50b-d. Moreover, it can be seen from
the FTIR spectra that intensity of hydroxyl peaks decrease with increase in alumina content
to HA. Phosphate group (PO4>) can be seen around 1095.7 cm™, 1056.7 cm %, 953.2 cm™,
603.5 cm™ and 571.3 cm ™} in FTIR spectrum of pure HA powder whereas, it is present around
1095.7 cm™?, 1051 crﬁ‘l, 953.2 cm™, 603.2 cm™ and 569.7 cm™ for HA-10 wt% Al,O; powder
(Fig 4.50b). In FTIR spectrum of HA-20 wt% Al,0; feed stock (Fig. 4.50c), PO,> is present
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around 1100 em™, 1051.7 cm™, 953.2 cm™, 603 ¢m™, and 559.2 cm™ while in spectrum of

HA-30 wt% Al,Os, PO4” is observed at 1095.7 cm™, 1051.7 cm™, 953.2 cm™, 603.2 em™ and

559.2 cm™. The absorbed CO, or CO5* group can be seen around 2350 cm™in HA and HA-10

wt% Al,0O; feedstock in Fig. 4.50a and b.
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Fig. 4.50 FTIR spectra of feedstock for plasma spray coatiﬁgs: (a) HA; (b) HA-10 wt%

A|203; (C) HA-20 wt% A|203; (d) HA-30 wt% A|203

The FTIR spectra for plasma sprayed coatings are shown in Fig 4.51. Hydroxyapatite

has a tendency to absorb CO; from atmosphere during plasma spra'ying. FTIR spectrum of ali

coatings show the presence of carbonate (COs”) group. CO5” is present in a range of 2350

cm™ to 2500 cm™ in pure HA, HA-10 wt% ALOs;, HA-20 wt% Al,O3 and HA-30 wt% AlLO3

coating. Moreover pure HA coating has lesser affinity for carbon di-oxide absorption as low
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intensity broad peak can be seen in FTIR spectra of pure HA coatings (Fig. 4.51a). The higher
intensity of carbonate group in composite coating might be due to higher affinity of alumina
to absorb CO; on its surface. Hydroxy! (OH') group can be seen in a range of 3550 cm ' to
3750 cm™ and 635 cm™ to 660 cm™ in spectrum of pure HA; HA-10 wt% AlLOz; HA-20 wt%
Al;03; HA-30 wt% AI,O3 coatings as shown in Fig 4.51a-d. FTIR spectra of coatings show the
presence of phosphate group (PO,*) at 567 cm™, 607 cmtin all type of coatings (Fig 4.51).
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Fig. 4.51 FTIR spectra of plasma spray coatings: (a) HA; (b) HA-10 wt% Al,0s; (c) HA-20

wi% Al,O3; (c) HA-30 wt% Al,O3

PO43‘ is also present in a range of 1095 cm™ to 920 cm™? for pure HA, HA-10 wt%
Al>,O3, HA-20 wt% Al;O3 and HA-30 wt% Al,Oj coatings. The intensity of phosphate group

peaks in coatings is comparatively lower than their intensity in feedstock.
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Fig. 4.52 FTIR spectra of plasma spray coatings with Al,03-13 wt% TiO, bond Coat: (a)

HA; (b) HA-10 wt% Al,03; (c) HA-20 wt% Al,O3; (c) HA-30 wt% Al,03

Figure 4.52 presents FTIR spectra of plasma sprayed coatings with incorporation of
Al,03-13 wt% TiO, bond coat. Spectra of these coatings show similar pattern as that of
coatings without bond coat (Fig. 4.51). Hydroxyi group can be seen at 3356 cm'rand 655
cm™: 3556 cm™ and 642 cm™; 3568.cm'l and 635 cm™; 3568 cm™* and 660 cm™ in spectrum
of pure HA; HA-10 wit% Al,Os; HA-20 wi% Al,O3; HA-30 wt% Al,O3 coatings with bond coat
respectively as shown in Fig 4.52a-d. The presence of CO;™ grougycan be observed at 2394
cm™ and 2396 cm'* for HA-20 wt% Al,O3 and pure HA coatings with bond coat respectively
while, in spectra of HA-10 wt% Al,O; énd HA-30 wt% Al,03 with bond coat it is seen at 2364
cm™. In FTIR spectra other peaks represent phosphate group. The intensity of all the peaks is
considerably lower in this case. This might be due to the fact that the FTIR for coatings with

bond coat was conducted in reflectance mode.
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4.2.8 Thermo-gravimetric Analysis/Differential Thermal Analysis (TGA/DTA)

TGA/DTA analysis of pure HA, HA-10 wt% Al O3, HA-20 wt% Al,Os, HA-30 wt% Al,03,
pure Al;O3 are shown iﬁ Fig. 4.53 to Fig. 4.57. Total weight loss for pure HA powder is 2.6%
as shown by TG curve in Fig. 4.53. The first stage weight loss (0.9%) in pure HA powder
between 29°C-600°C correspond to evaporation of absorbed water and de-hydroxylation. A
second stage weight loss (0.1%) accompanied by broad endothermic peak of DTA appeared
from 800°C to 1000°C correspond to c!e-hydroxylation and decomposition of HA. In
temperature range of 800°C-1000°C HA de-hydroxylate to partially de-hydroxylated (oxy-
hydroxyapatite: OHA) or completely de-hydroxylated (oxy-apatite: OA).
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Fig. 4.53 DTA/TGA plot for hydroxyapatite powder

Decomposition of HA to B-tri-calcium phosphate (B-TCP) and tetra-calcium
phosphate starts at 1050°C. B-tri-calcium phosphate is stable up to 1120°C and convert to a-
tri-calcium phosphate (a-TCP) between 1120°C-1490°C. Third stage weight loss (1.3%) as
shown by TGA curve belongs to formation of a-TCP.

In TGA curves of reinforced powders total weight loss increases with increase in

AlLO; content. This might be due the higher affinity of Al,O; to absorb water on its surface.
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Total weight loss of 3.8%, 5.3% and 7.1% is measured from TGA curves of HA-10 wt% Al,O3,
HA-20 wt% Al,05 and HA-30 wt% Al,O3 respectively as show;\ in Fig. 4.54 to Fig. 4.56. Initial
weight loss of 1.9%, 4.2% and 5.6% between 30°C—600f’C, 30°C-625°C and 30°C-600°C
correspond to evaporation of absorbed water and de-hydroxylation of hydroxyapatite as
shown TGA curve of HA-10 wt% Al;03, HA-20 wt% Al,03; and HA-30 wt% Al,O3 respectively

(Fig. 4.54-4.56). ‘
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Fig. 4.54 DTA/TGA plot for HA-10 wt% Al,O3 powder

Second stage weight loss in case of HA-10 wt% AlLO; (Fig. 4.54) accompanied by
broad DTA peak between 601°C-1450°C correspond to de-hydroxylation and decorﬁposition
of HA. Weight loss of 0.6% is due to de-hydroxylation of HA in tejnperature range Qf 601°C-
999°C whereas, 1.3% due t6 decomposition of HA into othér calcium phosphates.
Endothermic peaks corresponding to 1350°C show conversion of B-}TCP to a-TCP as B-TCP is
stable up to 1120°C only. In DTA analysis of HA-20 wt% Al,O3 powdér (Fig. 4.55) 1.1% weight
loss between 625°C-1450°C has been recorded. Two endothermic peaks at 1200°C and

1350°C correspond to conversion of B-TCP to a-TCP.
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Figure 4.56 show DTA/TGA analysis of HA-30 wt% Al,O; powder. TGA curve show
weight loss of 1.5% between 600°C-1450°C and DTA curve show endothermic peaks at
1220°C and 1350°C for conversion of B-TCP to a-TCP.

DTA/TGA analysis of Al,O3 is shown in Fig. 4.57. TGA curve (Fig. 4.57) show 5.4%
weight loss between 29°C-236°C which is due to removal of absorbed water. In temperature
range of 236°C-273°C and 451°C-579°C weight loss of 0.9% and 4.1% is accompanied by
endothermic peak at 263°C and 529°C. Weight loss of 1.4% between 799°C-1100°C is
accompanied by broad endothermic peak. The maximum weight loss in temperature range
of 30°C to 1.500°C is recorded for alumina, which might be due to greater affinity of alumina

to absorb water.
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4.3 DISCUSSION

Pure HA and reinforced HA coatings show characteristic plasma spray splat surface
morphology with clearly distinct splats and some un-melted, partially melted, re-solidified
particles on the completely molten splats. The characteristic plasma splat surface
‘morphology has been reported by Singh et al., (2007) for plasma sprayed metallic coatings.
Molten splats have pancake structure with some c.racks visible at higher magnification
(1000X). Large variation in size of splat is visible from FE-SEM images of coatings. Porasity of
as-sprayed coatings and polished cross-sections is less than 4% and 7.5% respectively,
however surface roughness increased slightly with increase in reinforcement content.
Porosity influences the physical and mechanical characteristics of hydroxyapatite coatings
and also affects body’s reaction with mineral component of bone (Gauthier et al., 1998).
Gledhill et al., (1999) reported that porous structure allows vascular in-growth, which help
in restricting migration of ions from implant; they further reported that a high porosity will
affect mechanical properties of the coating. They suggested that a balance in porosity
should be established where strength of the materiallis not compromised.

All type of coatings were found to be rough and surface roughness (Ra) slightly
increased with increase in Al;O3 content. This may be due to slightly larger particle size and
higher melting temperature of A|2Q3 as compared to HA. Surface roughness plays an
important role for cell in-growth. It has been "reported that morphological roughness is
beneficial for biocompatibility as it promotes the protein on the surface favoring cell
attachment (Li et al., 2002B and Balani et al., 20078B).

SEM micrographs with EDAX point analysis reveal surface morphology of plasma
sprayed coatings onl AlSI 316L and titanium as shown in Fig. 4.4 and Fig. 4.5 respectively. The
presence of Ca and P in pure HA coatings (Fig. 4.4a and 4.5a) and Ca, P and Al in reinforced
HA coatings (Fig. 4.4 b-d and Fig. 4.5 b-d) is revealed by surface EDAX analysis. Negligible
amount of substrate elements are reveéled from EDAX surface analysis for all coating-
substrate combinations. Weight % of substrate elements is less than 1% (Fig. 4.4 — 4.5).
Cross-sectional morphology with EDAX point analysis of coatings is shown in Fig. 4.6 to Fig.
4.9. Micrographs reveal grinding damage, pores and cracks, but a network of cracks which
start at substrate-coating interface and develop in coating as characterized by plasma
sprayed HA coatings is absent. No substrate elements are present in EDAX point analysis of
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_. wo~>ection. X-ray mapping of surfaces of plasma sprayed coatings without
bona coat on AISI 316L (Fig. 4.10 — 4.13) and on titanium (Fig. 4.14 — 4.17) show diminutive
presence of substrate elements for both substrates whereaS, X-ray mapping of coating
surfaces with bénd coat on AISI 316L (Fig. 4.18 — 4.21) and on titanium (Fig. 4.22 — 4.25)
show traces of substrate elements which suggest that bond coat helps in restricting the
substrate elements rﬁigration to coating. Reduction in migratibn/diffusion of substrate
elements to coating by incorporation of bond coat has been reported by Ustel, ('1995), Celik
et al., (1997) and Oktar, (1999). ’

In X-ray mapping of plasma sprayed pure HA and reinforced HA coafings on AlSI 316L
along polished cross-section (Fig. 4.26 — 4.29), diffusion of substrate elements in coatings is
seen whereas, in case of coatings on titaniufn substrate (Fig. 4.30 — 4.33) diffusion of
substrate elements is not seen with exception of HA — 30 wt% AI203 coating (Fig. 4.33). The
diffusion of substrate elements in coatings decreased substantially with incorporation of
Al,03 — 13 wt% TiO, bond coat for coatings on AISI 316L substrates (Fig. 4.34 - 4"’32) X-ray
mapping of coatings with bond coat on titanium (Fig. 4.38 —4.41) substrate do not siwow any
substrate element in the coating. K

It can be seen from XRD pattern that HA feedstock is 100% crystalline and no
amorphous phase is present (Fig. 4.42). XRD analysis of Al,O3 and Al;03-13 wt% TiO; is
shown in Fig 4.43a and Fig. 4.43b. Amorphous calcium phosphate and CaO are E%{'fesent in
plasma sprayed coatings as shown in Fig. 4.44 to Fig. 4.47. According to phase d-iéagra'm of
Ca0-P,05-H,0 system, decomposition of HA starts at 1050°C and between 1050°C and
1400°C HA decomposes to B-TCP and TTCP. B-TCP is stable up to 1120°C and convert to a-
TCP between 1120°C and 1490°C. (CaO-P,0s-H,0 phase diagrah'\ and reactions leading to
formation of these phases are presented in Chapter 2). Sun et al. (2006) reported that at
1550°C HA decompose to TCP, TTCP and water. Presence of similar amorphous phases has
been reported by many researchers (Morks and Kobayashi, 2007A; Morks et al. 2008; Que
et al,, 2008; Sun et al., 2006; Lu et al., 2003A and Mondragon-Cortez and Varagas-Guitiérrez,
2004). These amorphous phases are undesirable as they readily dissolve in body fluids. The
intensity of HA peaks in XRD spectra of composite coatings without bond coat is found to
decrease with 10 wt% Al,0s, whereas it increase with 20 wt% and 30 wt% alumina addition

to composite coating. A different XRD pattern has been seen for composite coatings with
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bond coat in which high intensity HA peaks were seen for HA-20 wt% Al,0; composite
coatings. . _ |

FTIR spectra for powder and coatings (Fig. 4.48 — Fig.450) show that the feedstock
does contain carbonate group whereas, plasma sprayed coatings with and without
incorporation of bond coat show the presence of carbonate group in range of 2296 em?tto
2396 cm™’ respectively (Fig. 4.49 and Fig. 4.50). The presence of carbonate group might be
due to absorption of CO; from environment during spraying. The presence of carbonate
group in plasma sprayed HA coatings have been reported by many investigators (Li et al,,

(2002B), Dey et al., (2009A and 2009B), Mahabole et al., (2005) and Morales et al., (2001));

4.4 CONCLUSIONS

The plésma sprayed pure HA and HA-Al,0; composite coatings on AISI 316L SS and
pure titanium have been characterized for surface and cross-sectional morphology,
elemental distribution, effect of incorporation of bond coat, porosity énd surface roughness.

The following conclusions have been drawn:

1. The surface morphology of coatings showed characteristic plasma sprayed coating
morphology which includes: clear splat boundaries, un-melted powder particles and
cores, micro-cracks and voids.

2. The cross-sectional vmorphology of coatings suggest that coatings are continuous,
have pores and micro-cracks, however typical crack network as ‘characterized by
plasma sprayed HA coatings is absent.

3. The porosity of coatings slightly increased with increase in alumina content of
composite coating. Porosity allows vascular in-growth, which reduce migration of
metallié ions from substrate. Moreover, porosity measured on polished cross-
sections was almost double than that measured on as-sprayed coating surfaces,
which can be attributed to damage of surface caused during cutting, grinding and
polishing for cross-section preparation. The surface roughness of coating also
increased with increase in alumina content to HA, which is helpful for

biocompatibility of implants.
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4. It was found that diffusion or migration of substrate elements to the coatings was
| substantially reduced by incorporation of bond cbat layer between substrate and top
coat. Therefore, bond coat are found to restrict the diffusion of substrate elements

~ to coating.

5. The as-procured powder was 100% pure and crystalline, however plasma sprayed
coatings contained a considelrab!e amount of amorphous phasés of calcium and
phosphorous and CaO. De-hydroxylation (removal .o'f hydroxyl group) and
carbonation (absorption of carbon di-oxide) of hydroxijapatite took place during
plasma sprayihg. To regain the crystallinity and hydroxyl ion post coating heat

treatments are required on plasma sprayed HA-Al,O3 composite coatings.
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Chapter 5
MECHANICAL PROPERTIES OF COATINGS

This chapter deals with the results and discussion of mechanical properties of plasma "’
sprayed pure HA, HA-10 wt% Al,O;, HA-20 wt% Al;O5 and HA-30 wt% Al,Os coatings. These

include determination of wear resistance, tensile bond strength and microhardness of coatings.

5.1 INTRODUCTION

In the present chapter mechanical properties 6f coatings have . been described. It
includes the results related to resistance to wear, microhardness and tensile bond strength of
coatings. The wear resistance of coatings was evaluated using ‘flat-on-disc’ wear tester,
microhardness by nano-indentation technique and bonding strength using ASTM C 633-79 pull
off test. The wear tests of coatings were conducted against 400 grit SiC abrasive and}between
similar coatings. The details of ‘flat-on-disc’ wear tester are already furnished in Chapter 3 of
present study. The worn out surfaces after wear tests and bond strength tests were

characterized using field emission scanning electron microscopy (FE-SEM). The worn out
¥

i

surfaces after wear tests were also analyzed using atomic force microscopy (AFM). 3

5.2 RESULTS

5.2.1 Wear Resistance of Coatings

Wear resistance of coatings against 400 grit SiC abrasive in form of cumulative weight
loss versusmmbeof cycles is shown in Fig. 5.1. It can be seen from. the plot that wear resistance of
coatings against 400 grit SiC abrasive increase with increase in Al;O3 (reinforcement) content of
HA composite coatings i.e. weight loss of coating per cycle decrease with increase in Al; O3
content to HA. Further, it can be seen from plot that weight loss up to 80 cycles is
comparatively less than the weight loss in next 120 cycles in all type of coatings. The maximum

cumulative weight loss of 47.9 mg/cm® was recorded for pure HA coating, whereas the
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minimum cumulative weight loss of 15.8 mg/cm? was measured for HA-30 wt% Al,Osz coating
~after a run of 200 cycles. Wear resistance of coatings against simifar coatings in form of
cumulative weight loss versusmmperof cycles is shown in Fig. 5.2. In this case the wear resistance
of coatings is found to decrease with increase in Al,03 content of HA composite coatings. In this
case also, higher weight loss has been recorded for first 80 cycles as compared to last 120
cycles. The minimum cumulative weight loss of 44.5 mg/cm? was recorded for pure HA coating,
whereas the maximum cumulative weight loss of 68.5 mg/cm? was measured for HA-30 wt%

Ai,O3 coating after a run of 200 cycles.
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Fig. 5.1 Wear behavior of coatings against 400 grit abrasive
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5.2.1.1 FE-SEM analysis of coatings after wear test

Surface micrographs of plasma spray coated specimens after conducting wear test for
200 cycles against 400 grit abrasive are shown in Fig. 5.3 to Fig.»5.6. Surface smoothening, wear
marks, coating fragmentation and wear debris are present in FE-SEM micrographs of surface
after conducting wear test. Surface micrograph of pure HA coating afte_r wear test show surface
smoothening, wéar marks, wear debris and coating fragmentation (Fig. 5.3b-d). The wear
debris can be seen in magnified view (2500X) of the worn out surface as showp in Fig. 5.3e. FE-
SEM micrograph of HA-10 wt% Al,03 coating surface after coﬁdutting wear test against SiC
abrasive is shown in Fig. 5.4. At lower magnification of 300X, ploughing and surface
smoothening can be seen in Fig. 5.4a, however wear debris and wear marks can be seen at

higher magnifications (Fig. 5.4b-d).

Cumulative weight loss (g/cmz)

No. of Cycles

Fig. 5.2 Wear behavior of coatings against similar coatings
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Some craters filled with wear debris can be seen in between worn out splats at further
higher magnification as shown in Fig. 5.4 e-f. The micrographs of HA-20 wt% Al,O3 coating after
+ conducting wear test against abrasive are shown in Fig. 5.5. Micrograph at lower magnification
of 100X reveal ploughing of the coating as can be seen in Fig. 5.5a, which can be also seen in
Fig. 5.5c. However, coating fragments along with ploughing are visible in Fig. 5.5b and d. Wear
debris are visible in Fig. 5.5e taken at 1000X, further the varying shape and size of these wear
debris can be seen in Fig. 5.5f taken at 2500X magnification. Surface micrographs of HA-30 wt%
Al,05 coating after conducting wear test against abrasive are shown in Fig. 5.6. Wear mark,
surface smoothening and wear debri‘s can be seen in micrograph at lower magnification of 100X
(Fig. 5.6a}. Figure 5.6b (300X magnification) show coating surface covered with wear debris, the
wear marks can also be seen in the background. Magnified image of Fig. 5.6b show coating
surface completely covered with wear debris (Fig. 5.6¢). Wear marks on comparatively smooth
surface and wear debris around the smoothened splat can be seen in Fig. 5.6d, however wear
marks and wear debris are visible on smoothened surface as can be seen in Fig. 5.6e.

FE-SEM images of worn out surfaces after conducting wear test against similar coatings
for 200 cycles are .shown in Fig. 5.7 to Fig. 5.10. The surface morphology of coatings, in general,
shows plastic flow of coatings along with wear debris. FE-SEM micrograph of pure HA coating
after conducting wear test against pure HA coating is shown in Fig. 5.7. Wear debris can be seen
on the coating splat in Fig. 5.7a, whereas plastic flow of coating and wear debris are visible in
Fig. 5.7b. Figure 5.7c to 5.7f show the surface morphology of coating at 1500X, 3000X, 5000X
and 8000X respectively. Wear debris are visible around the splat in top right corner as shown in
Fig. 5.7c, whereas wear debris can also be seen on the splats in Fig. 5.7d-f. Surface micrographs
of HA-10 wt% Al,03 coating after conducting wear test against similar coating are shown in Fig.
5.8. Plastic flow of coating along with wear debris is visible in micrographs as can be seen in Fig.
5.8a and b. Wear debris are present on the surface and in the valleys (lower area between two
coating splats) as can be seen in the images taken at higher magnification (Fig. 5.8¢-f). Surface
micrographs of HA-20 wt% Al,Os coating after conducting wear test against similar coating are
shown in Fig. 5.9. Plastic flow of coating splats with wear debris is visible in micrographs as

shown in Fig. 5.9a-f. Wear debris are also visible on the surface of coating (Fig. 5.9f). Figure 5.10

170



shows the surface morphology of HA-30 wt% Al,0O3 coating after conducting wear test against
similar coating for a run of 200 cycles. Plastic flow of coating along with accumulation of wear
debris around splat can be seen in Fig 5.10a and b. The worn out surface covered with wear

debris can be seen at higher magnification (Fig. 5.10c-f).

