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Due to the constantly growing number of total joint arthroplasty patients, the 
demand for improvements in the design of implant &cation has become more apparent. 
One method of implant fixation involves the use of a porous metal prosthetic that has been 
coated with a bioactive ceramic such as BioglassQ. This ceramic coating acts to initiate 
early bone infiltration into the porous surface provided by the implant. Once 
osseointegration has occurred, the implant is securely fixed within the host bone of the 
patient. 

Analysis of the integrity of the plasma-sprayed bioceramic.on a titanium alloy (Ti- 
6AI-4V) was the focus of this study. Both numerical and experimental components were 
used to investigate the bond strength of BioglassQ-coatings on Ti-6Al-4V. 

The physical specimen consisted of a Ti-6Al-4V cylinder which was plasma- 
sprayed with BioglassGO (BG) on one of its flat surfaces. This BG surface was adhered to 
another Co-Cr-Mo mushroom cap with an epoxy adhesive. The titanium alloy cylinder 
was 25.4mrn in diameter and 12.7rnm in length. A 150pm thick coating was applied onto 
the flat surface of the titanium cylinder. The test samples were pulled in tension at a rate 
of 0. linlmin until complete failure occurred. 

F i t e  element analysis (FEA), being a widely accepted method of analyzing or 



simulating a variety of engineering stress, strain, and failure problems, was used in this 
study. Specifically, two-dimensional (2D) and three-dimensional (3D) FEA models were 
developed to evaluate the stresdstrain distributions at a bimaterial interface of a tensile 
test specimen. 

Dimensions of the FEA models (AnsysS.2 [I]) were identical to those of the 
experimental specimens. The heights of the Ti-6A1-4V pieces, however, were reduced 
strategically to minimize the overall problem size in order to focus on detail analysis of the 
domain in the neighborhood of the interface. Elements capable of linear strain were used 
in the models. A linear-elastic solution was chosen with the knowledge that BG does not 
exhibit plastic deformation. The material properties of interest were Young's modulus (E) 
and Poisson's ratio (u) [2-91. Necessary and sufficient boundary conditions were applied 
in the FEA model so as to accurately represent the physical problem. Specifically, the 
boundary conditions would simulate appropriate lateral shrinkage of the specimen as it 
elongates under the action of the applied tensile load. The tensile load was applied as a 
uniform tensile pressure. While various pressure loads were applied, only results obtained 
fiom a pressure level of 30MPa will be presented. This is for purposes of consistency with 
data reported in the literature. 

The tensile tests showed that weaker bond strengths exist with the porous 
specimens. Bond strengths for both porous and smooth samples were inversely 
proportional to the BG coating. The maximum bond strength was observed with the 
smooth coupon group having the lowest BG thickness. 

The FEA models yielded a singular stress field at the free-edge interface corners of 
the biaterial. These high stresses suggest that the corners could be the location of failure 
initiation. That the singular stress fields were found to be at the fiee edge interface 
comers was consistent with expectation. The equivalent von Mises stress was used in 
assessing the stress-strain response of the specimen since it gives an overall more realistic 
picture of the state of deformation [lo]. The von Mises stresses for the FEA study 
revealed slightly higher stresses along the interface in comparison to the rest of the model. 
In addition, the equivalent stresses resulted in having 45" "wings" of high stresses which 
protrude fiom the fiee edge into the titanium blocks. These high stress wings were 
oriented along the slip directions for metal [lo, 1 11 subjected to a tensile load. 

The highest strains appeared in the center region of the BG layer which was 
exp'ected since BG has the lower value of Young's modulus. The deformation fields 
observed were in accordance with expectations, namely the longitudinal elongation and 
lateral shrinkage of the specimen. 

Chern Lin et al[6] performed a similar study where plasma-sprayed BG coatings 
were subjected to tension for delamination. Fractures were observed to occur within the 
coatings and only some of the coating was separated fiom the substrate while the majority 
still remained tightly bonded to the substrate. Since most of the failures occurred within 
the coatings themselves, the actual bond strengths should be higher than those measured. 

The von Mises stresses show that failure would occur initially at the fiee-edge 
interface and propagate along the Ti-6Al-4VlBG interface. This diiers fiom the 
experimental observations in that the BG did not completely delaminate fiom the 



substrate. Many areas on the substrate surface were still covered by BG. The FEA 
evaluation was made on the assumptions that the materials were isotropic, homogeneous, 
and fiee of rnicrovoids. The 45" stress zones are generally observed in metals due to their 
ductility and corresponding slip system characteristics. These oblique stress zones may be 
interpreted as resolved shear stresses which developed during the lateral contraction of the 
specimen experienced under tensile loading [l 11. 