5.2.1.2 AFM analysis of coatings after wear test

The surface topography of coatings after conducting wear test against 400 grit SiC
abrasive and against similar coatings was studied using Atomic Force Microscopy (AFM) in semi-
contact mode. AFM surface morphology of coatings after conducting wear test against 400 grit
SiC abrasive and against similar coatings are shown in Fig. 5.11 and Fig. 5.12 respectively. 2-D
and 3-D images of HA; HA-10 wt% Al,043; HA-20 wt% Al,03; HA-30 wt% Al,Os coatings after
conducting wear test against 400 grit abrasive are shown in Fig. 5.11aand b; cand d; eand f; g
and h respectively, whereas 2-D and 3-D images of HA; HA-10 wt% Al,Os3; HA-ZO wt%%LZOy HA-
30 wt% Al,03 coatings after conducting wear test against similar coatings are shd;&n in Fig.
.5.12a and b; c and d; e and f; g and h respectively. The difference in morphology c;frcoatin‘g
surfaces after conducting wear test by two different techniques can be inferred by comparing
the 3-D images of coatings as shown in Fig. 5.11 and Fig. 5.12. The overall surface rou_g_hness of
coatings after conducting wear test against abrasive is less than that of coagii}gs after
conducting wear test against similar coatings. |

The surface roughness of as-coated and worn out specimens after chducting wear tests
is shown in Table 5.1. The surface roughness of as sprayed coatings was in the range of 5.01 um
to 8.56 um as reported in Section 4.2.4 of Chapter 4 of presenf study, whereas surface
roughness of coatings after conducting wear test against abrasive and against similarvcdatings is
in the range of 67.86 nm to 81.87 nm and 69.81 nm to 284.62 nm respectively. In géheral, the
surface of coatings after conducting wear test has been substantially reduced as combared to
that of as-sprayed coatings. However, comparatively smooth surface is obtainéd after
conducting wear test against abrasive than that obtained after conducting wear test against

similar coatings. The crystallite size after wear test has been also reported in Table 5.1.
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Fig. 5.3 FE-SEM image of surface of pure HA coatings after wear test against 400 grit.

abrasive at different magnifications: (a) at 100X; (b) at 300X; (c) at 500X; (d) at
1000X and (e) at 2500X
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Fig. 5.4 FE-SEM image of surface of HA-10 wt% Al,O; coating after wear test against 400
' grit abrasive at different magnifications: (a) at 300X; (b) at 800X; (c) at 1600X; (d)
at 3000X; (e) at 5000X and (f) at 8000X
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Fig. 5.5 FE-SEM image of surface of HA-20 wt% Al,O3 coating after wear test against 400
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at 500X; (e) at 1000X and (f) at 2500X
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Fig. 5.6 " FE-SEM image of surface of HA-30 wt% Al;O3 coating after wear test against 400
grit abrasive at different magnifications: (a) at 100X; (b) at 300X; (c) at 500X; (d)

at 1000X and (e) at 2000X
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Fig. 5.7 .FE-SEM image of surface of pure HA coating after wear test against pure HA
coating at different magnifications: (a) at 500X; (b) at 1000X; (c) at 1500X; (d) at
3000X; (e) at 5000X and (f) at 8000X
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FE-SEM image of surface of HA-10 wt% Al,O; coating after wear test against HA-
10 wt% Al;03 coating at different magnifications: (a) at 500X; (b) at 1000X; (c) at
3000X; (d) at 5000X; (e) at 10000X and (f) at 15000X

177



[ WD | Det| HFW
20.0 KV|BOOx!@. 7 mm|LFDI!0.19 mmi.

E HY |Mag

(. WD Det| HEW
00x19. 7 mMm$LFD| 0,15 M

Fig. 5.9 FE-SEM image of surface of HA-20 wt% Al,03 coating after wear test against HA-
20 wt% AlL,O5 coating at different magnifications: (a) at 500X%; (b) at 800X; (c) at
800X; (d) at 800X; (e) at 1000X and (f) at 3000X
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Fig. 5.10 FE-SEM image of surface of HA-30 wt% A1,03 coating after wear test against HA-
30 wt% AlLO; coating at different magnifications: (@) at 500X; (b} at 800X; {c) at
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(h)

Fig. 5.11 Atomic force microscopy (AFM) images showing surface morphology of coatings
after wear test against 400 grit abrasive: (a) 2-D image of pure HA coating; (b) 3-

D image of pure HA coating; (c) 2-D image of HA-10 wt% Al,O3 coatin\-g‘; (d) 3-D

W hed
image of HA-10 wt% Al,0; coating; (e) 2-D image of HA-20 wt% Al,Os c%ht’in‘

<
S

3-D image of HA-20 wt% Al,0; coating; (g) 2-D image of HA-30 wt% Al,03 coe
and (h) 3-D image of HA-30 wt% Al;03 coati_n'g" »

Table 5.1 Surface roughness of as coated and worn out coatings .

Surface roughness (Ra) | Surface roughness (Ra) (um) and size of
{(um) of as coated wear debris {(nm) of worn out
Coating specimens meas\ured | specimens after wear test measured
using non contact using AFM
profilometer Abrasive Similar coatings
%ure HA coating 5.01-7.26 0.0818 84 0.105 153
HA-10 wt% Al,O; coating 6.05-7.41 [T0.0817 86 0.197 148
HA-20 wt% Al,0O; coating 7.1-7.94 0.0685 79 0.284 217
HA-30 wt% Al,O; coating 7.39-8.56 | 0.0678 78 0.0698 83
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Fig. 5.12 Atomic force microscopy (AFM) images showing surface morphology of coatings
after wear test against similar coatings: (a) 2-D image of'put;e HA coating; (b) 3-D
image of pure HA coating; (c) 2-D image of HA-10 wt% Al,O; coating;l (d) 3-D
image of HA-10 wt% Al,O; coating; (e) 2-D image of HA-20 wt% Al,03 coatlng (f)
3-D image of HA-20 wt% Al,O3 coating; (g) 2-D image of HA-30 wt% AI203 coating
and (h) 3- D image of HA-30 wt% Al,QO3 coatmg

5.2.2 Microhardness of Coatings

Microhardness was measured on polished cross-sectioned specimens on elther side of
coating substrate interface. The microhardness values (Hv) plotted against distance (um) from
interface is shown in Fig. 5.13 to 5.16. The microhardness profile of HA, HA-10 wt% Al,03, HA-
20 wt% Al,03 and HA-30 wt% Al,O3 on AlIS! 316L SS without incorporétion of Al;03-13 wt% TiO;
bond coat is shown in Fig. 5.13. It can be seen from microhardness profile, that microhardness
of coatings increase with increase in Al;03 (reinforcement) contents to HA. Further, the value of
microhardness is highest near substrate coating interface for all type of coatings. Thér highest
and least value of microhardness for HA; HA-10 wt% Al>,O3; HA-20 wt% "Al,Os; HA-30 wt% Al;03
coatings are 312 and 210 Hv; 399 and 317 Hv; 414 and 336 Hy; 419 and 346 Hv respectively. It
can be observed from the plot that substrate also has highest microhardness value (230 to 240
Hv for AISI 316L SS substrate) near interface as compared to average microhardness value of
200 Hyv. The microhardness profile of HA, HA-10 wt% Al,O3, HA-20 wt% Al,03 and HA-30 wt%
Al>03 on AISI 316L SS with incorporation of Al;03-13 wt% TiO; bond coat is shown in Fig. 5.14. It
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can be seen from microhardness profile, that microhardness of coatings increase with increase
in Al;O3 (reinforcement) contents to HA. Further, the value of microhardness is highest near
substrate coating interface for all type of coatings. The highest and least value of microhardness
for HA; HA-10 wt% Al,03; HA-20 wt% Al;0s; HA-30 wt% Al,O3 coatings are 320 and 210 Hyv; 401
and 317 Hv; 427 and 386 Hv; 426 and 325 Hv respectively. It can be observed from thé plot that
substrate also has highest microhardness value (= 240 Hv) near interface as compared to
average microhardness value of 200 Hv. The microhardness value of bond coat is found to vary

between 580 to 610 Hv with average of 592.5 Hv.
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Fig. 5.13 Microhardness profile of different coatings on AISI 316 L stainless steel substrate
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The microhardness profile of HA, HA-10 wt% AlL,O;, HA-20 wt% Al,O3 and HA-30 wt%
Al,03 coated titanium without incorporation of Al,03-13 wt% TiO; bond coat is shown in Fig.
5.15. It can be observed from the microhardness plot that substrate and all type of coatings
have highest value of microhardness near.the substrate coating interface, while least value of
microhardness is found at farthest point from the substrate coating interface. The highest and
least value of microhardness for HA; HA-10 wt% ALOs;; HA-20 wt% Al,O3; HA-30 wt% Al,O3
coatings were found to be 360 and 231 Hyv; 380 and 300 Hv; 396 and 369 Hv; 423 and 391 Hv
respectively. The highest value of microhardness for titanium (substrate) is 187 Hv against.

average value of 172 Hv.
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Fig. 5.14 Microhardness profile of different coétings on AISI 316 L stainless steel with

Al,03-13 wt% TiO; bond coat
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The microhardness profile of HA, HA-10 wt% Al,05, HA-20 wt% Al,O03; and HA-30 wt%
Al,O3 coated titanium with incorporation of Al;03-13 wt% TiO> bond coat is shown in Fig. 5.16.
It can be seen fror’rﬂ the microhardness plot that substrate and all type of coatings have highest
value of microhardness near the substrate coating interface, while least value of microhardness
is found at farthest point from the substrate coating interface. The highest and least value of
microhardness for HA; HA-10 wt% Al,03; HA-20 wt% Al,03; HA-30 wt% Al,O3 coatings were
found to be 365 and 260 Hv; 394 and 310 Hv; 414 and 356 Hv; 452 and 372 Hv respectively. The
highest value of microhardness for titanium (substrate) is 191 Hv against average value of 172

Hv. The highest value of microhardness for bond coat is 616 Hv for HA-30 wt% Al,O5 coating.
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Fig. 5.15 Microhardness profile of different coatings on titanium substrate
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5.2.3 Tensile Bond Strength of Coatings

The macrographs of fractured surface of coatings after ASTM €633 79 tensile test are
shown in Fig. 5.17. Macrographs of fractured surface of HA, HA-10 wt% Al,O5, HA-20 wt% Al,0;
and HA-30 wt% Al,O3 coatings after ASTM C633 79 test are shown in Fig 5.17a-d respe;:tively. It
can be seen from these macrographs that failure of coatings took place partially within the
coating and partially at substrate coating interface. Moreover, the area of adhesive failure (at
substrate coating interface) decreased with increase in Al,O3 {reinforcement) content of HA
composite coatings. Macrographs of fractured surface of HA, HA-10 wt% Al,03, HA-20 wt%
Al,03 and HA-30 wt% Al,03 coatings with Al,03-13 wt% TiO, bond coat after ASTM C633 79 test
are shown in Fig 5.17e-h respectively.
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Failure of coatings took place within the coating, at substrate coating interface and at
bond coat topcoat interface. In case of HA and HA-10 wt% Al,03 coatings, the bond coat was
intact with the substrate as shown in Fig. 5.17e and f, whereas for HA-20 wt% Al,O; and HA-30
wt% Al,03 coatings, part of substrate can .also be seen in Fig. 5.17g and h. The tensile bond
strength values are presented in Table 5.2. The results show that the tensile of coatings
increased with increase in Al,O3 contents of HA coatings as well as with incorporation of bond
coat to the coatings. The minimum value of tensile bond strength was observed for HA coating
without bond coat, while the maximum value of tensile bond strength was observed for HA-30
wt% AléOg coating with bond coat.

The area near the junction of cohesive (within the coating) and adhesive
(coating/substrate or coating/bond coat) failure was analyzed using scanning electr.on
microscopy and X-ray mapping. The FE-SEM micrographs with X-ray mapping of coatings
without and with incorporation of bond coat after conducting tensile bond strength test using
ASTM C633 79 standard are shown in Fig. 5.18 to Fig. 5.25. In all the coatings with or without
bond coat mixed cohesive and adhesive failure took place.

FE-SEM micrograph along with X-ray mapping of HA coating after ASTM C633 79 tensile
test is shown in Fig. 5.18. The failed area shown in micrograph suggests that the failure of the
coating took place within the coating. Further, coexistence of elements of HA (Ca and P) and
substrate elements (Fe) suggest that a thin layer of HA remained on the substrate after tensile
testing. The presence of carbon (C) might be due to seepage of epoxy adhesive through coating
during joining process.

FE-SEM image along with X-ray mapping of HA coating with incorporation of bond coat
after performing tensile test is shown in Fig. 5.19. The micrograph and corresponding X-ray
mapping suggest that the failure is mainly within the coating. The low intensity of Ca and P
elements and high intensity of Al element corresponding to lower right portion of micrograph
(dark grey) suggest that bond coat is intact and is covered with a very thin layer of HA coating.
The white region in the micrograph may correspond to epoxy adhesive, which is present due to

seepage through coating.
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Fig. 5.17

Fractured surface

(h

Surface macrographs of coatings after ASTM C633 79 tensile test: (a) HA coating;
(b) HA-10 wt% Al,03 coating; (c) HA-20 wt% Al,O3 coating; (d) HA-30 wt% Al;O3
coating; with Al;03-13 wt% TiO; bond coat (e) HA coating; (f) HA-10 wt% Al,03
coating; (g) HA-20 wt% Al;O; coating and (h) HA-30 wt% Al,O3 coating

Note: the color change or shine in macrographs is due to gold sputter coating

used for conducting FE-SEM/EDAX analysis prior to taking phbtographs.
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-ray mapping of fractured surface of pure WA coating

Fig. 5.18 FE-SEM image and X
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Fig. 5.19 FE-SEM image and X-ray mapping of fractured surface of pure HA coating with
Al,03-13 wt% TiO, bond coat
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Fig. 5.20 FE-SEM image and X-ray mapping of fractured surface of HA-10 wt% Al,O3

coating
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Figuré‘s,zb shows FE-SEM micrograph along with X-ray mépping of 'H'ﬁ;f
coating Withéut”incotﬁporation of bond coat. The failure of coating took place in si
as that of HA coating. The coexistence of HA components and substrate element suggest that at
this portion substrate is covered with a very thin layer of HA. The failure took piacéé within the
coating as suggested by X-ray mappmg of remaining area. The presence of carbon may be due
‘to seepage of adhesive through top coat : . . .

FE-SEM mncrograph aiong wnth X -ray mapplng Df HA-10 wt% Alzﬁg with ;ncorporatmn of
bond coat after performing tensale bo_nd strength _t_est is shown in Flg‘ 5.21, It ¢can be clearly'
seen that micrograph is divided into two poktioh_s by a diagonal (showing coating thickness); the
'uppér left portion correspond to bond cbat, whereas lower right area correspond to top coat.
:The coexistence of compc_‘inen{s’ of HA (Ca and P) and bond coat (Al) in upper left portion joffthe
images suggest that bond coat is intact to substrate and is covered with a very thin !avér»of-top
coat, whereas in lower portion, thick layer of top coat can be seen, The intensity of C is higher
in lower region as compared to upper region as can be seen in X-ray mapping of carbon. This
may be due to layer of epoxy adhesive on the coating surface.

FE-SEM micrograph along with X-ray mapping of HA-20 wt% Al,O5 without incm@o?atien
of bond coat after performing tensile bond strength test is shown in Fig. 5.22. Tﬁe white
patches in the micrograph represent substrate, black region represents adhesive and grey_
region corresponds to cqatirag It can be seen from X-ray mapping of Ca and P that cnatmg is
These

completely peeled off frém the substrate as shown by black patches in X-ray mappl, £
black patches correspond to substrate as can be seen in X-ray mapping of Fe. The bfa regaon
in micrograph ccrresponds to adhesive as can be seen as high intensity region in X*ray mappmg
of Cin Fig. 5.22. _ i

FE-SEM mtcrograph ‘along with X-ray mapping of hEA 20 wit% A{g(}g coatmg wsi:h
incorporation of Alzﬂa -13 wt% TiO, bond coat is shown in Fig. 5.23. The failure of coatmg took
place in snmllar fash;an as that of HA-20 wt% Al O3 coating without bond coat. The grey regmn
in lower left corner of the micrograph represents bond coat, white region corresponds to top
coat and black spots represent adhessve The abseﬁce of Ca and P eEements in thezr X-ray
mapping in lawer left reglon and presen{;e of Ai etement m thls regzon m X~ray mappmg of Al
confirm that this region belong m bund mat Thfa biaak 5pats:« in mrcmgrag)h correspond to hzgh

intensity of Carbon as can be seenin X ray mapplng of C.
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Fig. 5.21 FE-SEM image and X-ray mapping of fractured surface of HA-10 wt% Al,O3

coating with Al,03-13 wt% TiO; bond coat
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Fig. 5.22 FE-SEM image and X-ray mapping of fractured surface of HA-20 wt% Al,O;

coating
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Fig. 5.24 FE-SEM image and X-ray mapping of fractured surface of HA-30 wt% Al,O;

coating
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Fig. 5.25 FE-SEM image and X-ray mapping of fractured surface of HA-30 wt% Al,O3
coating with Al,03-13 wt% TiO, bond coat
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Table 5.2 Tensile bond strength of coatings

Without incorporation of bond With incorporation of Al,0s-
Coating
coat (MPa) 13 wt% TiO;, bond coat {MPa)
Pure HA coating _ 28.4+2.7 42.1%£3.7
HA-10 wt% Al,03; coating 32.7+2.3 49.3+3.9
HA-20 wt% Al,O; coating 38.1+2.6 56.714.2
HA-30 wt% Al,0O; coating 43.6%2.2 65.414.5

Figure 5.24 shows the FE-SEM micrograph along with X-ray mapping of HA-30 wt% Al,0;
coating without incof‘poration of bond coat. The morphology of fractured coating and
corresponding X-ray mapping suggests that the failure took place mainly within the coating. The
coexistence of constituent of coating (Ca and P) and substrate element (Fe) in lower right region
of images suggest that substrate is covered with a very thin layer of coating in this region. The
upper right region of micrograph and X-ray mapping suggests that relétive thick coating is
present in this area.

FE-SEM image along with X-ray mapping of HA-30 wt% Al,O; coating with incorporation
of bond coat is shown in Fig. 5.25. It can be seen from the micrograph and corresponding X-ray
mapping that the failure took place mainly within the éoating. Some patches of Al can be seen

in X-ray mapping of Al, whereas black patches between two coating strips (ribbons) and at

central right area in micrograph correspond to adhesive as shown in X-ray mapping of carbon.

5.3 DISCUSSION

The weight change plot of coatings against abrasive shows increase in wear resistance of
coating_s from pure HA to composite coatings, further increase in wear resistance of coating is
marked with increase in amount of Al;0; added to hydroxyapatité. The increase in wear
resistance of coatings with Al,03 reinforcement might be due to two major factors involved by
.reinforcing Al;03 to HA. The first factor might be high hardness of aluminum oxide, which
resulted in lower wear and secoﬁd and more predominant might be strengthening and

toughening of HA coating with Al,Os reinforcement, which might have made mass removal
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more difficult. The wear in plasma sprayed coatings may be caused by different mechanisms,
such as abrasion, fracture due to which coating fragments are rerﬁoved, chipping resulting in
wear debris and ploughing, as shown in Fig. 5.3 to Fig. 5.6. The particle removal is found to be
mainly due to abrasivé wear. The increase in wear resistance of coatings with increase in
alumina reinforcement might also be contributed by the increase in hardness of coatings by
increase in reinforcement content. The increase of microhardness by increase in Al,O; content
of HA coating is shown in plots of microhardness versus distance from interface (Fig. 5.13 to Fig.
5.16). Moreover, it can be seen from these plots that microhardness of substrate near interface
is slightly higher (20-25 Hv) as comparéd to microhardness of substrate away from interface.
The increase in hardness of substrate near interface might be due to impact of high speed
coating particles during plasma spraying process as suggested by Singh (2003) and Sidhu et al.,
(2004 and 2005). The hardness of coating near interface is also found to be higher than that at a
distance away from the interface. The higher coating hardness near interface might be du,e to
rapid solidification of incoming particles which formed first few lamellae, because metallic
substrate acts as heat sink. The findings are similar to the findings of study conducted by Morks
“etal., (2007) in which they developed HA coatings by gas tunnel plasma spraying process.

Morks, (2008) investigated the abrasive wear behavior of plasma sprayed HA coatings
reinforced with 10 and 20 wt% SiO; and reported that wear resistance of the coatings increased
significantly with increase in SiO, content to HA , the results of present investigation in regard
to increase in wear resistance of coating by addition of secandary phase are similar to findings

f Morks (2008).

In present study, the increase in wear resistance can also be related to increase in
dness of coétings. Morks and Akimoto, (2008) also related the wear behavior of plasma
ayed Al,0s-TiO, coatings with hardness of coating. They suggested that increase in hardness
ulted in decrease in weight loss of coatings during abrasive wear using SUGA abrasion tester.

The surface roughness of composite coatings is found to increase with addition of Al,O3

to HA as shown in Table 5.1. The higher surface roughness of composite coatings is expected to
provide relatively small contact area for loading and when combined with counter motion of

abrasive against coating, it results in coating fragmentation and deep wear marks. Moreover,
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when these fragments come in contact with abrasive, due to three body wear, they get crushed
between coating and abrasive resulting in wear debris.

As discussed earlier in Section 5.2.1, the weight loss of coatings is comparatively higher
in initial cycles than that for later cycles. This may be attributed to their higher initial surface
roughness, since a higher surface roughness brings surface asperities in direct contact with
abrasive, which lead to chipping of splats due to direct impact. These asperities separate from .
coating by fracture when sliding force exceed their fracture strength. The weight loss decreases
in later cycles and reaches to almost constant value. Higher weight loss due to higher surface
roughness of coating at initial stage and fracture of elevated areas are supported by the
findings of Gross and Babovic (2002), when they studied wear behavior of flame sprayed HA
coati_ngs with different surface roughness against 6.3 mm diameter bone analogue made from
wood. Fu et al., {1998) suggested wear behavior of HA coatings in un-lubricated conditions may
“be attributed to micro-cracks, pores present in lamellar structure of coating, whichA E_gcilitates _
propagation of cracks and generation of wear debris due to fretting wear. Higher wear rate of
plasma sprayed fly ash coatings for initial periods as compared to later stage is also reported by
Sidhu et al., (2007). o

The weight change plot (Fig. 5.2) showing wear resistance betweeﬁ similar%c\oatings
show decrease in wear resistance of coatings with increase in content of é1203 of
hydroxyapatite coatin.gs. Wear debris and plastic flow of stlrface can be seen in Fig. 5.7 to Fig.
5.10. The particle removal in this case is mainly due to adhesive wear. The decrease in wear
resistance of coatings with reinforcement might be due to the fact that alumina acts as a weak
interface and might be pulled out from HA matrix when it comes in contact with alumina
particles present in HA matrix of counter surface. To simulate the actual wear behavior of
composite coatings against bone in the body environment, the wear resistance of composite
éoatings should be evaluated against-'pure HA pallets, which are very similar to natural bone.

The increase in tensile bond strength of coatings (without bond coat) with increase in

~Al,O3 content to HA might be due to increase in area of cohesive failure with increase in Al;,03
content to HA as shown in Fig. 5.17a-d and presented in Table 5.2. It can be seen from Fig.

5.17e-h (macrographs of failed specimens with bond coat) that area of cohesive. failure
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decreased for HA-10 wt% Al,O5 (Fig. 5.17e) coating as compared to HA coating (Fié- 5.17f),
whereas it slightly increased for HA-20 wt% Al,O; coatings (Fig. 5.17g). The area of cohesive
failure is more in case of HA-30 wt% Al,O5 coatings (Fig. 5.17h); moreover part of substrate can
also be seen in this case.

in present study the increase in tensile bond strength of coatings with increase in Al,O3
content might be due to strengthening of the HA-Al,O3 matrix and reduction in coefficient of
thermal expansion of HA by alumina reinforcement. Increase in bonding strength of HA-AI;Os-
CaF, composite coating as compared to HA coating developed on Ti-6Al-4V by cold pressing and
sintering had been reported by Evis and Doremus, (2005), they suggested matching of thermal
expansion coefficient of ceramic coatihg and metaliic substrate improved the bonding and
minimized crack formation, further reduction in coefficient of thermal expansion of HA by
addition of alumina particulates and bringing it near to that of Ti-6Al-4V have been reported.

In present investigation bond coat is found to be more favorable factor in increasing the
tensile bond strength of coatings. In a study carried out by Yilmaz, (2009) on plasma sprayed
AlbO3z and AlLOs-13 wt% TiO2 with and without bond coat of Ni-5 wt% Al,O; on titanium,
significant increase in bonding strength was reported in coatings with bond coat. The reason
attributed to increase in bonding strength of coatings with bond coat was attributed to
compensation of thermal expansion mismatch between coating and substrate and coarser
surface 61‘ bond coat, which might provided better interlocking to the top coat. The similar
findings are reported by Zheng et al., (2000) for HA-Ti composite coatings and by Li et al., (2009)
for HA-YSZ composite coatings with ZrO, bond coat. Li et al., {2009) reported that coating was
more prone to fail at coating bond coat interface due to partial compensating coefficient of
‘thermal expansion of HA and metallic substrate by incorporatidn of ZrO, bond coat. The
increase in tensile bond strength of coating by incorporation of bond coat and addition of
alumina to HA in present investigation matches the findings of Yilmaz, (2009), Zheng et al,,
(2000) and Li et al., (2009).

Goller, (2004) deposited bioglass onto titanium substrate with bond coat of Al,03-40
wt% TiO, by plasma spraying and reported increase in bonding strength of coating with bond

coat as compared to coating without bond coat. Oktar et al., (2006) deposited HA with Al,03-40
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wt% TiO; bond coat by plasma spraying process and suggested that by using bond coat the
difference in thermal properties of substrate and top coat substantially reduced, which led to
increase in bonding strength of coating with bond coat. Chou and Chang (2002A) found increase
in bond strength of plasma sprayed pure HA coating with ZrO, bond coat as compared to pure
HA and HA-10 wt% ZrO, coatings without bond coat. The results obtained in present

investigation are quite similar to findings of Oktar et al., (2006) and Chou and Chang, (2002A).

5.4 CONCLUSIONS

The mechanical properties such as wear resistance, hardness and tensile bond strength
of plasma sprayed HA coatings with varying aluminum oxide content (0-30 wt% with increment
of 10 wt%) were studied and detailed results are 'presented in current Chapter of this study.

The conclusions drawn are presented hereunder:

St Y

1. Wear resistance of plasma sprayed coatings against abrasive (SiC) increaSed with

increase in Al,O3 content of HA composite coating (maximum cumulative weight loss of

47.9 m'g/cm2 for pure HA coatings and minimum of 15.8 mg/cm2 for HA-30 wt% Al,O3

coatings), which might be due to increase in hardness by increase in alumina cd;ntent to
HA. Hence alumina can be used as reinforcing agent to HA to increase wear resi':'“ctance of
coatings.

2. Wear resistance between the similar coatings was found to decrease with increase in
Al,O3 content of HA composite coating. The minimum cumulatlve weight loss of 44.5
mg/cm? was measured for pure HA coatings and maximum of 68.5 mg/cm® was
measured for HA-30 wt% Alzog coatings. |

3. Coating fragments surface ploughing and surface smoothening was observed in surface
morphology of coatings obtained after abrasive wear. Plastic flow was recorded in
surface morphology of coatings obtained after wear between the similar coatings.

4. Hardness of coatings as measured by nano-indentation was observed to increase with

increase in Al,03 content to HA with highest hardness near substrate coating interface.

The hardness of bond coat (580 to 610 Hv) was found to be higher than all the coatings.
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Alumina can be reinforced to HA to increase hardness of plasma sprayed HA-ALO;
composite coatings.

. The hardness of coatings as well as substrate was found to be highest near substrate-
coating interface for all substrate-coating combination. This might be due to fast cooling
rate of incoming splats at substrate.

. The tensile bonding strength of coatings was found to increase (28.4 MPa to 43.6 MPa)
with increase in alumina content (0-30 wt%) of HA composite coating, whereas bond
coat showed significant effect in increasing the tensile bonding strength of coatings with
42.1 MPa for pure HA coating and 65.4 MPa for HA-30 wt% Al,0O3 coatings . Therefore, to
increase the tensile bond strength of coatings bond coats are more appropriate than

reinforcement of secondary phase.
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Chapter 6
ANALYSIS OF COATINGS IN SIMULATED BODY FLUID

This chapter deals with the results and discussion of electrochemical behavior and in-
vitro studies of plasma sprayed pure hydroxyapatite (HA: Cajo(PO4)s(OH);), HA-10 wt%
aluminum oxide (alumina: Al,O3), HA-20 wt% aluminum oxide and HA-30 wt% aluminum oxide

coatings in simulated body fluid (SBF).

6.1 INTRODUCTION

In the present chapter electrochemical behavior and in-vitro studies of plasma sprayed
coatings has been described. It includes the results related to open circuit potential (OCP),
linear polarization, potentiodynamic polarization and Tafel polarization of coated and bare
specimens in simulated body fluid (SBF). The detailed technique and composition of-‘reégents
for preparation of SBF is given in Chapter 3 of present study. The biocompatibility of coated
specimens was studied by in-vitro examination in SBF for immersion period of 5, 10, 15 and 20
days at a controlled temperature of 37+1°C. The SBF was examined using inductively coupled
plasma mass spectroscopy (IC-PMS) for Ca?* ion concentration before and after immersion of
coated specimens for designated period. The specimens after immersion were gentlly"rin'sed
with double distilled water and dried at room temperature. Specimens were weighted before
and after immersion using electronic weighing scale with an accuracy of 0.1 mg. The weight
change (weight gain or weight loss) is plotted against immersion period. SEM/EDAX, XRD and

FTIR were utilized for examining the specimens after immersion.

6.2 RESULTS

6.2.1 Open Circuit Potential (OCP) Measurement

Open circuit potential of uncoated and plasma sprayed specimens was measured in
simulated body fluid. The specimens were immersed in electrochemical cell filled with SBF and
OCP was measured for 30 min in ‘cell off mode. The measurement was startéd as soon as
specimens were immersed to avoid localized corrosion. The plot of OCP versus time for
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coatings on AISI 316L SS and titanium are shown in Fig. 6.1 and Fig. 6.2 respectively. The
_ average values of open circuit potentials obtained from this curves are presented in Table 6.1.
The maximum value of OCP of -153 mV (for AISI 316L SS substrate) was obtained for HA-30 wt%
AlyO3 coating, whereas maximum value of OCP of -128 mV (for titanium substrate} was

obtained for HA-10 wt% Al,03 coating.

-0.05 4
00 T T
L e
0204 7
-0.25
)
w -0.30
-0.35 + Uncoated AISI 316L 55
— — — Pure HA coating
0404 | ----- HA-10 wt% Al O, coating
—-—-—HA-20 wt% Al O, coating
-0.45 —-e—- HA-30 wt% Al O, coating
O+ T 7T 7T T
0 200 400 600 800 1000 1200 1400 1600 1800
Time {s) '
~Fig. 6.1 Open circuit potential curves for uncoated and coated AISI 316L SS
Table 6.1 Open circuit potential {mV) of uncoated and coated specimens
Coatings ——> '
Uncoated Pure HA HA-10 wt% HA-20 wt% HA-30 wt%
Substrate ﬂ coating Al,O; coating | Al,Os coating | Al,Os coating
AlISI 316L SS -98 mVv -118 mv -88 mV -66 mV -153 mVv
Titanium -72 mV -62 mv -128 mv -111 mV -94 mV
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Fig. 6.2 Open circuit potential curves for uncoated and coated titanium

6.2.2 Linear Polarization Experiments

Linear polarization tests were conducted in SBF at room temperature in order to
evaluate corrosion behavior of uncoated and coated specimens. The linear polarization
resistance (LPR) and corrosion current density was measured using linear polarization tests in
SBF. In linear polarization tests, a small range of potential (-20 mV to +20 mV versus OCP) is
applied, which does not damage the exposed surface of specimen. The corrosion data obtained
from linear polarization test conducted on uncoated and coated.A_ISl 316L SS is présented in
Table 6.2. The rate of corrosion of uncoated and coated specimens is obtained using Stern-

Geary equation (Eg. 6.1). »

AY

: 1 B.B. Z
lcorf = X = (6.1)
2303 R, x(p.+p.) R,

Where, B, and p, are anodic and cathodic slopes, R is polarization resistance and

i is corrosion current density.

e
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Table 6.2 Results of linear polarization test of uncoated and coated AISI 316L SS

Parameters  E— Ecorr icorr Ba ' B. Rp
‘ (mv) (uA/cm?) | (V/decade) | (V/decade) | (kQ-cm?)

Substrate/coating B

AISI 316L SS -126 0.245 0.12 0.12 106
Purel HA coating -142 0.00542 0.12 0.12 4797
HA-10 wt% Al,O3 coating -103 0.00735 0.12 0.12 3538
HA-20 wt% Al;O; coating -152 0.0234 0.12 0.12 1112
HA-30 wt% Al>O3 coating -85 0.076 0.12 0.12 342

The corrosion current density i of all coatings is found to be lesser that uncoated AiSI

corr

316L SS and titanium as indicated by linear polarization test results in term of current density
and polarization resistanée (Table 6.2 and 6.3). However, the corrosion current densities of
reinforced HA coatings are slightly higher than pure HA coating.

The corrosion data obtained from linear polarization test conducted on uncoated and
coated titanium is presented in Table 6.3. The corrosion current density of uncoated titanium is
substantially lower than uncoated AISI 316L SS. However coatings on titanium substrate show a
similar trend (Table 6.3) as shown by coatings on AISI 316L SS. This suggests that the coatings
did not allow the penetration of electrolyte through them. The lower corrosion rate of the
coated specimens means less severe invasion to human body due to reduced metallic ions

released from the metallic implant. Therefore, the smaller corrosion current densities (7, ) of

coatings indicate that the coatings would have a better biocompatibility than the uncoated AlSI

316L SS and titanium.
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Table 6.3 Results of linear polarization test of uncoated and coated titanium

Parameters T——>. Ecorr icorr B. Bc Ry
(mV) (nA/cm?) | (V/decade) | (V/decade) | (kQ-cm?)
Substrate/coating B
Titanium -88 0.083 0.12 0.12 314
Pure HA coating -131 0.00534 0.12 0.12 4864
HA-10 wt% Al,05 coating -148 0.00695 0.12 0.12 3740
HA-20 wt% Al,03 coating -130 0.00629 0.12 0.12 : ‘2‘:1129
HA-30 wt% Al,0; coating ;119 0.0254 0.12 0.12 ;1024
6.2.3 Potentiodynamic Polarization Experiments T

ER S
Potentiodynamic polarization curves of uncoated and coated AISI 316L SS and titanium
specimens are shown in Fig. 6.3 and Fig. 6.4 respectively. The data obtained from
potentiodynamic tests for plasma sprayed AISI 316L SS and titanium is presented in Table 6.4
and Table 6.5 respectively,v From polarization tests the percentage protection offered by

coatings, (Protective efficiency ( 7)) has been calculated using Eq. 6.2. as proposed by Yoo et

al., (2008).

P %)z[l_—(%’mﬂxloo | (6.2)
Leorr )

Where, i, and [’ are corrosion current density of coating and substrate respectively.

7 Tcorr corr
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Fig. 6.3 Potentiodynamic polarization curves for uncoated and coated AISI 316 L SS

It can be seen from the results that pure HA coatings are most protective with corrosion
current density of 0.0085 pA/cm?® and 0.0091 uA/cm? for HA coatings on AISl 316L SS and
titanium substrate respectively. Moreover, all the coatings have lesser corrosion current
density as compared to uncoated substrates. The results obtained from potentiodynamic
polarization tests are comparable with results obtained from linear polarization tests.
Protective efficiency is a relative measurement of corrosion current density of coatings to that
of substrate. The protective efficiency of coatings is presented in Table 6.3 and 6.4 for coatings
on AISI 316L SS and titanium respectively. It can be seen from the results that protective

efficiency is maximum for pure HA coatings on both the substrates.
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Fig. 6.4  Potentiodynamic polarization curves for uncoated and coated titanium

Table 6.4 Results of potentiodynamic polarization test of uncoated and coated AIS!I 316L SS

£

Ecorr iCOTr Ba BC Rp
Substrate/coating | (mV) | (uAfcm?) | (V/decade) | (V/decade) | (kQ-cm?)

AlSI 316L SS -148 0.233 00523 | 00773 5.81
Pure HA coating 132 0.0085 0.0611 0.2422 | 24955 | 96.35
_ % CE .
HA-10 wt% Al20 -125 0.0306 0.8424 0.1302 61.26 73.39

coating -
. [
HA-20 wi% Al;0s -80 0.0285 0.1095 0.1014 80.16 | 87.76
coating
_ q
HA-30 wt% Al205 -137 0.0259 0.1324 0.1752 125.97 | 89.70

coating
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Table 6.5 Results of potenfiodynamic polarization test of uncoated and coated titanium

Ecorr iCDTI’ Ba BC Rp P

Substrate/coating {mV) (n/cm?) (V/decade) | (V/decade) | (kQ-cm?) l
Titanium -188 0.0693 0.0972 0.2329 42.96
Pure HA coating -131 0.0091 0.06 0.2403 228.34 86.82

- 0,
HA 10 wi%% Al205 -177 0.0304 0.0896 0.1942 87.61 56.13
coating .

- 0 : .
HA-20 wt% Al,0; -120 0.0373 0.0539 0.1257" 43.93 46.19
coating

- 0,
HA-30 Wt Al,Os -131 0.0539 0.0741 0.093 33.3 22.38
coating .

6.2.4 Tafel Polarization Experiments

Tafel polarization plots for uncoated and coated AIS| 316L SS and titanium specimens -
are shown in Fig. 6.5 and Fig. 6.6 respectively. The corrosion data obtained from Tafel
polarization tests for plasma sprayed AfSl 316L SS and titanium is presented in Table 6.6 and
Table 6.7 respectively. It can be seen frbm the results that pure HA coatings are most protective
with corrosion current density of 0.0067 pA/cm? and 0.0112 pA/cm? for HA coatings on AlSI
316L SS and titanium substrate respectively.

Moreover, all the cdatings have lesser corrosion current density as compared to
uncoated substrates. The results obtained from Tafel polarization tests are comparable with
results obtained from linear polarization and potentiadynamic polarizatic;n tests. The protective
efficiency of covatings is presented in Table 6.5 and 6.6 for coatings on AiSI 316L SS and titanium
respectively. As the corrosion current density of pure HA coatings is least out of all coatings on
both the substrates, it can be seen from the results that protective efficiency is maximum for

pure HA coatings on both the substrates.
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Table 6.6 Results of Tafel polarization test of uncoated and coated AIS! 316L SS &
Ecorr icorr Ba Bc Rp
Pi

Substrate/coating (mV) (uA/ecm2) { (V/decade) | (V/decade) [ {kQ-cm2)
AISI 316L SS -156 0.264 0.0804 0.1422 84.37 -
Pure HA coating -120 0.0067 0.0493 0.3593 2805.2 97.46

N 9 ,
HA 1.0 wi% Al203 -35 0.0347 0.1206 0.2023 044.53 86.84
coating '

_ )
HA 2.0 wt% Al203 -83 0.0309 0.0877 0.0805 588.36 88.27
coating

_ 0
HA-SOWIR AI203 | 154 | go2aa | 0.1226 0.1656 12529 | 90.75

coating

213




] Titanium
400 + — = = Pure HA coating
2| BN HA-10 wt% AlLD, coating
300 ~ —-=-=~HA-20 wt% Al O, coating
4 ———-- HA-30 wt% AIZO3 coating
200 -
1
100 -
= 1
V8] -
-100 -
-200 A
J
-300 -
i
-400 T T T — T T T T 1 T 1
-10 -9 -8 -7 -6 -5 -4 -3 -2
i {log(A/cmz)}
Fig. 6.6 Tafel plot for uncoated and coated titanium
Table 6.7 Results of Tafel polarization test of uncoated and coated titanium
ECO"‘ iCOI’f Ba BC . Rp P
‘Substrate/coating (mV) (nA/cm?) | (V/decade) | (V/decade) | (kQ-cm?)
Titanium -106 0.0724 0.0253 0.0872 117.6 -—-
Pure HA coating -88 0.0112 0.2217 0.0637 1925.3 84.59
- 0,
HA-10 wt% Al20s -34 0.0292 0.2132 0.0914 927.8 59.61
coating
- Q)
HA-20 wi% Al,0; -120 0.0313 0.0480 0.3229 580.4 56.81
coating
HA-30 wt% Al
0 wt% Alz0s -130 | 0.0344 0.0853 0.1933 747.3 52.50
coating
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» Immersion Behavior of Coatings in Simulated Body Fluid

The c'oated titanium specimens were immersed in simulated body fluid (SBF) for a

qiod of 5, 10, 15 and 20 days at controlled temperature of 37+t1°C. The specimen were
amoved from SBF after designated period of immersion, gently rinsed with double distilled
water and dried at room temperature and weighed with accuracy of 0.1 mg. The plots for
weight change versus immersion period for pure HA, HA-10 wt% Al,O3, HA-20 wt% Al,O; and
HA-30 wt% Al,05 are shown in Fig. 6.7 to Fig. 6.10 respectively. The calcium ion concentration
of SBF after removal of immersed specimens was measured using ICP-MS. The Ca®" ion
concentration is plotted against time of immer’sion. The plots for Ca’* ion concentration plots
for pure HA, HA-10 wt% Al;Qs3, HA-20 wt% Al,03 and HA-30 wt% AI,O5 are shown in Fig. 6.7 to
Fig. 6.10 respectively. The initial Ca® ion concentration in starting SBF was 655 ppm as

measured using ICP-MS.
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Fig. 6.7 Weight change (mg/cm?) and Ca” ion concentration (ppm} versus immersion

period for pure HA coatings
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It can be seen from Fig. 6.7 that pure HA coatings gained weight after immersion in SBF
for all time spans. The maximum weight gain of 2.2 mg/cm* had been recorded after immersion
period of 10 days, whereas a minimum weight gain of 0.6 mg/cm® had been recorded after
immersion period of 15 days. The calcium ion concentration in SBF after all immersion periods
was found to be lesser than Ca®" ion concentration in starting SBF (655 ppm). However, an
increasing trend in Ca®' ion concentration was observed for immersion period of 5 to 10 days,
whereas it was found to decrease with further increase in immersion period.

The immersion behavior of HA-10 wt% Al,03 coatings is shown in Fig. 6.8. It can be seen
that the weight of specimen increased for immersion period of 5, 15 and 20 days, whereas the
weight of specimen after immersion period of 10 days had been found to decrease as
compared to original weight of specimen. The reduction in weight might be due to dissolution

of amorphous phases of calcium and phosphate.
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Fig. 6.8 Weight change {mg/cm®) and Ca“’ ion concentration {(ppm) versus immersion

period for HA-10 wt% Al,O3 coatings
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The plot of Ca’" ion concentration versus immersion period for HA-10 wt% Al,03
coatings (Fig. 6.8) shows increase in Ca®" ion concentration as compared to that of starting SBF
for immersion period of 10 days, whereas it decreased for immersion period of 5, 15 and 20
days. The maximum Ca** ion concentration (851.8 ppm) for immersion period of 10 days
correspond to 0.3 mg/cm?® weight loss of coated specimen has been recorded. The weight loss
due to dissolution of amorphous phases might have increased Ca® ion concentration in SBF. A
relative decrease in Ca** concentration can be séen from the Fig. 6.8 for immersion period of 5,
15 and 20 days. |

The HA-20 wt% Al,05 coatings indicate decrease in weight for immersion period of 5 and

20 days, whereas increase in weight has been recorded for immersion period of 15 days as

shown in Fig. 6.9.
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period for HA-20 wt% Al,03 coatings
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No weight change of specimens has been observed for immersion period of 10 days. The

Ca” ion concentration in SBF was found to decrease for immersion period of 15 days as

compared to that of starting SBF, whereas it increased for immersion period of 5, 10 and 20

days as compa

red to Ca”* ion concentration in starting SBF.

The immersion behavior of HA-30 wt% Al,0; coatings in SBF is shown in Fig. 6.10. It can

be observed that weight is gained by the coatings for all immersion periods with maximum

weight gain (2.27 mg/cm?) for coatings immersed for 20 days and minimum weight gain (1.24

mg/cm?) for coatings immersed for 10 days. The Ca®* ion concentration in SBF was recorded

lesser for immersion period of 5, 10 and 20 days as compared to Ca’’

starting SBF, whereas it was higher for immersion period of 15 dayé.
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Fig. 6.10 Weight change (mg/cm?) and Ca®' ion concentration (ppm) versus immersion

period for HA-30 wt% Al,O3 coatings
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6.2.5.1 FE-SEM analysis of coatings after immersion in SBF

To analyze surface morphology of specimens after immersion in SBF some of the coated
specimens after immersion test were subjected to field emission scanning electron microscopy.
The surface morphology of HA, HA-10 wt% Al,03, HA-20 wt% AIZO3 and HA-30 wt% Al,O3
coatings after immersion in SBF at 37+1°C for a period of 1, 5, 10, 15 and 20 days at different

magnifications is shown in Fig. 6.11 to Fig. 6.31.
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Fig. 6.11 FE-SEM micrographs and EDAX surface analysis of pure HA coating after

immersion in SBF for 1 day: (a) at 400X; (b) at 800X; (c) at 1600X and (d) EDAX

surface analysis of (c)
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The surface morphology and EDAX surface analysis of pure HA and HA-30 wt% Al,03
coatings after immersion in SBF for 1 day are shown in Fig. 6.11 and Fig. 6.12 respectively.
Crétes and pores can be seen in surface morphology of pure HA coating after immersion in SBF
for 1 day at lower magnification (Fig. 6.11a). The depth of these craters and pores is not from
end to end of coating as can be seen at higher magnification (Fig. 6.11b and c). Very fine pits
can be seen on surface of fully molten splats at higher magnification (Fig. 6.11c). The coating

surface show increased roughness.
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Fig. 6.12 FE-SEM micrographs and EDAX surface analysis of HA-30 wt% Al,O3 coating after

immersion in SBF for 1 day: (a) at 1000X; (b) at 2000X; (c) at 3000X and (d) EDAX
surface analysis of (c)
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The EDAX surface analysis of pure HA coéting after immersion period of 1 day is shown
in Fig. 6.11d. It can be seen from EDAX surface analysis that coating mainly contains the
elements of hydroxyapatite i.e. Ca, P and O with traces of elements from substrate. The
formation of pores and craters after immersion in SBF for 1 day might be due to dissolution of
amorphous phases. Surface morphology and EDAX surface analysis of HA-30 wt% Al,03, coating
after immersion in SBF for 1 day at 1000X, 2000X and 3000X magnification is shown in Fig. 6.12.