CHAPTER 1 

INTRODUCTION 

The hip joint is of a ball-and-socket configuration which allows for the most 

freedom of motion. Figure 1.1 shows the anatomy of the hip joint 112-151. The 

acetabulum serves as the "socket" which houses the femoral head ("balln). Hyaline 

cartilage line both the acetabulum and the femoral head. During motion, synovial fluid is 

released for adequate lubrication between the articular surfaces. The hip joint, in 

particular, bears enormous loads, up to eight times ones body weight, during everyday 

activities such as walking and running [2, 16, 171. 

Prolonged disease, ie. osteoarthritis, osteoporosis, and rheumatoid arthritis, may 

lead to irrecoverable damage to the joints. In fact, the literature cites that 16 million 

people in the United States are inflicted with osteoarthritis, which causes joint 

degeneration at the hyaliie cartilage which then alters the stress distriiution across the 

articular surfaces, and therefore, further depletion of the cartilage occurs [16]. This 

causes the rubbing of bone on bone which causes pain and discomfort for the patient. A 

typical solution to this paid1 situation is to substitute the acetabulum and femoral head 

with a total hip arthroplasty (THA) (Figure 1.2). 

Annually, two to three million people in the United States alone undergo surggr 

for the implantation of prosthetics [18]. The THA has an overall success rate of about 

90% over a period of ten years in elderly patients. Unfortunately, patients in the range of 



16 to 24 years of age, who are generally more active, usually require a second operation 

for revision within three years of the initial surgery [12]. Although less than 50% of 

youths require THA, methods to improve the longevity of the implant is constantly 

pursued. John Charnley [2,3, 16,201 developed the "bone cement" 

(polymethlyrnethacrylate-PMMA) which served as a grouting material between implant 

and bone to create a tight and sturdy fit for the prosthetic. This viscoelastic polymer 

hnctioned well as a shock absorber and permitted loads to be uniformly transmitted 

between the implant and bone which in turn reduced high-contact stress [16]. PMMA 

provided initial fixation, however over time, cracks occurred between the implant-cement- 

bone interface which caused the loosening of the implant, thus, revision surgery was 

usually required [2, 16, 17,211. 

The THA underwent design modifications to improve the long term fixation. For 

instance, biological fixation techniques included rough, meshed, or porous implant 

surfaces. These types of porosity were accomplished by means of plasma-spray, sintering 

of wire, and sintering of beads, respectively (Figure 1.3) [16,22]. The application of the 

porous coating on Ti-6Al-4V decreases the cyclic fatigue strength of uncoated Ti-6A1-4V 

by 66% [23]. Dziedzic et al[24] investigated a bone chamber implant that provided a 

porous surface along its inner walls for osteoconduction. The objective of the nonuniform 

implant surface was to allow for new bony ingrowth into the crevices provided by the 

implant and as a result creating a strong fixation. This biological fixation method 

appeared to be promising, however, the patients experienced pain that may have been due 

to the high hoop stresses that resulted fiom the tight fit of the implant when pressed into 

the cavity of the femur [2,25-321. 

In addition to biological fixation, chemical fixation has been implemented into the 

design process of the metal implants. The porous surface of the implant is coated with a 

bioceramic such as hydroxyapatite (HA), which is similar in content to that of bone 

mineral 12,331. This ceramic coating aids or stimulates the initiation of bony ingrowth 

into the pores of the implant. Keller states that studies show that HA-coated implants 

work well initially, however, diminishes after three weeks in a canine femur (Figure 1.4) 



[2]. The use of ceramic coatings on implant material appears to have potential, yet much 

improvement in the composition and coating technique must be established to provide 

optimum implant fixation. 

During recent studies, other biocerarnics have entered the realm of chemical 

fixation of metal implants. The term "bioactivity" refers to the surface-reactivity of an 

implant in forming strong bonds with host tissue. A bioactive ceramic known as 

Bioglass@ was discovered by Hench [34-361 during the late sixties. Strong adherence 

between a bioactive coating and its substrate has been a crucial issue in the effectiveness 

of an implant to be optimally suitable for osteoconduction. Bioactive coatings have been 

noted to form bonds with living tissues, thus, creating a firmly fixed implant [35]. If the 

BG coating delaminates prematurely from the implant, the necessary duration over which 

initial tissue bonding may occur is reduced and can result in fhtion failure [37]. Early 

delamination of bioactive ceramics can be attributed to poor coating techniques that lead 

to microcracks within the coating or along the ceramometallic interface. These 

microcracks may occur due to the high cooling rate associated with the plasma-spraying 

technique [6,20]. Eliminating delamination of the ceramic coatings could improve 

osteoconduction and increase the longevity of the implant. 