Pores, craters and fine cracks can be seen in surface morphology of coating (Fig. 6.12a).
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Fig. 6.13 FE-SEM micrographs and EDAX surface analysns of pure HA coating after
immersion in SBF for 5 days: (a) at 400X; (b} at 7OOX (c) at 1300X and (d) EDAX

surface analysis of (c)
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surface morphology of coating at higher magnification suggest that pores and craters
are only in the upper surface of coating however, surface. of completely molten splats seems to
be rougher due to development of fine pits (Fig. 6.12b and c). Rougher surface of molten splats
might be due to dissolution of amorphous tiny particles. EDAX surfacg 'aQ§|ysis of coating shows
mainly constituent of coating elements along with traces (less than 1%) of substrate elements.
surface morphology and EDAX surface analysis of HA, HA-10 wt% Al,O3, HA-20-wt% Al,03 and

HA-30 wt% Al,O3 after immersion in SBF for 5 days.at a controlled temperature of 37+1°Cis

s B

shown in Fig. 6.13 to Fig. 6.16 respectively.
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Fig. 6.15 FE-SEM micrographs and EDAX surface analysis of HA520 wt% Al,O3 cbating after
immersion in SBF for 5 days: (a) at 250X; (b) at 500X; (c) at 1000X and (d) EDAX

surface analysis of (c)
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The surface morphology of pure HA coating after immersion in SBF for 5 .days appears
like tortoise shell with network of cracks as can be seen in Fig. 6.12a-c. The branching out of
cracks is cleérly. visible on whole coating surface. Wide opened cracks are not visible on the
coating surface. The EDAX surface analysié of coating (Fig. 6.13c) as shown in Fig. 6.13d does
not reveal substrate element.

Surface hmorphology and EDAX surface analysis of HA-10% wt Al,O; coating after
immersion in SBF for 5 days is shown in Fig. 6.14. Some craters and pores can be seen in surface
morphology of coating at 1000X and 2000X magnification (Fig. 6.14a and b) however, network
' of cracks is absent. Figure 6.14¢c and d show surface morphology of coating at higher~
magnification of 6000X. Some partially molten HA particles (about 5 pum or lesser in size) are
visible on completely molten splats in Fig. 6.14c. further, partially molten particles are also
visible inside the crater as shown in Fig. 6.14d. Agglomerate of HA particles can be seen on
- completely molten splat at lower right corner in Fig. 6.14d. EDAX surface analysis of coating
(Fig. 6.14c) as shown in Fig. 6.14e do not reveal subétrate element. o

Surface morphology and EDAX surface analysis of HA-20 wt% AIl,O3; coating after.
immersion in SBF at a temperature of 37+1°C for a period of 5 days is shown Fig. 6.15. Partially
molten/un-melted particles, pores, craters and some micro-cracks are visible in surface
morphology of coating as shown in Fig. 6.15a-c however, network of cracks is absent. EDAX
surface analysis of coating (Fig. 6.15c) is shown in Fig. 6.15d, which reveal elements mainly of
coating. Traces of substrate elements can also be seen in EDAX surface analysis of coating.

Surface morphology and EDAX surface analysis of HA-30 wt% Al,O3 coating after
immersion in SBF for a period of 5 days is shown Fig. 6.16. In general coating surfacé consists of
pores, cracks, partially melted particles and craters as shown in Fig. 6.16a and b. Wide opened
cracks along with network of thin cracks and craters are visible at higher magnification of 1000X
and 2000X in surface of coating as can be seen in Fig. 6.16¢ and d. Partially molten particles, un-
melted cores and corona can be seen in surface morphology of coating. EDAX surface analysis
reveal elements mainly of coating with traces of element of substrate as can be seen in Fig.

6.16e.

224



ag| WD I t] ; . ‘
20.0 kv|250x(10 2 mai 85010 60 M . 5 0 20 mm

; ™
HV | Mag | WD Det| HFW 50.0 HY |[Mag | WD  Det| HFW

20.0 kV¥]1000x[10.2 mm SSD!G 15 mm \IT Ro 20.0 kv'2000%/ 10 3 mm SSD!74 60 um!”

cledax3dgenesis'\genmaps.spc w.JuI-EMo 11:310:01

Secs: 18 o
343 (e) ’
K
275~
PK 50.48% Ca
- 23.78% P
1.13%Al
24.20% O
) 0.41%Ti
TiK . .
{ g i st catediinnds ok . PR SRR
.00 200 300 A 50D 640 0D 8O0 9890 1000 4
Energy - keV .
Fig. 6.16 FE-SEM micrographs and EDAX surface analysis of HA‘—30 wt% Al,0; coating after

immersion in SBF for 5 days: (a) at 250X; (b) at 500X; (c) at 1000X; (d) at 2000X
and (e} EDAX surface analysis of (c)
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Surface morphology and EDAX surface analysis qf pure HA, HA-10 wt%Al;0,;, HA-20
wt%Al,05 and HA-30 wt% Al,O3 coatings after immersioh in SBF at a controlled temperature of
37+1°C for a period of 10 days is shown in Fig. 6.17 to Fig. 6.20 ré'spectively. In top left region of -
Fig. 6.17a, surface morphology of coating is like tortoise shell. Somé‘"tiny particles can be seen
inside the créter on top left corner of Fig. 6.17b. Wide opened cracks, porés, crater and rough
surface can also be seen in morphology of coating after immersion in SBF for 10 days (Fig.

 6.17b).
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Fig. 6.18 FE-SEM micrographs and EDAX surface analysis of HA-10 wt% Al,O; coating after

immersion in SBF for 10 days: (a) at 500X; (b) at 1000X; (c) at 8000X and (d) EDAX

surface analysis of (c)
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Fig. 6.19 FE-SEM micrographs and EDAX surface analysis of HA-20 wt% Al,03 coating after
immersion in SBF for 10 days: (a) at 500X; (b) at 1000X; (c) at 1500X; (d) at 2000X

and (e) EDAX surface analysis of (c)
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FE-SEM micrographs and EDAX surface analysis of HA-30 wt% Al,0; coating after
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and (e) EDAX surface analysis of (c)
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Similar coating morphology can be seen at higher magnifications of 3000X and 5000X
(Fig. 6.17¢ and d). EDAX surfaée analysis of coating (Fig. 6.17d) is shown in Fig. 6.17e, which
reveal coating elements only. Figure 6.18 show the coating morphology and EDAX surface
analysis of F.lA—:lO wt% Al,05 coating after immersion in SBF fbr 10 days at a temperature of
3711°C. In general, coating surface contain un-melted HA particles and very fine pits on
completely molten splats. A comparative light colored splat is visible in the upper right region
of Fig. 6.18a (inside the box). To check the elemental composition of this splat, high
magnification images were taken and analyzed using EDAX. A small portion of this splat is
shown in Fig. 6.18¢ at 8000X magnification. The surface of this splat is comparatively smooth as
compared to rest of coating surface. EDAX analysis of this region is shown in Fig. 6.18d, which
reveal presence of elements of coating with traces of substrate elem.ent.

Surface morphology and EDAX surface analysis of HA-20 wt% Al;03 and HA-30 wt%
Al,O3 coatings after immersion in SBF for 10 days at controlled temperature of 37£1°C is shown
in Fig. 6.19 and Fig. 6.20 respectively. Porosity, cracks, craters and rough splat surface are
visible in the surface morphology of HA-20 wt% Al,O3 after immersion in SBF for 10 days as can
be séen in Fig. 6.19a-d. Formation of rough splat surface of completely molten splats and
development of craters might be due to dissolution of amorphous phases. Precipitatibn of tiny
particles along cracks and splat boundaries can be seen at higher magnification of 2000X (Fig.
6.19d). EDAX surface analysis of SEM micrograph (Fig. 6.19d) is shown in Fig. 6.19e. EDAX
surface analysis show mainly coating elements with traces of substrate element. Surface
morphology and EDAX surface analysis of HA-30 wt% Al,Oz coating after immersion in SBF for
10 days at controlled temperature of 37+1°C is shown in Fig. 6.20. Porosity and very finé cracks
are present in the surface morphology of coating however, craters and rough ‘surface are not
visible at magnification of 250X and 500X (Fig. 6.20a-b). Precipitation of tiny particles is visible
on the surface of coating after immersion in SBF for 10 days as can be seen in Fig. 6.20c-d. From
Fig. 6.20c, it can be seen that these tiny particles are eventually agglomerates of very fine
particles. The size of agglomerates varies between 5 um to 20 um. EDAX surface analysis of
coating (Fig. 6.20c) is shown in Fig. 6.20e. EDAX surface analysis show elements of coating with

traces of substrate element.
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Fig. 6.21 FE-SEM micrographs and EDAX surface analysis of pure HA coating after

immersion in SBF for 15 days: (a) at 1000X; (b) at 2210X; (c) at 4000X {d); at
8000X; (e) at 2000X from different location and (f) EDAX surface analysis of (d}
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Fig. 6.22 FE-SEM micrographs and EDAX surface analysis of HA-10 wt% Al,0s coating after
immersion in SBF for 15 days: {a) at 400X; (b) at 800X; (c) at 1600X; (d) at 3000X;

{e) at 4000X and (f) EDAX surface analysis of (e}
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from different location and (e) EDAX surface analysis of (d)
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Surface morphology and EDAX surface analysis of HA, HA-10 wt% Al,O;, HA-20 wt%
Al,O; and HA-30 wt% Al,0; after immersion in SBF for 15 d_ays at controlled temperature of
37+1°C is shown in Fig. 6.21 to Fig. 6.24 respectively. Figure 6.21’5hows the surface morphology
and EDAX surface analysis of pure HA coating after immersion in SBE“f—or 15 days. It can be seen
from Fig. 6.21a that coating surface consists of .craters, cracks, un—meltgd/partially molten
particles and pores. At higher magnification, as shown in Fug 6 21b, agglomerate can be seen
near crack on relatively smooth molten splat. The morphology of this agglomerate was
analyzed at higher magnification of 4000X and 8000X andv sho_wn in Fig. 6.21c ar?a& 6.21d
respectively. It can be seen from Fig. 6.21d that agglomerate rs made of very small particles
having size about 5 um. EDAX-'surface analysis of agglomerate (Fig. 6."21f) show constituent of
HA such as Ca, P and O. The surface morphology of HA coating after immersion period of 15
days in SBF from different location at 2000X magnification is shown in Fig. 6.21e. Pr}eoi‘pitation

of fine particles can be seen on coating surface.

Surface morphology and EDAX surface analysis: of HA-10 wt% Al,0; %oatmgaftr
immersion in SBF for 15 days is-shown in Fig. 6.22. The morphology of coating su'?'fac'e:depic

tortoise shell morphology with network of thick cracks as can be seen in Flg 6.22a: The centr

*\*

particles on coating surface. This area of coating has been further magnified and: shown in F|g.

6.22¢. Very fine precipitates and cracks on comparatively smooth surface can be seen in Fig.

6.22¢ and Fig. 6.22d (higher magnification of 3000X). Figure 6.22e shows the morphology of

coating at 4000X magnification, which reveals smooth coating surface. EDAX surface analysis of

coating (Fig. 6.22¢) is shown in Fig. 6.22f, which reveals constituents of coating elements with .
traces of substrate element. _ ‘

Surface morphology and EDAX surface analysis of HA-20 wt% Al,03 coating after
immersion in SBF for 15 days is shown in Fig. 6.23. Craters, pores and some fine cracks are
visible in surface morphology as can be seen in Fig. 6.23a and F’ig.‘ 6.23b at magnification of
400X and 800X respectively. Further, at higher magnification of 1500X as shown in Fig. 6.23c,
pores, craters and some fine cracks are visible in surface morphology of coating. Figure 6.23e
shows the surface morphology of coating at magnification of 4000X. Molten splats show rough

surface which might be due to dissolution of amorphous phases. However tiny precipitates
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can be seen around bounda-ry of circular splats and inside the crater. Some very fine pits are
also visible in lower left region of coating surface as shown in Fig. 6.23e. Fine pores, cracks and
rough surface can be seen in surface morphology of coating from different location (Fig. 6;236).
EDAX surface analysis of coating (Fig. 6.23¢) is shown in Fig. 6.23f, which show constituents of
coating with traces of substrate element.

Surface morphology ahd‘ EDAX surface analysis of HA-30 wt% AIl,O3; coating after
immersion in SBF for 15 days at magnification of 400X, 800X, 1600X and 3000X is shown in Fig.
6.24a~d respectively. Un-melted/partially melted pafticles, pores, craters and cracks can be
seen in surface morphology of coating (Fig. 6.24a-c). At higher magnification of 3000X, wide
opened cracks can be seen in surface morphology of coating (Fig. 6.24d). EDAX surface analysis
of coating (Fig. 6.24d) shows constituents of coating elements with traces of substrate elemént
(Fig. 6.24e).

Surface morphology and EDAX surface analysis of HA, HA-10 wt% A'zog, HA-20 wt%
Al,0sand HA-30 wt% AlLOz; coatings after immersion in SBF for 20 days at controlled -
temperature of 3711°C is shown in Fig. 6.25 to Fig. 6.28 respectively. Partia_lly'-mbiten/un-
melted HA particles and some fine cracks are visible in surface morphology of HA coating after .
’immersion period of 20 days in SBF at comparatively low magnification of 500X as can be seen
in Fig. 6.25a. Small portion of Fig. 6.25a has been magnified to 2500X and shown in Fig. 6.25b. It
can be seen from surface morphology that coating surface is completely covered with tiny
precipitates. The coating surface from different location (Fig. 6.25c) shows similar morphology
as that of Fig. 6.25b. Figure 6.25d shows the surface morphoiogy of coating at magnification of
5000X. The coating surface is completely covered with tiny precipitates. EDAX analysis of
coating (Fig. 6.25d) shows presence of only coating elements (Fig. 6.25e).

| Surface morphology and EDAX surface analysis of HA-10 wt% Al,O3 coating after
immersion in SBF for 20 days is shown in Fig. 6.26. Craters and pores are visible in surface
morphology of coating as can be seen in Fig. 6.26a. A cluster of particles, comparatively lighter
in'color, is visible in Fig. 6.26a (highlighted in box). This area of the coating is analyzed at higher
magnification of 4000X and 10000X as shown in Fig. 6.26b and c respectively. This agglomerate
or cluster of un-melted particles might have been originated from coating feedstock as

suggested by Gadow et al., (2010).
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FE-SEM micrographs and EDAX surface analysis of pure HA coating after
immersion in SBF for 20 days: {a) at 500X; (b) at 2500X; (¢} at 2500X from
different location; {d) at 5000X and (e) EDAX surface analysis of (d)
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It can be seen from these images that the particles do not have any specific shape and
particle size that makes the cluster vary from 2 pm to 20 um. EDAX analysis of coating (Fig.
6.26¢c) shows mainly elements from coating with traces of substrate element (Fig. 6.26d).
Surface morphology and EDAX surface analysis of' HA-20 wt% Al,Q5 coating after immersion in
SBF for 20 days is shown in Fig. 6.27. Craters, cracks and pits can be seen in surface morphology
of coating (Fig. 6.27a). At higher magnification, small pits, cracks and rough surface along with
tiny precipitates can be seen (Fig. 6..27b). EDAX surface analysis of coating (Fig. 6.27b) shows

mainly coating elements with traces of substrate element (Fig. 6.27c).
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Fig. 6.26 FE-SEM micrographs and EDAX surface analysis of HA-10 wt% Al,Oz coating after
immersion in SBF for 20 days: (a) at 500X; (b) at 4000X; (c) at 10000X and (d)

EDAX surface analysis of {¢)
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Figure 6.28 shows the surface morphology and EDAX surface analysis of HA-30 wt%
Al,0; coating after immersion in SBF for 20 days. Craters, cracks and pores are visible in surface
morphology of coating at magnification of 250X and 400X as shown in Fig. 6.28a and b
respectively. At higher rﬁagniﬁcation of 6000X, smooth surface morphology can be seen (Fig.
6.28c). Tiny precipitates can be seen inside the craters (Fig. 6.28c). EDAX surface analysis of

coating shows constituents of coating (Fig. 6.28c). .
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7 FE-SEM micrographs and EDAX surface analysis of HA-20 wt% Al,O3 coating after
immersion in SBF for 20 days: (a) at 1000X; (b) at 4000X and (c) EDAX surface

analysis of (b)
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Some cross-sectioned specimens were immersed in SBF to analyze cross-sectional
morphology after immersion in SBF for different time periods. The behavior of titanium in SBF
regarding precipitation of apatite was also studied. The cross-sectional mofphology of these
specimens after immersion in SBF is shown in Fig. 6.29 to Fig. 6.31. The cross-sectional
morphology of HA-30 wt% Al,O3 coating afte_r immersion in SBF for 1 day at different
magnifications' is.shown in Fig. 6.29. It can be seen from SEM image taken at magnification of

500X (Fig. 6.29a) that the coating cross-section is rough.
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Fig. 6.28 FE-SEM micrographs and EDAX surface analysis of HA-30 wt% Al,03 coating after
immersion in SBF for 20 days: (a) at 200X; (b) at 400X; (c) at 6000X and (d) EDAX
surface analysis of (c)
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Figure 6.29b and ¢ show the cross-sectional images taken at higher magnification ¢
2500X from different locations. It can be seen from these inrlages that some craters have beer
formed in the cross-section of coating after immersion in SBF for 1 day. The fornﬁation o
craters might be due to dissolution of amorphous phases. Higher ‘ro'gghness of coating cross
sections suggests. that the dissolution of amorphous phases took place in very first day o
immersion in SBF. The cross-sectional morphology of HA-30 wt% Al,0O; coating after immersiol
in SBF for 5 days is shown in Fig. 6.30a, while Fig. 6.30b and c show the ;ros§-sectiona

morphology of HA-30 wt% Al,O5 coating after immersion period of 10' days.

HY [Mag] WD | Detl HFv V' Mag | WD Det

20.0kV|500)(l1O 2 mm LFD\L 3 k\/i”‘SOCY 10 0 mm LFD

et
QO mm LFD

Fig. 6.29 FESEM showing cross-sectional morphology of HA-30 wt% Al,Os coating af*
immersion in SBF for 1 day at different magnifications: (a) at 500X; (b) at 25°

and (c) at 2500X from different location
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Aftér immersion period of 5 days in SBF the cross-section show similar morphology as
shown by coating after immersion period of 1 day (Fig. 6.29), which suggest that dissolution of
amorphous phases continued for immersion period of 5 days in SBF. The SEM image shows that
cross-section of coating is rough with presence of craters. The cross-sectional morphology of
HA-30 wt% A|203coating after immersion in SBF for 10 days at magnification of 400X and 800X
is shown in Fig. 6.30 b and c respectively. It can be seen from Fig. 6.30b that the precipitation of
tiny particles occurfed at coating as well as substrate after immersioh in SBF for 10 days. The
magnified image of cross—sectioq at 800X is shown in Fié. 6.30c, which reveal that the coating

cross-sectiop is completely covered with minute precipitates.
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Fig. 6.30 FESEM showing cross-sectional morphology of HA-30 wt% Al,03 coating after
immersion in SBF: (a) for 5 days at 800X; {b) for 10 days at 400X and (c) for 10
days at 800X
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The cross-sectional morphology of HA coating after immersion in SBF for 15 and 20 days
is shown in Fig. 6.31a and b respectively. The SEM images of cross-section of HA coating after
immersion in SBF for 15 dayé show that coating cross-section is completely covered with
minute precipitates (Fig. 6.31a). The SEM image of cross-section and surface of HA coating after
immersion in SBF for 20 days is shown in Fig. 6.31b. The coating surface shows rough
morphology. By carefully examining the cross-section of HA coating after immersion period of
20 days in SBF it can be seen that tiny precipitates are present on the cross-section. ™.

By examining the coating surface and cross-sections it can be concluded fhat the
dissolution of amorphous phases started after immersion period of 1 day and dissolution took
place up to immersion. period of 5 days, thereafter the precnpltatlon of tiny particles from SBF to
coating as well as titanium (substrate) surface started and this phenomenon occurred through

‘out the immersion period of 20 days.
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Fig. 6.31 FESEM showing cross-sectional morphology of pure HA éoaﬁng after immersion

in SBF: {a) for 15 days at 400X and (b) at for 20 dayS 600X. -

6.2.5.2 X-ray diffraction analysis of coatings after immersion in SBF

«

The rinsed and dried specimens after immersion tests in SBF were subjected to X-ray
diffraction analysis and XRD patterns of pure HA, HA-10 wt% Al,03, HA-20 wt% Al,03 and HA-30
wt% Al,O; after immersion test for 5, 10, 15 and 20 days are shown in Fig.6.32 to Fig. 6.35
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respectively. The as-sprayed coatings contain amorphous phases such as tri-calcium phosphate,
tetra-calcium phosphate and CaO as can be seen from Fig. 6.32a, 6.33a, 6.34a and 6.35a. The
respective position of these amorphous phases in XRD plots has already been stated in section
4.2.6 of Chapter 4.

7 ~ The X-ray diffraction pattern of pure HA cbating after immersion period of 5, 10, 15 and
20 days is shown in Fig. 6.32. It can be seen from XRD pattern that tetra-calcium phosphate
(TTCP) is present in the ‘coating, whereas all other amorphous phases are absent after
immersion period of 5 days. The coatings after immersion test for 10 days or more in SBF do
not contain any amorphous phases (Fig. 6.32c-e) , which are generally present in original
plasma sprayed hydroxyapatite coatings. The amorphous phases have a tendency to get
dissolved in physiological solutions. Absence of amorphous phases in XRD pattern of coatings

after immersion for 10 or more days may be due to dissolution of these phases in SBF.
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Fig 6.32 X-ray diffraction patteren of pure HA coating (a) as coated; after immersion test

for:(b) 5 days; (c) 10 days; (d) 15 days and (e) 20 days
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The XRD pattern of HA-10 wt% Al,0; coating after different immersion periods is shown
in Fig.6.33. The amorphous phases such as a-tri-calcium phosphate (a-TCP), B-tri-calcium
phosphate (B-TCP), tetra-calcium phosphate (TTCP) and CaO can be seen in as-sprayed coatings
(Fig. 6.33a). TCP and CaO phases are absent in the coatings after immersion period of 5 days,
whereas TTCP shows its presence as can be seen from Fig. 6.33b. Aluminum oxide (Al,03) can
be seen near 57° (28) in XRD pattern of coatings (Fig. 6.33a, ¢ and e). After immersing the
coatings for a period more than 5 days, XRD pattern do not show any peak corresponding to

amorphous phases.
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Fig 6.33 X-ray diffraction patteren of HA-10 wt% Al,0; coating (3a) as coated; after
immersion test for:(b) 5 days; (c) 10 days; (d) 15 days and (e) 20 days ‘
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The XRD pattern of HA-20 wt% Al,O3 and HA-30 wt% Al,O; after immersion in SBF for
different periods is shown in Fig. 6.34 and 6.35 respectively. It can be seen from XRD pattern of
HA-20 wt% Al;03 coatings (Fig.6.34) that after immersion in SBF for 5 days TTCP is present,
while other amorphous phases are absent. The XRD pattern of HA-30 wt% Al,O; coating after
immersion (Fig. 6.35) does not contain any amorphous phases aftef 'immersion period of 5 days
or more. From XRD pattern Al,0; peaks can be seen around 43° and 57° (20) in Fig. 6.34a, b, d,
e and Fig. 6.35a-e respectively. By analyzing XRD patterns of all coatings after immersion for
different period in SBF, it can be concluded that amovrphous phases are absent in the XRD

pattern of coatings after immersion period of 10 days.
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Fig 6.34 X-ray diffraction patteren of HA-20 wt% Al,Oz coating (a) as coated; after

immersion test for:(b) 5 days; (c) 10 days; (d) 15 days and (e) 20 days
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HA-30 wt% Al,O3 coating
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Fig 6.35 X-ray diffraction patteren of HA-30 wt% Al,035 coating (a) as coated; after

immersion test for:(b) 5 days; (c) 10 days; (d) 15 days and (e) 20 days

6.2.5.3 FTIR anélvsis of coatings after immersion in SBF

The FTIR plots for plasma sprayed pure HA, HA-10 wt% Al,05, HA-20 wt% Al,03 and HA-
30 wt% Al,05 coatings after immersion in SBF for designated time period are shown in Fig. 6.36
to Fig. 6.39 respectively. It can be seen from FTIR spectra of pure HA coatings after immersion
in SBF (Fig. 6.36) that carbonate group (COs”) is present 2386 cm™ in the spectrum of HA
coating after immersion period of 5 and 10 days (Fig. 6.36a-b), whereas it can be seen at 2364

cm™ for the coating after immersion period of 15 and 20 days (Fig. 6.36c-d). The intensity of
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peak corresponding to carbonate group is found to increase with increase in immersion period.
The hydroxyl group (OH’) is present at varying locations in FTIR spectrum of HA coatings after
imrﬁersion in SBF for different time spans. It can be seen at 3764 cm™, 610 cm™; 3655 cm™, 635
cm'l; 3677 cm™, 618 cm™ and 3655 cm™, 613 cm ™ for HA coating after immersion period of 5,
10, 15 and 20 days respectively (Fig. 6.36a-d).

The PO4> group can be seen at 569 cm®, 657 cm™*, 975 cm™ and 1090 cm™ in FTIR
spectrum of HA coating after immersion period of 5 days, whereas it can be seen at 560 cm™,
579 cm™, 972 cm™ and 1040 cm™ in FTIR spectrum of HA coatings after immersion period of 10
days. In FTIR spectrum of HA coating after immersion period of 15 days PO,> can be observed
at 576 cm™, 678 ecm™®, 953 cm™?, 1008 cm™ and 1106 cm™, whereas in FTIR spectrum of HA
coating after immersion period of 20 days it can be observed at 569 cm™, 657 cm™?, 970 cm™,
1050 cm™ and 1095 cm™.

The FTIR spectra for HA-10 wt% Al,Os coatings after immersion in SBF for different time -
periods are shown in Fig. 6.37. It can be seen from Fig. 6.37 that carbonate group is present at
2352 cm?, 2386 cm‘l, 2364 cm ™ and 2396 cmin spectrum of HA-10 wt% Al,Os coatings after
. immersion period of 5, 10, 15 and 20 days respectively. The most intense peak corresponding
to COs” is present in FTIR spectrum of coating for immersion period of 15 days (Fig. 6.37c). The
hydroxyl group (OH'} can be seen at 3578 cm?, 613 cm?; 3570 em™, 603 cm™; 3578 em™, 603
cm™” and 3556 cm™, 610 cm™'in FTIR spectra of HA-10 wt% Al,O5 coating after immersion in SBF
for 5, 10, 15 and 20 days respectively.

In FTIR spectrum of HA-10 wt% Al,O; coating after immersion in SBF for a period of 5
days PO,>can be seen at 560 cm?, 635 em™, 947 cm™, 1018 cm™ and 1095 cm™, whereas after
immersion period of 10 days it can be seen at 560 cm™, 635 ¢cm™, 1059 cm™ and 1130 cm™. The
phosphate group can be seen at 560 cm™, 635 cm™?, 963 cm™®, 1050 cm™ and 1106 cm™ in FTIR
spectrum of coating after immersion period of 15 days, whereas it can be seen at 560 cm™, 635
cm™?, 953 cm™®, 2018 cm™ and 1116 cm™ in FTIR spectrum of coating immersed for a period of

20 days.
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em™: 3611 cm™, 590 cm™; 3611 cm™, 613 cm™ and 3635 cm™?, 613 ecm™ for HA-20 wt% Al,05

Sy s

days; (b} 10 days; 15 days and (d) 20 days

The FTIR spectra for HA-20 wt% Al,03 coating after immersion for different time spans
are shown in Fig. 6.38. It can be seen from the spectra that carbonate group is present at 2364
em™ and 2352 cm™ for coating after immersion period of 5 and 16 days respectively, whereas it
is present at 2384 cm™ for coatings after immersion period of 15 gnd 20 days. The most intense
peak of carbonate group (COs*) can be seen at 2384 cm™ in' spectrum of coating after

immersion period of 15 days (Fig. 6.38c). Hydroxyl group can be observed at 3644 cm™, 635

coating after immersion period of 5, 10, 15 and 20 days respectively.
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Fig. 6.37 FTIR spectra for plasma sprayed HA-10 wt% Al,O3 coating after immersion in SBF

for: (a) 5 days; (b) 10 days; 15 days and (d) 20 days

In Fig. 6.38, the phosphate group can be seen at 547 cm™, 690 cm™, 953 cm™, 1018 cm™
and 1050 cm™ in FTIR spectrum of HA-20 wt% Al,0; coating after immersion in SBF for 5 days,
whereas it is present at 547 cm™, 657 cm™, 970 cm™, 1018 cm™ and 1073 cm™ in FTIR spectrum
of coating after immersion period of 10 days. In FTIR spectrum of HA-20 wt% Al,O; coating after
immersion period of 15 days PO,> can be seen at 560 cm™, 657 cm™, 930 cm™ and 1095 cm™,

whereas it is present at 560, cm'l, 635 cm"l, 955 cm™ and 997 cm™ for coating immersed in SBF

for 20 days.
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Fig. 6.38 FTIR spectra for plasma sprayed HA-20 wt% Al,05 coating after immersion in SBF

for: (a) 5 days; (b) 10 days; 15 days and (d) 20 days

The FTIR spectra of HA-30 wt% Al,O; coatings after immersion in SBF for 5, 10, 15 and

20 days are shown in Fig. 6.39. It can be seen t.hat carbonate group is present at 2364 cm™ in
FTIR spectra of coatings after immersion period of 5, 10 and 20 days (Fig. 6.39a, b and d),
whereas it can be seen at 2360 cm™ in FTIR spectfum of coating for immersion period of 15
days (Fig. 6.39c). Hydroxyl group show its presence at 3677cm™, 650 cm™; 3646 cm™, 603 cm™;
3633 cm™, 603 cm™ and 3644 cm'l, 610 cm™ in FTIR spectra of HA-30 wt% Al,Os coatings after

immersion in SBF for 5, 10, 15 and 20 days respectively (Fig. 6.39a-d).
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for: (a) 5 days; {b) 10 days; 15 days and (d) 20 days

FTIR spectra for plasma sprayed HA-30 wt% Al,0; coating after immersion in SBF

Phosphate group (PO4>) in FTIR spectrum of HA-30 wt% Al,03 coatings after immersion

oeriod of 5 days (Fig. 6.39a) can be seen at 530 cm™, 690 cm™, 970 cm’?, 1051 em™ and 1116
m™, whereas it can be seen at 550 cm™, 670 cm™, 980 cm™, 1051 cm™ and 1140 cm™ in FTIR
pectrum of coating after immersion period of 10 days (Fig. 6.39b). In FTIR spectrum of HA-30
1% Al,O3 coating after immersion in SBF for 15 days (Fig. 6.39¢), PO, can be seen at 550 cm ™,

90 cm™, 980 cm™, 1060 cm™ and 1116 cm™, whereas it can be observed at 570 cm™, 657 cm™,

Yem™?, 1060 cm™?, 1138 emtin coating immersed for 20 days (Fig. 6.39d).
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6.3 DISCUSSION

The bare and coated specimens were evaluated for corrosion resistance by various
electrochemical techniques in simulated body fluid environment maintained at pH 7.4 and 37°C
to imitate actual body fluid conditions. After analyzing the results obtained from
electrochemical tests on plasma spray coated and bare specimens, it was found that all the
coatings are protective in nature and are able to reduce corrosion current densitx} as compared
to bare specimens. The corrosion current density of titanium is almost three times lower than
that of AISI 316L SS, whereas corrosion current density of pure HA coating varies in a close
range irrespective of substrate, which suggests that metallic substrate did not come in contact
with electrolyte (SBF) during electrochemical testing. The results of corrosion studies obtained

in present investigation for pure HA coatings are in close agreement with the findings of Fathi

WEF
i

in present investigation corrosion current density for plasma sprayed pure HA‘Coatings

¥

has been measured in the range varying from 6.7 to 11.2 nA/cm® Chen et al., (2004) studied

et al., (2003).

corrosion resistance of plasma sprayed HA coatings in SBF using potentiodynamic polarjzation
tests and reported a corrosion current density of 250%70 nAjcm?. Lee at al., (2005) élso
reported corrosion current density of 14640 nA/cm® for plasma‘sbrayed HA coatir;és using
potentiodynamic polarization experiments in SBF. The results obtained for plasma sf)réYed HA
coatings in present study are in close agreement with findiﬁgs of Chen et al., (2004) and Lee et
‘al., (2005). Morks et al., (2008] deposited HA-15 wt% SiO,-10 wt% Ti by plasma spraying onto
SUS 304 SS by varying plasma gas flow rate during spraying and investigated their corrosion ,
behavior in SBF. They reported corrosion current density of 9+3 pA for gas flow rate of 170
[/min. | |

Souvsa and Barbosa, (1995} conducted a study on plasma sprayed HA coatings on 350 SS
for corrosion behavior in Hank’s balanced salt solution (HBSS) aﬁd reported that both thicker
(200 um) as well as thinner (50 um) HA coatings offered better corrosion protection as
compared to bare stainless steel and did not induce crevice attack at substrate-coating
interface. Souto et al.,, (2003) investigated the corrosion behavior of plasrﬁa sprayed HA

coatings on Ti-6Al-4V in Ringer’s salt solution using electrochemical impedance spectroscopy

253



and reported that after exposure for 4 months jto Ringer’s solution, no evidence of coating
detachment from metallic substrate was observed. They suggested that coated system can
withstand longer exposure periods in Ringer’s solution.

Three HA powders with different sizes and morphologies (needle, flake and spherical
shaped) were electrophoretically deposited onto Ti-6Al-4V alloy and their corrosion resistance
in Hank’s physiological solution was compared by Kwok et al.,, (2009). They reported that
coatings were more protective as compared to as-received alloy in terms of corrosion current
density. Moreover coating deposited by spherical powder particles offered better corrosion
resistance than coating deposited by other two powders (needie and flake shaped). The
corrosion current densities (in present study) determined for plasma sprayed HA coatings in
SBF using potentiodynamic polarization test was almost 100 times lower than quoted by Kwok
et al., {2009) for electrophoretically deposited HA. This might be due to higher coating thickness
of plasma sprayed coatings and absence of network of cracks and through pores due to which-
the electrolyte might not come to contact with metallic substrate.

Qiu et al.,, (2010) deposited HA-ZrO; composite coating on NiTi using electrochemical
technique and studied its corrosion behavior in SBF using potentiodynamic polarization test and
concluded thaf corrosion current density was least for HA-ZrO, composite coating followed by
HA coating and NiTi alloy. In present study least corrosion current density is recorded for pure
HA coétings however, all the coatings are protective and offered better corrosion resistance
than uncoated substrates.

In present study presence of alumina in HA coating does not affected the
biocompatibility of HA in SBF. Tercero et al., (2009) cultured the human fetal osteoblast cells on
three types of coating (HA, HA-20% Al,03 and HA-18.4% Al;0;-1.6% CNT) developed by plasma
spraying process. They reported that addition of rein%‘orcement had no negative effect on the
biocompatibility of coating, moreover Al;03 particles were reported to retain their bio-inertness
without affecting the biocompatibility of HA.

Xie et al., (2009) deposited Ca0-Zr0O,-Si0; coatings on Ti-6Al-4V substrate by plasma
spraying process and studied their behavior in SBF for incubation period of 14 days. They

reported formation of apatite on coating surface after immersion in SBF, which implies that the
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coating possesses potential to chemically bond with bone tissue. Formation of apatite on the
coating after immersion period of 15 and 20 days in SBF in present study matd{es with the
indings of Xie et al., (2009). '

In the present study the change of weight of coated specim_e_n aft'er immersion in SBF for
lifferent time periods is in close agreement with the calcium ion concentration in SBF after
‘espective time period. Dissolution of amorphous phases leads to increase in Ca** ion
concentration and can be clearly seen after immersion period of 10 days for HA-.10 wt% Al,Os3
coating (Fig. 6.8) and after immersion period of 5 days for HA-20 wt% Al,O3 (Fig. 6.9).
Dissolution of impurity phases and as a consequence, an increaSe fn Ca’* ion concentration
after soaking for 7 days has been reported by Gu et al., (2003).

| Thé morphology of plasma s_prayed coatings after immersion in SBF for 1 day (Fig. 6.11-
6.12 and 6.29) show dissolution of some phases present in plasma sprayed HA coatin}fg leading
to surface with increased roughness, forrhation of cracks, pores and craters. In géﬁéfah after
immersion in SBF for 5, 10, 15 and 20 days (Fig. 6.13-6.28 and Fig. 6.30-6.31), the disﬁblution of
undesirable phases and formation of nano-crystalline phase due to precipitafioh bf apatite
phase was observed. '

It can be inferred from XRD plots of coatings (Fig. 6.32-6.35) after immersior_\_ |n SBF for
different time periods that most of the amorphous phases inc|udi_.ng tri-calcium phgf%phate and
CaO get dissolved within 5 days of immersion leaving some tetrafcélcium phosphatei, however -
after immersion period of 10 days, peaks corresponding to tetra-calcium phosphate are absent
in XRD plots. The dissolution of amorphous phases and precipitation of apatite took place
simultaneously, which can be visualized as the coexistence of ro’ggher surface iand precipitates
of apatite on coatings. It can be seen from Fig. 6.13 and Fig 620 that an apatite layer has
covered whole of the pure HA coating within 5 days of immersioﬁ in SBF and that of HA-30 wt%
Al,03 coating after immersion pefiod of 10 days respectively. ’ |

The increase in intensity of hydroxyl and phosphate group ih FTIR plofs as cah be seenin
Fig. 6.36-6.39 indicates development of crystalline apatite' layer on the surfa}ce of coating after
immersion in SBF. The increase in intensity of carbonate group might be due to precipitation of

carbonate ions on the surface of coating during immersion in SBF. Hesse et al, (2008)

)
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conducted incubation experiments on plasma sprayed HA coatings for a period up to 8 weeks in
simulated t;Ody fluid and reported the change in phase compaosition of coatings after incubation
as CaO and amorphou§ calcium phosphates dissolved, whereas fine-grained. HA crystallized on
the surface of coatings. Once the dissolution of ceramic coating (coating containing HA and
- other amorphous phases) commences in SBF, super-saturation reaches rapidly as SBF already
contains a high concentration of free calcium and phosphate ions. About 9% dissolution of
amorphous calcium phosphate has been reported after immersion period of 21 days in SBF by
Etok and Rogers, (2005). Ding et al., (2000) reported that during early stages of immersion,
rapid dissolution of amorphous calcium phosphates and precipitation of apatite phase are
dominating.

In present work tortoise shell like morphology on the surface of HA coatings have been
seen after immersion in SBF for 5 days and on the surface of HA-10 wt% Al,Os coating after
soaking period of 15 days in SBF as shown in Fig. 6.13 and Fig. 6.22 respectively. The similar
findings have been reported by Yu et al., (2003) for as-sprayed and spark plasma sintered HA
coatings developed by plasma spraying after soaking period of 12 days in SBF and by Chen et
al., (2010} for plasma sprayed silver-containing HA coating after soaking in SBF for 7 days.

Li et al.,, (2009) investigated the behavior of HA-ZrO, graded coatings in SBF for
incubation period ranging from 3 to 30 days. They observed some single crystais and clustered
ball-like parﬁcles on the surface of coating after incubation period of 3 days with rapid increase
in calcium ion concentration in SBF for initial days of immersion, which has been attributed to
dissolution of tri-calcium phosphate. They further reported that with increase in immersion
time, the number of these ballflike particles increased until the surface was completely covered
with newly formed layer of small granular structure. Similar structure was developed on surface
of HA coating after 20 days of incubation period in SBF in present investigation as shown in Fig.
6.25. Li et al. (2009) reported decrease in calcium ion concentration and confirmation of the
nucleation of apatite layer from the solution, which is in close agreement with the findings of
present study.

Svetina et al., (2001) reported the deposition of calcium ions and formation of

phosphate layer is crucial to initiate the growth of bone-like apatite on biocompatible implants.
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Morks and Kobayashi (2008) reported that surface morphology of plasma sprayed ZrO,-SiO;
coating showed spreading of fine particles after immersion period of 20 days in SBF. EDAX
analysis confirmed these particlés as apatite. They concluded that growth of apatite on ceramic
coating is a positive indication for growth of apatite layer with finé structure on the surface of
Zr0,-SiO; coatings.

Beherei et al., (2008) developed HA-calcium aluminate (CA: 5, 10, 15 and 20 wt%)
biocom'posite by pressing and annealing at 1250 and 1350°C and studied their behavior in SBF
for a soaking period of 7 days. They reported formation of new layer on the whole of the
surface of annealed (at 1250°C) composite containing 20 wt% CA. In present investigation the
similar coating morphology is obtained after immersion period of 20 days in SBF on surface ¢
pure HA coating as shown in Fig. 6.25. By comparing these results, it can be well said th:
calcium aluminate promoted the early apatite formation. Beherei et al., also suggQ§§ed th;
composite containing 15 and 20 wt% CA has high ability to form apatite layer on their i{i}rface.

b

6.4 CONCLUSIONS

3

The electrochemical properties of coatings were studiéd in simulated bodyi‘;fluid by
linear polarization, potentiodynamic polarization and Tafel polarization techni%ﬂ}s. ‘The
precipitation/dissolﬁtion behavior of coatings in SBF was studied for an immersion pcre';fod of 5,
10, 15 and 20 days. The detailed results have been discussed in ;urrent Chapter of this study.
The conclusions drawn from results are presented hereunder:

1. The results obtained from linear polarization resistance test showed that the £9rrosion
current densities of all the coatings on AISI316L and titanium Wére much lower thaﬁ that of
respective substrate. The corrosion current density offered by aijl the coatings was found to
be in range of 0.006 uA/cm2 to 0.053 uA/cmz. The corrosion resistance of coatings and
substrate observed the following sequence:

I. AISI 316L substrate

Pure HA > HA-10 wt% Al,03 > HA-20 wt% Al,0O3 > HA-30 wt% Al,03 > Substrate
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}I. Titanium substrate
Pure HA > HA-20 wt% Al,O3 > HA-10 wt% Al,Os > HA-30 wt% Al,O3 > Substrate
2. The potentiodynamic polarization resistance test showed similar results as shown by linear
polarization test in reference to corrosion current densities. The corrosion current densities
of all the coatings on AISI316L and titanium were found to be much lower than that of
respective substrate. The least corrosion current density for both substrates was offered by
pure HA coating, moreover the maximum variation in current densities offered by composite
coatings was around 45 nA/cm?The corrosion current density of coatings and substrate
observed the following sequence:
. AISI 316L substrate
Pure HA > HA-30 wt% Al,03 > HA-20 wt% Al, 05 > HA-10 wt% Al,O3 > Substrate
Il. Titanium substrate
Pure HA > HA-10 wt% Al,03 > HA-20 wt% Al,03 > HA-30 wt% Al,Oz > Substrate
3. The results obtained from Tafel polarization test showed that the corrosion current densities
of all the coatings on AISI316L and titanium were much lower than that of respective
substrate. The least corrosion current density for both substrates was offered by pure HA
coating, moreover the maximum variation in current densities offered by compo_site coatings
was about 30 nA/cm?® The corrosion resistance of coatings and substrate observed the
following sequence: |
i. AISI 316L substrate
Pure HA > HA-30 wt% Al,05 > HA-20 wt% Al, O3 > HA-100 wt% Al,03 > Substrate
Il. Titanium substrate
Pure HA > HA-10 wt% Al,O3 > HA-20 wt% Al,Os > HA-30 wt% Al;Os > Substrate
4. The precipitation/dissolution behavior (weight gain/loss) of coatings after immersion in SBF
for 5, 10, 15 and 20 days at controlled temperature of 37+1°C is summarized as under:

I. Pure HA coatings
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10 days > 5 days > 20 days > 15 days: weight was gained by coatings for all period of
immersion
. HA-10 wt% Al,0O3 coatings
15 days > 5 days > 20 days > 10 days: Weight was lost by coating after immersion period
of 10 days and gained by coatings for all other periods of immersion
. HA-20 wt% Al, O3 coatings
15 days > 10 days (no wt. change) > 20 days > 5 days: weight was lost by coati.ng after
immersion period of 5 and 20 days and gained after immersion period of 15 days
iv. HA-30 wt% Al,O; coatings |
20 days > 5 days > 15 days > 10 days: weight was gained by coatings for all period of
immersidﬁ ‘ e
5. The concentration of Ca®* ion concentration i.n SBF (decrease/increase) after i}(ﬁ%ersion
period of 5, 10, 15 and 20 days at controlled temperature of 37+1°C is summarized a;s» under:
I. Pure HA coatings
5 days < 20 days < 15 days < 10 days: Ca®"ion concentration decreased for all immersion

periods as compared to Ca’" ion concentration in starting SBF

. HA-10 wt% Al,O; coatings‘
15 days < 20 days < 5 days <10 days: Ca** ion concentration increased for immersion
period of 10 days and decreased for immersion period of 5, 15 and 20 days as compared
to Ca®" ion concentration in starting SBF
. HA-20 wt% AlL,O; 'co_atings . »t;;
15 days < 10 days < 5 days < 20 days: Ca’’ ion concentratiio-n decreased for imimersion
period of 15 days and increased for immersion period of 5, 10 and 20 days as cémpared

to Ca’" ion concentration in starting SBF

Iv. HA-30 wt% Al,0;3 coatings
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5 days < 10 days < 20 days < 20 days: Ca®* ion concentration increased for immersion
‘period of 15 days and decreased for immersion period of 5, 10 and 20 days as compared
to Ca* ion concentration in starting SBF
6. All the amorphous phases get dissolved in SB-F within first day of immersion, whereas
precipitation/dissolution was observed on coating after immersion period of 5 dayﬁ. the
précipitation of new tiny particles on coatings as well as substrate was observed after
immersion period of 10, 15 and 20 days in SBF.
7. Absence of peaks corresponding to amorphous phases in XRD plots suggests dissolution' of
amorphous phases and from FTIR plots, increase in intensity of hydroxyl, phosphate and

carbonate group suggests precipitation of apatite.
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Chapter 7
POST COATING HEAT TREATMENT

This chapter deals with the results and discussion of plasma sprayed HA and HA
composite coated specimens after post coating heat treatment. Post coating heat treatment
was carried out to recrystalliie the amorphous phases of calcium and phosphorous genefated
during plasma spraying of hydroxyapatite. The present work has been focused to compare the
effect of post coating heat treatment temperature on properties of the coatings for hdlding

time of 2h.

7.1 INTRODUCTION

In the present chapter the characterization of post coating heat treated specii‘:rfier]s has
been described. The coated specimens were heat treated at 500°C, 700°C and 900°é‘?for:"2h' in
air. It includes the results related to surface morphology and phase analysis of coated
specimens after post coating heat treatment using field emission scanning electron
microscopy/energy dispersive X-ray (FE-SEM/EDAX), X-ray diffraction (XRD) and . FTIR
techniques. The detailed experimental procedure is explained in Chapter 3 of present stdy. |

S
A

7.2 RESULTS

7.2.1 Surface Morphology and EDAX Analysis of Post Coating Heat Treated Specimens

FE-SEM micrographs along with EDAX point analysis of some of post éoatihg,heat
treated specimens at 500°C, 700°C and 900°C for 2h in air are shown in Fig. 7.1 to Fig. 713 As
compared to as sprayed coatings, the surface morphology of post coating heat trt—:;ated
specimens show wide open cracks. The delamination of coating is not observed after post
coating heat treatment. The opening of cracks might be due to recrystallization of amorphous
phases of calcium phosphate to crystalline hydroxyapatite. The amorphous phases have loose
packed structure, while crystalline phases have close packed structure. The reduction in volume

due to recrystallization might have {ed to production of cracks in coating.
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Surface morphology along with EDAX analysis of pure HA coated AISI 316L SS before and
after post coating heat treatment is shown in Fig. 7.1. Wide cracks can be seen in the surface
morphology of post coating heat treated specimens (Fig. 7.1b-d). The EDAX analysis at different
points indicates mainly the presence of coating elements i.e. Ca, P and O with negligible
amount of substrate elements. it can be revealed from Fig. 7.1b that after post coating heat
treatment at 500°C no substrate element is detected in EDAX analysis. However, traces of
substrate elements {less than 1%) can be seen in EDAX point analysis of coatings after heat
treatment at 700°C and 900°C (Fig. 7.1c-d).

Surface morphology along with EDAX anlysis of pure HA coated AISI 316L SS with bond
coat of Al;03-13 wt% TiO;, before and after post coating heat treatment is shown in Fig. 7.2.
EDAX point analysis presents a similar trend as that for post coating heat treated specimens
without bond coat (Fig. 7.1) for elemental distribution. No substrate element has been detected
by EDAX point analysis of post coating heat treated sp(;cimen at 500°C (Fig. 7.2b), however
traces of substrate elements can be observed in EDAX .point analysis of coating after post
coating heat treatment at 700°C and 900°C (Fig. 7.2 c-d).

SEM micrographs and EDAX point analysis of HA coated titanium without bond coat and
with bond coat before and after post coating heat treatment are shown in Fig. 7.3 and Fig. 7.4
respectively. No substrate element (titanium) has been observed in EDAX point analysis of post
coating heat treated specimens at 500°C for 2h as can be seen in Fig. 7.3b and Fig. 7.4b. Traces
of titanium can be observed at point 5, 6 and 8 in Fig. 7.3 and at point 5, 6, 7 and 8 in Fig. 7.4
respectively. '

SEM micrographs and EDAX point analysis of HA-10 wt% Al;0z coated AISI 316L SS
without and with incorporation of bond coat are shown in Fig. 7.5 and Fig. 7.6 respectively. It
can be observed from EDAX point analysis (Fig. 7.5) that as coated and post coating heat
treated specimen at 500°C do not contain any substrate elements, however post coating heat
treated specimens at 700°C and 900°C contain traces of substrate elements. Varying amount
(wt%) of constituents of reinforcement (Al) can be seen at different points in EDAX point
analysis of coatings. EDAX point analyses reveal the presence of 6.50 wt% and 6.73 wt% Al at
point 1 and point 2 in Fig. 7.5a, 1.39 wt% and 3.67 wt% at point 3 and point 4 in Fig. 7.5b, 3.42
wt% and 3.81 wt% at point 5 and point 6 in Fig. 7.5¢c and 4.02 wt% and 1.35 wt% at point 7 and
point 8 in Fig. 7.5d respectively. It can be seen from EDAX analysis that coating consists of
elements mainly of hydroxyapatite i.e. Ca, P and O. It can be seen from EDAX point analysis (Fig.

7.6) that as coated and post coating heat treated specimen at 500°C for 2h mainly contain
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coating elements, however post coating heat treated specimens at 700°C and 900°C for 2h
contain traces of etements of bond coat (Al,03-13 .wt%TiOZ). It can be revealed from EDAX
analysis that varying amount of Al is present with minimum amount of 0.54 wt% at point 7 (Fig.
7.6d) and maximum amount of 10.02% at point 6 (Fig. 7.6c) respectively.

figure 7.7 and 7.8 show the SEM micrographs and EDAX point analysis of HA-10 wt%
Al,O3 coated titanium without and with incorporation of bond coat (@I203-13 wt%TiO;)
respectively. Itv can be seen from Fig. 7.7 that as sprayed and post coating heat treated
specimens without bond coat do not contain substrate elements except at point~6.(0.,23 wt% Ti)
in Fig. 7.7c. It can be seen from EDAX point analysis the minimum amount of Ca (42 wt%) is
present at point 1 and 6, whereas maximum amount of Ca (52.91 wt%) can be seen at point 4
respectively. The amount of P vary with minimum amount of 8.25 wt% at point 3 and maximum
arho‘unt of 25.88 wt% at point 4, whereas Al vary between 0.21 wt% at point 1 and 18.31 wt%
at point 3 respectively. Figure 7.8 illustrate as sprayed and post coating heat treated HA-10 wt%
Al,03 coated titanium with incorporation of bond coat. EDAX analysis presents a srmllarﬁtrend as
that for coating wrthout mcorporatlon of bond coat (Fig. 7.7}, however a very high amount of Al
(39.72 wt%) can be seen at point 7 in Fig. 7.8d. No substrate element is observed in coatlngs
after post coating heat treatment at 500°C, 700°C and 900°C for 2h.

SEM micrographs and EDAX point analysis of HA-20 wt% Al,0O3 coated AISI 316L SS and
titanium with incorporation of bond coat are shown in Fig. 7.9 and Fig. 7.10 respectrvely lt can
| be observed from Fig. 7.9 that as sprayed and post coating heat treated (at 700°C and 900°C)
specimens with incorporation of bond coat contain traces of substrate elements, whereas no
substrate elements are observed in post coating heat treated specrmens at 500°C for 2h. it can
be seeh'from EDAX point analysis the minimum amount of Ca (34.68 wt%) is present at point 5,
whereas maximum amount of Ca (68.99 wt%) can be seen at point 1 -respectively The amount
of P vary with minimum amount of 6.28 wt% at point 1 and maxumum amount of 22.79 wt%
at point 3, whereas Al vary between 0.24 wt% at point 2 and 12.22 wt% at point 5 respectlvely
SEM micrographs and EDAX point analysis of HA-20 wt% A|203.- coated tltaNlUm«.Z;rWIth »
incorporation of bond coat are shown in Fig. 7.10. It can be observed from EDAX analysj's?%'that

traces of titanium (substrate) are present in as sprayed as well as pbst coating heat treated
| specimens at 700°C and 900°C for 2h, however substrate element is not present at point 6 in
Fig. 7.10c for post coating heat treated specimen at 700°C for 2h. No substrate element can be
seen at point 3 and 4 in post coating heat treated specimens at 500°C for 2h. EDAX analyses at

-different points show presence of coating elements i.e. Ca, P, Al.and O.
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Fig. 7.11

Surface morphology and EDAX point analysis from different spots on HA — 30

wt% Al,O3 coated AISI 316L SS : (a) as coated; (b) heat treated at 500° C for 2 hin

air; (c) heat treated at 700° C for 2 h in air and {d) heat treated at 900° C for 2 h

in air
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Fig. 7.12 Surface morphology and EDAX point analysis fromr.different spots on HA — 30

wt% Al,Os coated titanium (a) as coated; (b) heat treated at 500° C for 2 h in air;

(c) heat treated at 700° C for 2 h in air and (d) heat treated at 900° C for 2 h in air

Mo s s



7.2.2 X-Ray Diffraction Analysis of Post Coating Heat Treated Specimens

XRD diffractograms for coated AISI 316L SS and titanium with and without bond coat
“after post coating heat treatment at different temperatures in air for 2h are shown in Fig. 7.13
to Fig. 7.24. 1t can be seen from XRD diffractograms that peaks of substrate elements as well as
of bond coat elements are not present, which suggests.that after post coating heat treatment
considerable amount of diffusion/migration of elements from substrate or bond coat to top
coat did not occur. XRD patterns of as-sprayed coatings are shown in Fig. 7.13a to 7.24a (lower
most pattern in‘each Fig.). The presence of phases in as-sprayed coatings has been discussed in
detail in Section 4.2.6 of Chapter 4 of present study.

After post coating heat treatment at 500°C, 700°C and 900°C for 2h in air, the
amorphous phases such as a-tri-calcium phosphate (a-TCP), B-tri-calcium phosphate (B-TCP),
tetra-calcium phosphate (TTCP) and calcium oxide {CaQ) disappeared or got cdnverted into
crystalline hydroxyapatite. The sharp peaks with thin tales represent crystalline HA phase in Fig.
7.13 to Fig. 7.24. It can be observed from ng. 7.13 to 7.24 that after post coating heat
treatment, the intensity of HA peaks increase with increase in post coating heat treatment
temperature from 500°C to 900°C. The crystallinity of as-sprayed and post coating heat treated
specimens has been calculated in 20°-40° (20) range by following equation suggested by

LeGeros et al., (1994):

!
Crystallinity (%)= = x 100% (7.1)
> 4. +>4,
Where, ZAC is the sum of the areas under all crystalline HA peaks and ZAG is the sum

of the area under amorphous peaks. The percentage crystallinity of as sprayed coatings and
after post coating heat treatment at 500°C, 700°C and 900°C are presented in Table 7.1 to Table

7.12.
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Relative intensity (arbitrary unit)

Diffraction angle (20)

Fig. 7.13 X-ray diffraction pattern of pure HA coated AISI 3161 SS; (a) as—coéted} (b) post
coating heat treated at 500° C for 2h in air; {c) post coating heat treated. at-700°
C for 2h in air and {(d) post coating heat treated at 900° C for 2h in air

Table 7. 1 Crystallinity of pure HA coatings on AlSt 316L SS: as-sprayed and gfter post
coating heat treatment

Pure HA coating on AIlSI 3161 SS' as-sprayed | Heat Heat | Heat -

substrate treated at | treated at | treated at

500°C 700°C 900°C
Crystallinity (%) 72.6% 84.1% 90.7% 93.2%
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Fig. 7.14

Table 7.2

X-ray diffraction pattern of pure HA coated AISI 316L SS with Al,03-13 wt% TiO»

~bond coat: (a) as-coated; (b) post coating heat treated at 500° C for 2h in air; (c)
post coating heat treated at 700° C for 2h in air and (d) post coating heat treated
at 900° Cfor 2h in air

Crystallinity of pure HA coatings on AISt 316L SS with Al,03-13 wt% TiO, bond

coat: as-sprayed and after post coating heat treatment

Pure HA coating on A[SI 316L SS | as-sprayed | Heat Heat Heat

substrate with Al,0;-13 wt% TiO, ‘ treated at treated at treated at
- bond coat 500°C 700°C 900°C

Crystallinity (%) 74.2% 85.4% 92.6% 95.1%
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Relative intensity (arbitrary unit)

HA n
TTCP 1

a-TCP «a
Ca0 ¢

B-TCP B

Diffraction angle (20)

Fig. 7.15

X-ray diffraction pattern of pure HA coated titanium: (a) as-coated; (b)q p’bst

coating heat treated at 500° C for 2h in air; (c) post coating heat treated at 700°

C for 2h in air and (d) post coating heat treated at 900° C:-for 2hin air

Table 7. 3

heat treatment

o

Crystallinity of pure HA coatings on titanium: as-sprayed and after post coating

Heat .

Pure HA coating on titanium | as-sprayed | Heat ; Heat

substrate treatedat | treatedat | treatedat -
500°C 700°C 900°C

Crystallinity (%) 73.9% 84.2% 92.2% 93.5%
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Fig. 7.16

Table 7. 4

X-ray diffraction pattern of pure HA coated titanium with Al,03-13 wt% TiO,
bond coat: (a) as-coated; (b) post coating heat treated at 500° C for 2h in air; (c)
post coating heat treated at 700° C for 2h in air and (d) post coating heat treated
at 900° Cfor 2h in air

Crystallinity of pure HA coatings on titanium with Al,05-13 wt% TiO, bond coat:

as-sprayed and after post coating heat treatment

Pure HA coating on titanium | as-sprayed | Heat Heat Heat
substrate with Al,03-13 wt% TiO, treated at treated at treated at
bond coat 500°C 700°C 900°C
Crystallinity (%) 75% 84.1% 93.1% 94.3%
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Relative intensity (arbitrary unit)
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Diffraction angle (20)

Fig. 7.17

X-ray diffraction p'attérn of HA-10 wt% Al;03 coated AISI 316L SS: (a)'.,a_as-coated;

(b) post coating heat treated at 500° C for 2h in air; (c) post coating hea[téfg%’reated

at 700° C for 2h in air and (d) post coating heat treated at 900° C for 2h in air

Table7.5

post coating heat treatment

Crystallinity of HA-10 wt% Al,Oscoatings on AlSI

&

316L SS: as sprayed and after

)

HA-10 wt% Alzog coating on AIS) és-spréyed Heat Heat Heat =~

316L SS substrate | treated at treated at | treated at
500°C 700°C 900°C

Crystallinity (%) 76.4% 85.4% . 94.6% 96.2%
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Fig. 7.18 X-ray diffraction pattern of HA-10 wt% Al,Oscoated AIS)I 316L SS with Al,05-13
wt% TiO, bond coat: (a) as-coated; (b) post coating heat treated at 500° C for 2h
in air; (c) poSt coating heat treated at 700°.C for 2h'in air and (d) post coating
heat treated at 900° C for 2h in air

Table 7.6 Crystallinity of HA-10 wt% Al,Os coatings on AISI 316L SS With ALO3-13 wt% TiO,
bond coat: as-sprayed and after post coating heat treatment

HA-10 wt% Al,O; coated AISI | as-sprayed | Heat Heat Heat

316L SS with Al,03-13 wt% TiO, treated at treated at treated at

bond coat 500°C 700°C 900°C

Crystallinity (%) 76.6% 85.6% | 94.9%  97.3%
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Relative intensity (arbitrary unit)
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Fig. 7.19 X-ray diffraction pattern of HA-10 wt% Al,03 coated titanium: (a)'as—;:o;ated; (b)
post coating heat treated at 500° C for 2h in air; (c) post coating heat,treated at
700° C for 2h in air and (d) post coating heat treated at 900° C for 2h in air

Table 7. 7 Crystallinity of HA-10 wt% Al;0O3 coatings on titan_i;im: as-sprayed and after post
coating heat treatment | ' "

HA-10 wt% AlO; coated as;sprayed Heat Heat Heat .

titanium treated at | treated at | treated at

500°C 700°C 200°C

Crystallinity (%) 76.9% 85.3% 94.7%

97%
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Relative intensity (arbitrary unit)

HA n
TTCP 1

o-TCP o

B-TCP B

Ca0 x ALO, A

Fig. 7.20 X-ray diffraction pattern of HA-10 wt% Al,0; coated titanium with Al,O5-13 wt%

TiO, bond coat: (a} as-coated; (b) post coating heat treated at 500° C for 2h in

air; (c) post coating heat treated at 700° C for 2h in air and {d) post coating heat

treated at 900° C for 2h in air

Table 7.8 Crystallinity of HA-10 wt% Al,O3 coatings on titanium with Al,03-13 wt% TiO;

bond coat: as-sprayed and after post coating heat treatment

76.9%

HA-10 wt% AlLO; titanium with | as-sprayed | Heat Heat Heat

AlL03-13 wt% TiO; bond coat treated at treated at treated at
500°C 700°C 900°C

Crystallinity (%) 86.1% 95.3% 97.6%
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Relative intensity (arbitrary unit)
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Fig. 7.21

wt% TiO, bond coat: (a) as-coated; (b) post coating heat treated at 500°-C for 2h

in air; (c) post coating heat treated at 700° C for 2h in air and (d) bost coating

heat treated at 900° C for 2h in air

Table 7.9

bond coat: as-sprayed and after post coating heat‘t_featment

X-ray diffraction pattern of HA-20 wt% Al,03 coated AISI 316L SS w_iti;jé;:.A|203—13’

Crystallinity of HA-20 wt% Al,O3 coatings on AISI 316L SS with Al,0s-13 wt% TiO,

¥

-Heat

Heat:>

HA-20 wt% Al,O3; coated AISI| as-sprayed | Heat

316L SS with AlLOs-13 wt% TiO,; treated at treated at treat;ad at
bond coat 500°C 700°C 900°C
Crystallinity (%) 77% 86.5% 95.7% 97.9%

285




M HA n  oTCP a B-TCP B
M TICP T CaO x ALO, A
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. _ . --- - Diffraction angle (20)

Fig. 7.22 X-ray diffraction pattern of HA-20 wt% Al,0; coated titanium with Al,03-13 wt%
TiO; bond coat: {a) as-coated; (b) post coating heat treated at 500° C for 2h in
air; {c) post coating heat treated at 700° C for 2h in air and {d) post coating heat

treated at 900° C for 2h in air

Table 7. 10  Crystallinity of HA-20 wt% Al,Os coatings on titanium with Al,03-13 wt% TiO;

bond coat: as-sprayed and after post coating heat treatment

HA-20 wt% Al,O3 coated | as-sprayed | Heat Heat Heat
titanium with Al,03-13 wt% TiO, treated at. | treated at treated at
bond coat 500°C 700°C 900°C
Crystallinity (%) 77.1% 87% 95.9% 98.2%
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Relative intensity (arbitrary unit)

Diffraction angle (20)

Fig. 7.23 X-ray diffraction pattern of HA-30 wt% Al,03 coated AISI 316L SS (a) é'$7coated;‘
(b) post coating heat treated at 500° C for 2h in air; (c) post coating heat treated
at 700° C for 2h in air and (d) post coating heat treated at 900° C for 2h in air

Table7.11  Crystallinity of HA-30 wt% Al,O; coatings on AlS| 316L SS: as-sprayed and after

post coating heat treatment - N v
HA-30 wt% Al,O; coated AISI| as-sprayed | Heat Heat 1 ‘Heat
316L SS . treated at treated at treated at
’ 500°C 700°C 900°C
Crystallinity (%) 78% 90.5% 96.9% 98%
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Relative intensity (arbitrary unit)
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Fig. 7.24 X-ray diffraction pattern of HA-30 wt% Al,0; coated titanium: (a) as cozted; (b)
post coating heat treated at 500° C for 2h in air; (c) post coating heat treated at
700° C for 2h in air and (d) post coating heat treated at 900° C for 2h in air

Table 7.12  Crystallinity of HA-30 wt% Al,O3 coatings on AISI 316L SS: as-sprayed and after
post coating heat treatment

HA-30 wt% AlbO3; coated | as-sprayed | Heat | Heat Heat

titanium treated at treated at treated at

500°C 700°C 900°C

Crystallinity (%) 78.6% 90.1% 96.7% 98.2%
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7.2.3 Surface Morphology of Post Coating Heat Treated Specimens

Highest crystallinity was obtained in plasma sprayed HA and HA-AI,O3 composite
coatings after post coating heat treatment at 900°C for to 2h. Specimens aftér post coating heat
treatment at 900°C for 2h in air were analyzed with scanning electron microscopy at higher
magnification to find grain refinement and development of ultra-fine hydroxyapatite particles.
FE-SEM micrographs showing surface morphology of post coating heat treated specimens are
shown in Fig. 7.25 to Fig. 7.36. FE-SEM micrograph of hydroxyapatite coated AISI 316L SS after

post coating heat treatment at 900°C for 2h in air is shown in Fig. 7.25.

0 mml

5
WO | Det  HFW | me——e——————50 O
4 ! SSD 69 47 um [IT Ronrkes

HY ['Mag | WD | D&t HRW —————20 Opm ] AV “Tivag |
25.0 kV[3000x/9.4 mm 1 SSD 49 72 um |IT Racrkee K\ 11500x1 G

Fig. 7.25 FE-SEM micrograph showing surface morphology of’pure HA coating on AiSI 316L
SS after post coating heét treatment at 900°C for 2h in air at different
magnifications: (a) 500X; (b) 800X; (c) 1500X and (d) 3000X
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It can be seen from micrograph shown in Fig. 7.25a taken at 500X that coating surface is
covered with tiny particles. These tiny particles are not clearly visible near cracks at lower
magnifications of 500X and 800X as shown in Fig. 7.25a and b, however at.higher magnifications
of 1500X and 3000X as shown in Fig. 7.25¢ and d, development of ultra-fine particles can be
seen along the cracks. The size of these. particles is slightly larger than that developed on
completely moiten HA splats. Further, it can be observed from Fig. 7.25c and d that surface of

un-melted/partially molten particles does not contain ultra-fine particles.

24 L&
wo lDet
250 kV1800x[9.9 mmiSSD 0 19 mm
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25 0 kv 3000.\"99mm SSD"49.73 ym | ~ 7 IT Roorkee

Fig. 7.26 FE-SEM micrograph showing surface morphology of pure HA coating on titanium
after post coating heat treatment at 900°C for 2h in air at different

magnifications: (a) 800X; (b) 1500X and(c) 3000X
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FE-SEM micrograph of hydrdxyapatite coated titanium after post coating heat treatment
at 900°C for 2Zh in air is shown in Fig. 7.26. It can be seen from micrographs that the coating
after post coating heat treatment is free from cracks. The surface of HA coated titanium after
post coating heat treatment is totally covered with ultra-fine particles, whereas in case of AlSI
316L SS substrate, partially molten particles were Ifree from uI_travfine particles. Ultra-fine
particles developed on HA coated titanium have almost same size as that of ultra-fine particles

developed on HA coated AISI 316L SS. The size of these particles is between 200 nm to 300 nm.

E wadost ol G y 3
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Fig. 7.27 FE-SEM micrograph showing surface morphology of pure HA coating on.
$S with bond coat of Al,05-13 wt% TiO, after post coating heat treatment at
900°C for 2h in air at different magnifications: (a) 400X; (b) 1000X and {c) 1000X

from different location
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Figure 7.27 shows the surface morphology of HA coated AISI 316L SS with bond coat of
Al,03-13 wt% TiO, after post coating heat treatment at 900°C for 2h in air at 400X and 1000X.
Micrograp‘hs shown in Fig. 7;27b and 727c aré takeri‘ at sahqeifna‘gniﬁc’ation of 1000X but from
different locations. It can be observed from Fig. 7.27a (at Iowef magnification) as well as from
Fig. 7.27b and ¢ (at higher magnification) that almost ‘whole of the surface is covered with

newly developed ultra-fine particles.

]Det HFW | 1000y

= v Ineg] "W, ] = ==
E7D'0 19mmi- | - 1T Roorkee

V800510 5 mm

ERNT B e
N ] Mag Det| HFW
20 0kV11600x110 5 mmI ETD 93 25 ym

Fig. 7.28 FE-SEM micrograph showing surface morphology of pure HA coating on titanium
with bond coat of Al,03-13 wt% TiO, after post coating heat treatment at 900°C
for 2h in air at different magnifications: {a) 800X; (b) 800X from different location

and (c) 1600X of (b)
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+ugraph of hydroxyapatite coated titanium with bond coat of AIZO§-13 wt%
110, after post coating heat treatment at 900°C for ih in air is shown in Fig. 7.28. Figure .7.28a
and 7.28b shows the micrograph at 800X magnification from slightly different sites. A wide
opened crack with thickness around 10 um can be seen within the coating as shown in‘Fig.
7.28b. The spherical un-melted/partially melted particles as shown in Fig. 7.28a-c do not
contain ultra-fine particles on their surface, whereas completely molten splats are covered with

newly developed ultra-fine particles.
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Fig. 7.29 FE-SEM micrograph showihg surface morphologyoiwc HA-10 wt % Alzo;coating on
AIS! 316L SS after post coating heat treatment at 900°C for 2h in air at different
magnifications: (a) 800X; (b) 1500X; (c) 6000X and (d) 24000X
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FE-SEM micrographs showing surface morphology of HA-10 wt% Al,03 coating on AlSI
316L SS after post coating heat treatment at 900°C for 2h in air at'800x, 1500X, GQOOX and
24000X are presented in Fig. 7.29. At éombarafi;)ely'lower magnification of SCOX and 1500X
(Fig. 7.29a and b), development of ultra-fine particles is not clearly visible, however at higher
magnifications as shown in Fig. 7.29c and d, very fine particles can be seen on coating surface.

The size of these particles as measured from Fig. 7.29d is around 300 nm.
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Fig. 7.30 FE-SEM micrograph showing surface morphology of HA-10 wt % Al,O5 coating on
titanium after post coating heat treatment at 900°C for 2h in air at different
magnifications: (a) 800X; (b) 1500X and (c) 3000X (crack filling by nano-scale HA

particles is indicated by arrow)
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FE-SEM micrographs showing surface mor_phology of HA-10 wt% Al,O; coating on
titanium after post coating heat treatment at 900°C for 2h in.air at 800X, 1500X and 3000X rare
shown in Fig. 7.30. It can be seen from micrograph at 800X (Fig. 7.30a) that some fine cracks

- with wide crack are present on coating surface. Very fine particles can be seen on the coating
surface as shown in Fig. 7.30c. Some agglomerates of ultra-fine particles can also be observed

at lower right corner in Fig. 7.30c.
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Fig. 7.31 FE-SEM micrograph showing surface morphology of HA—lO wt % Al;03 coé)ting on
AISI 316L SS with bond coat of Al,03-13 wt% TiO; after post coéting heat
- treatment at 900°C for 2h in air at different magniﬁcétions: (a) 600X; (b) 800X; (c)

4000X and (d) 8000X -
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FE-SEM micrographs showing surface morphology of HA-10 wt% Al,0; coating on AlSI
316L S$ with bond coat of Al,03-13 wt% TiO, after post coating heat treatment at 900°C for 2h
in air at 600X, 800X, 4000X and 8000X are presented in Fig. 7.31. At compéfétively lower
magnification of 600X and 800X (Fig. 7.31a and b), devélopment of ultra-fine particles is not
clearly visible, however at higher magnifications as shoWn in Fig. 7.31cand d, very fine particles

and agglomerates of fine particles can be seen on coating surface.
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Fig. 7.32 FE-SEM micrograph showing surface morphology of HA-10 wt % Al,0O; coating on
titanium with bond coat of Al;03-13 wt% TiO; after post coating heat treatment
at 900°C for 2h in air at different magnifications: {(a) 400X; (b) 800X; (c)1500X and
(d) 3000X
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FE-SEM micrographs showing surface morphology of HA-10 wt% Al,O; coating on
titanium with bond coat of Al;0;-13 wt% TiO after post coating heat treatment at 900°C for 2h
in air at 400X, 800X, 1500X and 3000X are presented in Fig. 7.32. Some un—melted/pértially
melted particles can be seen on coating surface. At comparatively lower magnification of 400X
and 800X (Fig. 7.32a and b), ultra-fine particles are not clearly visib.le, however at higher
ma.gnifications as shown in Fig. 7.32c and d, very fine particles and agglomerates of fine

particles can be seen on coating surface.

HV TMag ﬂlD
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Fig. 7.33 FE-SEM micrograph showing surface morpho!ogy'of HA-20 wt % AlLO3 éoating on
AISI 316L SS with bond coat of Al;03-13 wt% TiO, after post coating heat
treatment at 900°C for 2h in air at different magnifications: (a) 800X;f‘(b) 1500X;
from different locations: (¢} 1500X and (d) 1600X
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Surface morphologies of HA-20 wt % AlLO; coated AIS! 316L SS with bond coat of A0y
13 wi% TiO, after post coating heat treatment at ‘90‘0"C for 2h in air are shown in Fig. 7.33.
Some cracks along with un-rqelted/partial!y melted partiZles can be seen in Fig. 7.33a (at lower
magnification). At higher magnification, ultra-fine particles can be seen in scattered manner on
the coating surface as highlighted by dotted c'rrdes/ovals in Fig. 7.33b to d. A higher content of

aluminum oxide in HA-ALO; composite coating might have restricted the grain refinement.

Fig.7.34 FE-SEM micrograph showing surface morphology of HA-20 wt % Al.0; coating on
titanium with bond coat of Al,0s-13 wt% Ti0; after post coating heat treatment
at 900°C for 2h in air at different magnifications: {a) 800X; (b) 1600X; {¢) 3000X
and (d) 6000X
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FE-SEM micrographs showing surface morphology of HA-20 wt% Al,O; coating on
titanium with bond coaf of Al,03-13 wt% TiO, after post coating heat treat.ment at 900°C for 2h
in air are presented inv Fig. 7.34. Some cracks and un-melted/partially melted particles can be
seen in coating. At higher magnification, nano-scale crystallites can be seen at scattered

locations as highlighted by dotted circles/ovals in Fig. 7.34c and d. -
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Fig. 7.35 FE-SEM micrograph showing surface morphology of HA-30 wt % Al,0; ,c-:oating on
AIS| 3161 SS after post coating heat treatment at 900°C for 2h in air at different
magnifications: (a) 800X; (b) 1600X; (c) 3000X and (d) 6000X (filling of crack by

nano-scale HA particles is shown by arrow)
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Surface morphologies of HA-30 wt% ALO; coated AISI 3161 S$ after post coating heat
treatment at 900°C for 2h in air are shown in Fig’ 7.35. Some cracks along with un-
melted/partially melted parficles can be se‘en in micrographs. Ulira-fine pairticles can be seen at
scattered focations at lower magnification (Fig. 7.35b and c), however at higher magnification of
6000, ultra-fine particles can be seen on coating surface (Fig. 7.35d). Nono-scale crystallites

show the crack filling effect as indicated by arrow in Fig. 7.35d.

Fig. 7.36 FE-SEM micrograph showing surface morphology of HA-30 wt % Al,O; coating on
titanium after post coating heat treatment at 900°C for 2h in air at different
magnifications: (a) 800X; (b) 1500X; {c) 3000X and {(d) 3000X from different

location
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Surface morphologies of HA-30 wt% Al;0; coated titanium after post coating hear
treatment at 900°C for 2h in air are shown in Fig. 7.36. By careful examination of Fig. 7.36b and
¢, ultra-fine particles can be seen at scattered locations, however fair distribution of these -
particles can be séen in Fig. 7.36d. The healing of crack by nano-sized particles in indicated by
arrow in Fig. 7.36d. The similar grain refinement as shown in Fig...7.30 and Fig. 7.33-7.36 are
reported by Yang and Lui, (2008).

7.2.4 FTIR analysis of Post Coating Heat Treated Specimens

FTIR spectra of as-sprayed and post coatipg heat treated pur'e HA, HA-10 wt% Al;O3, HA-
20 wt% A|203 and HA 30 wt% Al,0; coatings at 500°C, 700°C and 900 C for 2h in air are shown
in Fig. 7.37-Fig. 7.40 respectively. FTIR spectrum of as-sprayed HA HA 10 wt% Al,0s, HA-20 wt%
Al,O3 and HA-30 wt% Al,Os coatings are superimposed in Fig. 7.37 to Fig. 7.40 for comparing

:ﬁ 5
them with FTIR spectra of post coatmg heat treated specimens. Broad peaks at 650 cm,r and m:.._ ‘

range of 3300 cmy’ to 3600 em™ representmg hydroxyl group can only be seen in plots for as-

i

sprayed coatings. The detailed analysis of FTIR spectra of as- sprayed coatmgs has been already

discussed in Section 4.2.4, Chapter 4 of present study. "~ o Y

k3
'

FTIR spectrum for HA coatings after post coating-at 500°C, 700°C and 900°C for 2h in air....

are shown in Fig. 7.37b 'to d/respectively. Strong peaks corresponding to hydroxyl gr;I car

seen around 3570 cm and 635 cm'! in FTIR spectrum of HA coating after post coatmg heat
treatment (Fig. 7.37b-d). Peaks belonging to PO, (phosphate) group can be seen at 1095 cm™,
1051 cm™, 953 cm, 603 cm™ and 569 cm, whereas peak. cor}eéponding to carbonate group
can be seen at 2364( cm™in FTIR spectrum of HA coatmg after post coatlng heat treatment The
intensity of peaks corresponding to hydroxyl group has become promment after post coating
heat treatment (Fig. 7.37b-d) as compared to their intensity in FTIR spectrum ofﬂ as-sprayed
coating (Fig. 7.37a). Intensity of phosphate group increased after post coating treatment at

500°C for 2h in air (Fig. 7.37b); however it decreased slightly with increase in post coating heat

treatment temperatere to 700°C and 900°C as can be seen in Fig. 7.37c-d.
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Figure 7.38 shows the FTIR spectra of as-sprayed and post coating heat treated HA-10
wt% Al,03 coatings. Phosphate group can be seen around 1095 cm™, 1041 cm™, 957 cm™, 603
cm™ and 568 cm™ whereas carbanate is present around 2375 em™ in FTIR spectrurﬁ of post
coating heat treated specimen for 2h in air (Fig. 7.38b-d). Hydroxyl group shows its presence
around 3570 cm™ and 635 cm™ in FTIR spectrum after post coating heat treatment at 500°C,
700°C and 900°C for 2h in air. Carbonate group can be seen around 2365 to 2400 cm™ in FTIR
spectrum (Fig. 7.38b-d), moreover its intensity decreased with’ inc;'ease in post coating heat

treatment temperature.
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Fig. 7.37 FTIR spectra of pure HA coating: (a) as-sprayed coating; (b) post coating heat
treated at 500°C; (c) post coating heat treated at 700°C and (d) post coating heat
treated at 900°C
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The intensity of peaks corresponding to hydroxyl- (OH’) substantially increased with
increase in post coating heat treatment temperature, however intensity of peaks corresponding
to phosphate group slightly decreased with increase in post coating heat treatment
temperature.

FTIR spectrum for HA-20 wt% Al,O3 coatings after post coating heat treatment at 500°C
for 2h in air is shoWn in Fig. 7.39b. Peaks belonging to PO, grbub can be seen at 1095 cm,
1041 cm™, 957 cm™, 603 cm™ and 568 cm™, whereas peak corresponding to carbonate group

appears 2375 cm™ in FTIR spectrum of HA coating after post coating heat treatment at 500°C.

(d)

% Transmittance

v L v T v T
4000 3500 3600 2500

20040 15040 1000 500

Wavenumber (cm

Fig. 7.38 FTIR spectra of HA-10 wt% Al,05 coating: (a) as-sprayed coating; (b) ppst coating
heat treated at 500°C; (c) post coating heat treated at 700°C and (d) post coating
heat treated at 900°C

303



After post coating heat treatment at 700°C (Fig. 7.39¢), OH™ group can be seen at 3565
ecm ™ and 635 cm®, whereas carbonate group can be seen at 2374 cm’™ in ETIR spectrum. PO4*
group can be seen at 1095 cm™®, 1040 ecm, 953 em™?, 603 em™ and 569 cm in FTIR spectrum of
post coating heat treated specimens at 700°C for 2h in air. After post coating heat treatment at
900°C for 2h in air, hydroxyl group can be seen at 3568 cm™ and 635 cm™, whereas PO, group
can be seen at 1095 cm™, 1040 cm™, 953 cm™, 603 cm™ and 569 cm™ in FTIR spectrum as

shown in Fig. 7.39d. Carbonate group can be seen at 3568 cm™ in FTIR spectrum (Fig. 7.39d).
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Fig. 7.39 FTIR spectra of HA-20 wt% Al,0s coating: (a) as-sprayed coating; (b) post coating
heat treated at 500°C; (c) post coating heat treated at 700°C and (d) post coating

heat treated at 900°C
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FTIR spectra for as-sprayed HA-30 wt% Al;03 and post coating heat treated HA-30 wt%
103 coatings at 500°C, 700°C and 900°C in air for 2h is shown in Fig. 7.40. Phosphate group is
present at 1098 cm™, 1040 cm™, 957 cm™, 603 cm™ and 568 cm™ in bost coating heat treated
HA-30 wt% Al,0; coatings at 500°C, 700°C and 900°C as can be seen in Fig. 7.40b-d. Hydroxy!
group is present around 3568 cm™ and 635 cm™ in spectrum of. post coating heat treated
specimens at 500°C; 700°C; 900°C as can be seen in Fig. 7.40b—d respectively. Carbonate group
shows its presence around 2375 cm™ in FTIR spectrum of post coating heat treated specimen at
500°C, 700°C and 900°C for 2h in air (Fig. 7.40b-d). |

7.3 Discussion

The post coating heat treatment at 500°C, 700°C and 900°C in air for 2h did not affected
the integrity of coating as shown in Fig. 7.1 to 7.12 and Fig. 7.25 to Fig. 7.36. No delamination of .
coating occhrred after post coating heat treatment. However, some wide opened cracks appear
with in the coating. These cracks are not through as suggested by absence of ;substrate
elements in EDAX point analysis along the cracks in coating as shown at point 3 in AFig. 7.2b,
point 6 in Fig. 7.6¢c and point 5 in Fig. 7.12c. The opening of cracks might be due to
recrystallization of amorphous phases of calcium and phosphate to crystalline phase due to
post coating heat treatment.- Amorphous phases have loose packed s'tructurefjf:‘-'whéreas
crystalline phases have close packed structure. Production of cracks due to recrystaiﬁzation of

| amorphous phases via post coating heat treatment has been reported by Ducheyne (1987). The

migration/diffusion of substrate elements is found to reduce to almost negligible by
incorporation of Al,05-13 wt% TiO; bond coat between substrate énd main coating (top coat)
even after post coating heat treatment. The bond coat remamed effective m reducing
elemental migration/diffusion from substrate to coating after post coatmg heat treatment also.

The crystallinity of all coatings increased marginally with AlL,O; remforcement and by
incorporation of bond coat; however higher increase in crystallinity of coatings -has been
recorded by post coating heat treatment. Further, crystallihity of coatings is found to increase
with increase in temperature of post coating heat treatment. The amorphous phases present in
plasma sprayed coatings eliminated or get converted into crystalline phases. The h-igh intensity
peaks in XRD pattern as shown in Fig. 7.13 to Fig. 7.24 rebresent crystalline HA and it confirms

the improvement in crystallinity as can be seen in Table 7.1-7.12 respectively. The restoration
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|

6f crystallinity of plasma sprayed HA coatings via post coating heat treatment between 600°C to
700°C has been reported by Lu et al.,, (2003A and 2003B). They also suggested that excessive
high temperatureé and in particular long holding times for post coating heat treatments are
unfavorable for plasma sprayed HA coatings. Formation of HA phase and increase in crystallinity
of plasma sprayed HA coatings by pdst coating heat treatment at 700°C for 1h has also been

reported by Yu et al., (2003).
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Fig. 7.40 FTIR spectra of HA-30 wt% Al,03 coating: (a) as-sprayed coating; (b) post coating
heat treated at 500°C; (c} post coating heat treated at 700°C and (d) post coating
heat treated at 900°C
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Yang, (2007) performed post coating heat treatment on plasma sprayed HA coatmgs at
400, 500, 600, 700, 800 and 900°C at heating rate of 10°C/min and for holding time of 3h in
vacuum (1x10° torr) and reported increase in crystallinity of coatings with increase in post
coating heat treatment temperature when compared with as-sprayed coatings. Impraovement in
phase content and crystallinity of plasma sprayed hydroxyapatite coatings by post coating heat
treatment in vacuum has also been reported by Yang et al, (2009A). Increase in coating
crystallinity by post coating heat treatment at 650°C has been reported to be a function of
holding time by Lu et al., (2008). The maximum crysiallinity of coat'ing has been'reported for
holding time of 2h out of three different holding times (0.5, 1 and 2h). Inagaki and Kameyama
(2007) reported that post coating heat treatment at 600°C for 2h converted tri-calcium
phosphate and tetra-calcium phosphate into pure HA by radio-frequency thermal plasma
sprayed HA coatings.

In a study carned out on post coating heat treatment of plasma sprayed hydroxyapatlte
coatings by Chen et al., {(2004), the transformation of tri-calcium phosphate mto pure
hydroxyapatite has been reported by post coating heat treatment for 1hin air at a temperature
of 650°C. They further stated that the amorphous calcium phosphate in as-sprayed coatings is
thermodynamically metastable and an appropriate post coating thermal treatment could
induce recrystallization. | .

Brossa, (1994) evaluated the effect of post coating heat treatment ata t.empie___:jrature of
950°C for 1, 12 and 24h in vacuum on high and low cryst‘alline HA coatings developed by plasma
spraying (by controlling spraying parameters) on Ti-6/§i-4V substrate. The heating and cooling
rate of 6°C/min was maintained for post coating heat treatment. He observed increase in
crystallinity of low crystalline coatings with development of tetra-calcium phosphate in very
small amount, while development of amorphous phases was observed in high. crystalline
coatings. He suggested that very high-temperature post coatmg heat treatments particularly for
long holding time are not useful and recommended. post coatjr__rg heat treatments for low
crystalline HA coatings only. In a study conducted by Khor ef"‘al., (1998), plasma sprayed
coatings were developed using HA powder with different particle size range. They reported that
the coatings developed by HA powder above 45 pum size could*ketain crystalline HA phase,
however most of the crystalline phase was lost during plasma sprayivng for coating developed by

smaller size HA particles. They further reported that, subsequent post spray heat treatment at
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600, 700 and 800°C for ih restored most of the crystalline phase in HA coatings, however
suggested that the heat treatment at higher temperatures is not advisable as it lead to slight
decrease in HA/CaO ratio at higher temperatures due to instability in calciur‘h phosphate
phases.

Kweh et al., (2000) investigated improvement in crystallinity of plasma sprayed HA
coatings by post coating heat treatment in preheated furnace at 600, 800 and 900°C for 1h in
air with cooling rate of 5°C/min and reported increase in crystallinity of HA coating at all heating
temperatures as compared to originai as-sprayed coatings. Zhang et al., (2003) carried out post
coating treatments on plasma sprayed HA coatings with three different techniques:
hydrothermél treatment, heating in vacuum and heating in air and reported almost same level
of crystallinity for coatings treated .in air at 650°C and in vacuum at 900°C for 1h, whereas
hydrothermal treatment at 120°C for 6h resulted in the least coating crystallinity. Howevér,
improvement in crystallinity has been reported by them for post coating treatment carried out
by all the three processes. ‘

Wang et al.,, (1995) carried out post coating heat treatment on plasma sprayed HA
coatings in a temperature range of 630-1000°C in vacuum and reported that in temperature
}ahge of 630-850°C, the concentration of impurity phases decreased and coating crystallinity
increased. At least 95% crystallinity with fewer impurities in HA coating was obtained'.after
annealing temperature of 850°C. They further reported that at annealing temperature in range
of 850-1000°C, HA phases got seriously decomposed resulting in about 20% impurities in HA
coating. The level of crystallinity obtained after post coating heat treatment at 900°C for 2h in
air in present study matches with the findings of Wang et al., (1995) in regard to post coating
heat treatment at 850°C in vacuum.

Cannillo et al,, (2008) investigated post coating properties of plasma sprayed HA-TiO,
graded coating (100% TiO, at substrate coating interface to 100% HA at top most coating layer)
at 650, 750 and 850°C with heating rate of 10°C/min and holding for 1h at maximum
temperature in air. The specimens were cooled inside the kiln naturally in a similar way as
performed in present investigation. The crystallinity of coating is reported to increase with
increase in post coating heat treatment temperature up to 850°C, whereas CaO contents

remained almost same as that for as-sprayed coating.
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In present investigation, after post coating heat treatment. at 900° for 2h in air,
development of ultra-fine particles have been observed as shown in Fig. 7.25 to Fig. 7.36. The
nano-scale HA crystallites were found to ha\{e a tendency to cover the surface of plasma
sprayed HA and HA-10 wt% Al,Qs5 coatings after post coating treatment, however this affect was
found to reduced with higher alumina content (20 and 30 wt%) of HA composite coatings. Lu et
al., {2003B) investigated the properties of plasmé sprayed HA coatings on pure titanium |
substrate via post coating heat treatment in air for 2h at 500, 600, 700 and 800°C and reported
the formation of new ultra-fine particles with nano-scale size on sq’rfafze of post coating heat
treated specimens at heating temperature of 700 and 800°C and suggested that these nano-
particies promotes bone bonding. Development of ultra-fine particies by post coating treatment
of plasma spray coatings has also been reported by Lv et al., (2009). Further, Lu et al., (2008)
suggested that nanocrystallized surface has excellent cell compatibility, which is expected to
promote bone formation during implan‘tation surgery. )

Lu et al., (2008) performed post coating heat treatment on plasma sprayed HAz:::oatmgs
at 650°C for 0.5, 1 and 2h and multi-step post coating heat treatment at 650°C for 1hfo|lowed
by 650°C for 1.5 h and 650°C for 2h {specimens were cooled to room temperature __after each
heating step). Development of nano-sized on plasma sprayed HA coatings after rr;ultifstep post
coating heat treating at 650°C for 0.5-2h has been reported by them, moreover aggregation of
nano-sized particles occurred on coating surface after multi-step post coating heat trejg}ment

The filling (healing) of cracks by nano-sized particulates can be seen in Fig. 7.30c, Fig.
7.35d and Fig. 7.36d. Similar type of nano-scale crystallites in vicinity of micro-cracks are
identified by Yang and Lui, (2008) via hydrothermal treatment of plasma sprayed HA coatings at
125°C for 6h. Microstructural homogeneity of plasma sprayed HA coatings through self-healing
effect due to grain growth of crystalline HA by post coating trqa."t_(_nent‘s. has:bé.gp reported.
However, they observed that nano-scale HA crystallites d‘imin-i‘she"d when hydrotherma

treatment time was increased to 12h.

7.4 CONCLUSIONS

Post coating heat treatment was carried out on plasma sprayed HA and HA-ALOa
composite coatings to enhance their crystallinity and to refine their grain size. The post coating

heat treatment was carried out in air at temperatures of 500°C, 700°C and 900°C for 2h and
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detailed resuits are presented in current Chapter of this study. The conclusions drawn from

above results are presented hereunder:

1. Delamination of coating did not occur via post coating heat treatment, whereas some
wide opened cracks could be observed on the surface of coating. The opening of cracks
might be due to reduction in coating volume after recrystallization.

2. No substrate elements were seen along the crack length in EDAX analysis of coatings
after post coating heat treatment, which suggest that cracks were only confined to
coating. This suggests that recrystallization of coatings by post coating heat treatment
can be done.

3. Increment in crystallinity of coatings by addition of secondary phase and by
incorporation of bond coat was found to be comparatively lower order than that
achieved by post coating heat treatment. The crystallinity of as-sprayed coatings were in
range of 72.6% to 78.6% whereas, after post coating heat treatment at 900°C crystaHinity
of 98.2% was achieved for HA-30 wt% Al,QO5 coating.

4. The coating crystallinity was found to _increase with-increase-in"temperature of post

/;o;fing heat treatment with least crystallinity of 84.1% for pure HA coating heat treated
at 500°C and highest of 98.2% for HA-30 wt% Al,05 coating heat ;created at 900°C for 2h.

5. Development of nano-scale, ultra-fine HA crystallites (100 nm or less) and their
agglomerated (in some cases) of different shape and size were observed on coating
surface after post coating heat treatment at 900°C for 2h in air. The nano-scale HA
particles have excellent compatibie with living cells which is expected to promote bone

formation.

8. The self healing of cracks by nano-scale and uitra-fine particulates was noticed in some

cases after post coating heat treatment at 900°C for 2h in air.
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CHAPTER 8
COMPREHENSIVE DISCUSSION

The important results of present investigation are discussed m this chapter. This chapter
describes the current investigation giving comparative pefformanc’e of plasma sprayed pure HA
and HA-AI,O3 composite coatings on metallic suBstra‘tes. The performance of coatings for wear
resistance against 400 grit SiC abrasive and between similar coatings and their bond strength by
changing the amount of reinforcement has been discussed. The effect of bond coat iﬁ reducing
migration of substrate elements to coating and in increasing the tensile bond strength has been
described. The corrosion and dissolution/precipitation behavior of coated and bare substrates
in simulated body fluid has been elucidated. The efféct of post coating heat tre;éif%ent on

T

recrystallization of amorphous phases has also been discussed in present chapter.

b

8.1 MECHANICAL CHARACTERIZATION

e

The hardness of coatings has been found to increase with increase in alumm@m ofdde
content of HA-Al,O3 composite coating (0-30 wt%), moreover maximum value of the f%g?dness is
found near substrate-coating interface for all coatings. The hardness values with respéct to
distance from interface for coatings without and with bond coat are shown in Fig. 8.1 and Fig.
8.2 respectively. The increase in coating hardness by reinforcem_er_lt of secondary phase to HA
have.been reported by Zheng et al., (2001), Hyuschenko et al., (2665),;’Chou and Cha‘ng, (2002A
& 2002B), Evis and Doremus (2005 & 2007), Lee et al., (2004) Balarﬁurugan et al., (20:07A) and
Choubey et al., (2004). The hardness of substrate near interface vc)as 'slightly highei tt_'ﬁan actual
hardness of substrate material. The slight increase in hardness of substrate may be attributed

to striking of high velocity powder particles as suggested by Singh, (2003) and Sidhu et al.,

(2004 and 2005). The bond coat showed the highest hardness value. The higher hardness of
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coating near substrate-coating interface may be attributed to higher cooling rate of molten,
semi-molten or un-melted particles at substrate, as metallic substréte acts as heat sink for
incoming particles. The higher hardness of coating near interface has been reported by Morks
et al., (2007).

The wear resistance of coatings was evaluated against 400 grit SiC abrasive and similar
coatings; the mechanism of wear in first case was found to be abrasive whereas in later case it
was adhesive wear. However there is no reported study on wear behavior of coatings when
both the articulating surfaces are similar coatings. The wear resistance of coatings with respect
to number of cycles is shown in Fig. 8.3. The results showed that abrasive wear resistance of
coatings increased with increase in reinforcement (Al,O3) of composite coatings; whereas
adhesive wear resistance between similar coatings showed completely different trend, where
adhesive wear resistance decreased with increase in alumina content of composite coatings. |

first case increase in hardness and strengthenmg of HA matrix by alumina addition mightbethe

cause of hlgher wear resistance of the coatings while in later case might be due to the fact that

alumina acted as a weak interface and might got pulled out from HA matrix when it comes in
contact with alumina particles present in HA matrix of counter surface leading to formation of
crater. By subsequent relative motion of two coating surfaces, higher material removal from
the site of crater formation might be cause of lower wear resistance for similar coatings.

The tensile bond strength of coatings were found to increase with increase in alumina
content 61’ composite coatings but bond coat showed more significant contribution in
improving tensile bond strength of coafings. The tensile bond strength of coatings with and
without incorporation of bond coat is shown in Fig. 8.4. The increase in bonding strength by
alumlna reinforcement might be due to high strength and toughness provided by alumina to
HA-AI, O3 matrix. The increase in tensile bond strength by incorporation of Al;03-13 wt% TiO,
bond coat may be attributed to partial compensation of the thermal expansion mismatch of

substrate and coating or rougher surface provided by bond coat. The matching of thermal
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expansion coefficient of top coat and substrate through bond coat lowers the cooling ratel of
incoming molten splats. Slight increase in cooling time of molten splats lead to formation of
dense coating made up of pancake type splats and fine equiaxed grains as discussed in detail in
Section 2.1.2.8 and Section 2.5.3 of Chapter 2 (Kurzweg et al.,, 1998B and Pawlowski, 1995),
Bond coat might have provided rough surface and increase in bonding strength may be due to
mechanical interlocking of bond coat and top coat particles (Chou and Chang, 2002A and

20028B).

8.2 STUDIES IN SIMULATED BODY FLUID

To compare the corrosion behavior of coated and b‘are specimens,. linear,
potentiodynamic and Tafel polarization tests were tonducted in simulated body ﬂund*to mimic
harsh body environment. The results obtained from electrochemical tests are sumn;%rized in
Table 8.1. The results obtained from linear polarization test show that all the coatin?gs were
more protective than respective substrates with highest corrosion protection shown by HA
coating with i, values of 0.00542 pA/cm? and 0.00534 pA/cm? on AlSI 316L S§ and Ti
respectively; whereas i values for uncoated AiSI 216L SS and Ti were 0.245 uA/cmsz%%%d 0.083
pA/cm” respectively. The results obtained from potentiodynamic and Tafel polarization tests
are similar to that obtained from linear polarization experiments with highest protection shown
by HA coatings and least by uncoated specimens, moreover titanium was more protective as
compared to AISI 316L SS. Further, the results obtained from all t_._h.f_ee polarizati;ﬁn experiments
show nearly same i values for each specific coating, which suggest that substrafés did not
effected the corrosion protection of coatings and coatings did not allowed the .e~lectrolyte
(simulated body fluid) to reach metallic substrate.

The in-vitro examination of coated and bare substrates in simufated body fluid show

that dissolution of undesirable amorphous phases started on the very first day of immersion

and took'place up to 5 days of immersion. The coatings as well as titanium substrate was found
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to covered with apatite phase after immersion period of 10, 15 and 20 days. The dissoluti

and precipitation in simulated body fluid takes places simultaneously, which further depends o

concentration of Ca?’ ions in simulated body fluid. The results of in-vitro studies in form ot
weight change and Ca® ion concentration are shown in Fig. 8.5 and Fig. 8.6 respectively. All the
coatings gained weight after immersion in simulated body fluid for different periods of
immersion except three cases, in which weight loss has been recorded. The loss of weight was
observed for pure HA coating after immersion period of 5 days, for HA-10 wt% Al,O3 coating for

immersion period of 10 days and HA-20 wt% Al,03 coatings for immersion period of 20 days.

8.3 POST COATING HEAT TREATMENT '

Crystallinity of all the coatings increased by post coating heat treatment, moreover the
increase in crystallinity was found to be a function of post coating heat treatment temperature

i.e. crystallinity of coatings increased with increase in post coating heat treatment temperature.—

The ‘chr;s/i}arliliriwity (%) of as-sprayed and heat treated coatings with post coating heat treatment
temperature is summarized in Table 8.2. Highest crystallinity of 98.2% was obtained for HA-30
wt% Al,O; coatings without bond coat and HA-20 wt% Al,0; with bond coat after-post coating
heat treatment at 900°C for 2h in air. Moreover all the coatings showed the presence of ultra- -
fine nano-sized crystallite on their surfaces after post coating heat treatment at 900°C for 2h in
air. However, intensity of these ultra-fine nano-sized crystaliite decreased in some cases with
increase in alumina content of HA composite coétings. These nano-sized crystals were
hydroxyapatite as confirmed from XRD and FTIR analysis. The higher affinity for bone in-growth
and bone bonding of these ultra-fine nano-sized particulates is reported in existing literature

(Zyman et al., 1993B and Lu et al., 2003A & 2003 B}.
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Table 8.2

Crystallinity of mm-mnajma and post coating heat treated specimens

|

Crystallinity (%)

>_m_&m ,.Z,.m mcam:am

Titanium substrate

Post coating heat Post coating heat
Coatings as- ﬁL,mﬂmn in air for 2h as- treated in air for 2h
sprayed / sprayed
moco’n 700°C | 900°C 500°C | 700°C | 900°C
Pure HA Coatings |- j
72.6 84.1) | 90.7 93.2 73.9 84.2 92.2 935
HA-10 wt% Al,0; coating w
76.4 854, 94.6 96.2 76.9 85.3 94.7 97
|
,ﬂ,
HA-30 wt% Al,0; coating M
78 90.5 , 96.9 98 78.6 90.1 96.7 98.2
!
Pure HA Coatings with bond ,
74.2 85.4 i} 92.6 95.1 74.2 84.1 93.1 94.3
coat A_
HA-10 wt% Al,0; coating with |
, 76.6 85.6 54.9 973 76.9 86.1 95.3 97.6
bond coat
HA-20 wt% Al,0; coating with u
77 86.5 || 95.7 97.9 77.1 87 95.9 98.2
bond coat /
,,




CHAPTER 9
CONCLUSIONS

This chapter -deals‘with the conclusions drawn from present investigation on coatings of
HA, HA-10 wt% Al,03, HA-20 wt% Al,O3 and HA-30 wt% Al>O3 with and without incorporation of
bond coat of Al,03-13 wt% TiO, deposited by shrouded plasma spray process on AlSI 316L SS
and commercially pure titanium. Various tests were conducted on coéted specimens for
evaluation of mechanical, electrochemical, dissolution/precipitation properties which include
hardness, wear resistance,‘ bond strength, corrosion studies in simulated body fluid (SBF) and
in-vitro examination in SBF. The coated specimens were subjected to post coating heat
tfreatment in air at 500°C, 700°C and 900°C for 2h. The significant conclusions dra;zyn from

results obtained for present investigation as summarized hereunder:

9.1 CHARACTERIZATION OF COATINGS

1. The surface morphology of coatings showed ciear splat -boundaries, un—meltecj powder

particles and cores, micro-cracks and voids.

adherent to substrate as well as bond coat, have pores and micro-cracks, however
typical crack network as characterized by plasma sprayed HA coatings is absent.

3. The porosity and surface roughness of coatings slightly increased with increase in
alumina content of composite coating. Moreover, porosity measured on polished cross-
sections was almost double than that measured on as-sprayed coating surfaces, which
can be attributed to damage of surface caused during cutting, grinding and polishing for
cross-section préparation.

4. Diffusion or migration of substrate elements to the coatings was found to substantially

reduce by incorporation of bond coat layer between substrate and top coat.
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5. The as-procured powder was 100% pure and crystaliine, however plasma sprayed
coatings contained a considerable amount of amorphous phases of calcium and
phosphorous and CaO. |

6. De-hydroxylation {removal of hydroxyl group) and carbonation (absorption of carbon di-
oxide) of hydroxyapatite took place during plasma spraying.

7. Water absorption capacity of feedstock increased with increase in alumina content in

hydroxyapatite from 0 to 30 wt%.

9.2 MECHANICAL PROPERTIES OF COATINGS

8. Wear resistance of plasma sprayed coatings against abrasive (SiC) increased with
increase in Al,Os content of HA composite coating, whereas wear resistance between

the similar coatings was found to decrease with increase in Al,O; content of HA

composite coating. ‘ -

_9.__Coating fragments, surface ploughing and s;ufféé»e»s';ﬁao‘thehing /w-as bﬁserved in surface
morphology of coatings obtained after abrasive wear, whereas plastic flow was
recorded in surface morphology of coatings obtained after wear between the similar |
coatings. '

10. Hardness of coatings as measured by nano-indentation was observed to increase with
increase in Al,03 content to HA with highest hardness near substrate coating interface.
The hardness of bond coat was found to be higher than all the coatings.

11. The hardness of coatings as well as substrate was found to highest near substrate-
coating interface for all substrate-coating combination.

12. The tensile bonding strength of coatings was found to increase with increase in alumina
content of HA composite coating, whereas bond coat showed significant effect in

increasing the tensile bonding strength of coatings.
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9.3 CORROSION AND IN-VITRO STUDIES IN SIMULATED BODY FLUID

13. The results obtained from linear polarization resistance test showed that the corrosion

current densities of all the coatings on AISI316L and titanium were much lower than that
of respective substrate. The corrosion current density offered by all the coatings was
found to be in range of 0.006 puA/cm? to 0.053 pA/cm?. The corrosion resistance of

coatings and substrate observed the following sequence:

AlS| 316L substrate

Pure HA > HA-10 wt% Al,O3 > HA-20 wt% Al,03 > HA-30 wt% Al,03 > Substrate

Titanium substrate

. Pure HA > HA-20 wt% Al,O3 > HA-10 wt% Al;O3 > HA-30 wt% Al,O3 > Substrate

14. The potentiodynamic p'olarizati'on resistance test showed similar results-as. shown by

linear polarization test in reference to corrosion current densutnes The corrosnon' current

*9

densities of all the coatings on AISI316L and titanium were found to be much Iower than
that of respectwe substrate. The least corrosion current density for both substrates was
offered by pure HA coating, moreover the maximum variation in current’ densmes

P
offered by composite coatmgs was around 45 nA/cm®The corrosion current den5|ty of .

coatings and substrate observed the following sequence:

" AIS) 3161 substrate

“Pure HA > HA-30 wt% Al,0s > HA-20 wt% Al,O5 > HA-10 wt% Al,Os > Substrate

v. Titanium substrate

Pure HA > HA-10 wt% Al,O3 > HA-20 wt% Al,0O3 > HA-30 wt% Al;,0O3 > Su bst'rate;f;

15. The results obtained from Tafel polarization test showed that the corrosi'dn current

densities of all the coatings on AISI316L and titanium were much Iower than that of
respective substrate. The least corrosion current density for both substrates was offered
by pure HA coating, moreover the maximum variation in current densities offered by
composite coatings was about 30 nA/cm?. The corrosion resistance of coatings and

substrate observed the following sequence:
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V. AISI 316L substrate
Pure HA > HA-30 wt% Al,O3 > HA-20 wt% Al,Os; > HA-100 wt% Al,O3 > Substrate

Vi. Titanium substrate
Pure HA > HA-10 wt% AlLO3 > HA-20 wt% Al,03 > HA-30 wit% Al,O5 > Substrate

16. The precipitation/dissolution behavior (weight gain/loss) of coatings after immersion in

SBF for 5, 10, 15 and 20 days at controlled temperature of 37£1°C is summarized as
under:

Vil. Pure HA coatings
10 days > 5 days > 20 days > 15 days: weight was gained by coatings for all period of
immersion

vill. HA-10 wt% Al,O3 coatings _

15 days. > 5 days > 20 days > 10 days: weight was lost by coating after immersion period |
of 10 days and gained by coatings for all other periods of immersion -

IX. HA-20 wt% Al;O3 coatings
15 days > 10 days (no wt. change) > 20 days > 5 days: weight was lost by coating after
immersion period of 5 and 20 days and gained after immersion period of 15 days

X. HA-30 wt% Al,O; coatings |
20 days > 5 days > 15 days > 10 days: weight was gained by coatings for all period of
immersion

17. The concentration of Ca®* ion concentration in SBF (decrease/increase) after immersion

period of 5, 10, 15 and 20 days at controlled temperature of 37+1°C is summarized as
under:

Xi. Pure HA coatings
5 days < 20 days < 15 days < 10 days: Ca®" ion concentration decreased for all immersion
periods as compared to Ca** ion concentration in starting SBF

xn. HA-10 wt% Al,Os coatings
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15 days < 20 days < 5 days <10 days: Ca®* ion concentration increased for immersion
period of 10 days and decreased for immersion period of 5, 15 and 20 days as compared
to Ca’ ion concentration in starting SBF |
Xim. HA-20 wt% Al,Os coatings
15 days < 10 days < 5 days < 20 days: Ca®* ion concentration decreased for immersion
period of 15 days and increased for im‘mersion period of 5, 10 and 20 days as compared
to Ca®* ion concentration in starting SBF |
XIV. HA-30 wt% Al,O3 coatings
5 days < 10 days < 20 days < 20 days:l Ca®" ion concentration increased for immersion
period of 15 days and decreased for immersion period of 5, 1'(-) énd 20 days as compared

to Ca®" ion concentration in starting SBF

'18. All the amorphous phases get dissolved in SBF within first day of immersior :
precipitation/dissolution was observed on coating after immersion period of 5.days. the .
.ﬁ:"»: . E

precipitation of new tiny particles on coatihgs as well as substrate was ObSEi:VEd ra-fter
immersion period of 10, 15 and 20 days in SBF.

19. Absence of peaks corresponding to amorph'ous phases in XRD plots suggests cﬁhssolutnon
of amorphous phases and increase in intensity of hydroxyl, phosph'ate and‘,iqarbé_rjgté;

ple

group in FTIR suggests precipitation of apatite.

9.4 RECRYSTALLIZATION AND GRAIN REFINEMENT OF COATINGS

{53

20. Delamination of coating did not occur via post cOatin'g heat'treatmentf\ﬁhe‘:‘r_éas some
wide opened cracks could be observed on the surface of coat'ing.. V!‘? |

21. No substrate elements were seen along the crack length in EDAX anélysis éf.coatings
after post coating heat treatment, which suggest that cracks were only cénfined to

coating.
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22.

23.

24,

25.

Increment in cry'stallinity of coatings by addition of secondary phase and by
incorporation of bond coat was found to be comparatively lower o‘rder than that
achieved by post coating heat treatment.

The coating crystallinity was found to increase with increase in temperature of post
coating heat treatment.

Development of nano-scale, ultra-fine HA crystallites and their agglomerated (in some
cases) of different shape and size were observed on coating surface after post coating
heat treatment at 900°C for 2h in air.

The self healing of cracks by nano-scale and ultra-fine particulates was noticed in some

cases after post coating heat treatment at 900°C for 2h in air.
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SCOPE FOR FUTURE WORK

In light of results obtained from present investigation, some suggestions for further

studies on bioceramic coatings are affirmed below:

1. Effect on mechanical and electrochemical properties may be compared by adding
different reinforcements to hydroxyapatite coatings. Effect of different thermal spray
processes on the properties of hydroxyapatite coatings may be compared.

2. Studies may be performed to evaluate wear and corrosion behavior of coatings in
physiological environment simultanéously. As wear and corrosion coexist in body
environment.

3. Hot stage microscopy and XRD analysis may be utilized during post coating heat
treatment to evaluate the exact temperature and holding time for recrystal!?i;iiation of
phases and grain refinement in plasma sprayed hydroxyépatite composite coaf?ﬁ,"‘gs.

4. Different post coating treatment to recrystallize the amo'rphous.phases p'resent in
plasma sprayed hydroxyapatite coatings may be studied and compared. Mechanical and
electrocherhical properties of coatings after post coating heat treatment may be

studied.

.
S
e
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Appendix IV

Material Coefficient of thermal Reference
expansion 10° m/m°C
AISI 316L SS 16.5 United Performance Meta?
Pure Ti 8.6 The Engineering ToolBox
Al,Os 8.4 Schutze et al., (2006)
TiO, 8.6 Jagpat et al., (2004)
Hydroxyapatite 10.6 Miyazaki et al., (2009}
Human Teeth (perpendicular to 15.5 Miyazaki et al., (2009)
growth)
Human Teeth (parallel to 18.9° Miyazaki et al., (2009)

growth)
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