Mechanical tests have been devised in several modes to explore the bond strength 

of ceramic and porous coatings on substrates. Pull-out, shear, lap shear, torsion, tensile, 

and three-point flexure tests have been conducted previously and yielded varying ceramic- 

on-metal bond strengths depending on the mode of testing [6,23,38-411. The bond 

strength of BG is often compared with that of Hydroxyapatite (HA). BG may generate 

higher levels of bioactivity than HA but yields a weaker bond strength when plasma- 

sprayed to a substrate [6]. Fracture mechanics have also played a role in the investigation 

of coating-substrate bond strength. The dental industry commonly performs Eracture 

toughness measurements of adhesives to determine the interfacial bond strength. Crack 

initiation and propagation energies are not easily differentiated as such, the J integral 

which is measured experimentally is then compared with the theoretical stress intensity 

factor, K, [42-451. 



The mechanical tests are typically followed by calculations to determine primary 

and secondary parameters that are pertinent to the mechanical tests. Such results are then 

generally used as input data for more detailed analyses of behavior and response to loads 

in Finite Element Methods (FEM). Stress distribution analyses have been conducted on 

the ceramometallic three-point flexure specimens [40]. Studying the resulting stresses 

along a birnaterial interface may reveal the site(s) of crack initiation and the manner in 

which the crack propagates to complete failure of the interface. Failure predictions of 

porous-coated total hip replacements have also been studied with the use of FEA 1461. 

Two-dimensional modeling of the tensile failure at a bimaterial interface was accomplished 

with nonlinear fracture mechanics [47]. FEA offers a controlled environmental setup in 

which to run simulations of experimental tests. Once a test has been successfblly 

completed, with its results representative of an experimental setup, confidence to 

introduce complexities of loading and geometry can be sought. This thus offers a 

powerfbl analytical research tool for simulating a wide variety of geometries and loads that 

would otherwise be difficult, even impossible, to establish experimentally andlor in closed 

form analysis. 

The objective of this study was to investigate the viabiity of predicting, 

numerically, the bond strength of a plasma-sprayed bioactive ceramic on a titanium 

substrate. The properties of the materials of interest was determined experimentally and 

used as input data for the ~ t e  element analysis. The numerical results will be compared 

with experimental results. Optical and Scanning Electron Microscopy was used to study 

the failure surface morphologies. The aim of this was to establish the qualitative features 

of the bonding of BG on Ti-6A1-4V. Failure surface characteristics eg. presence of shear 

lips or indication of the extent of brittle failure of the interface was established. This 

aspect of the study was also help in establishing the possible occurrence of spontaneous 

surface delamination of the interface, given the significant difference in material properties 

across the interface. 
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Figure 1.1 Cross-sectional view of the hip joint. [12]



Figure 1.2 Schematic of the total hip replacement. 11161 
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Figure 1.3 Scanning electron micrographs of
(a) plasma-sprayed, (b) sintered wire, and (c) sintered beads. [16]



INTERFACIAL 
SHEAR 

STRENGTH 
(MPa)  

Figure 1.4 Interfacial shear strength between bone and HA- 
coated porous implant and between bone and uncoated porous 
implant when implanted into the cortices of canine femora. (21 

30 I a 1 1 I 

Canin* trmur 

- 

20 - 

- 

- 
Porous TI alloy 



CHAPTER 2 

BACKGROUND 

2.1 Bone 
Bone is a highly active material of living tissue with many components. Living 

hard tissue is constantly remodeling with the aid of a family of bone cells, Osteoblast cells 

continually deposit new bone while osteoclast cells absorb bone. There are two main 

purposes for bone remodelling: 1) Maintenance of Ca2+ and PO: concentrations in the 

body fluid and 2) Response to the changes in compressive mechanical stress [12, 16,481. 

A mature bone cell is referred to as an osteocyte. Figure 2.1 shows the structure of bone 

with its osteocyte. Also shown, is the cortical bone which forms the outer hard shell of 

bone. Cortical bone consists of an outer lamellar shell with a Haversian system inside of 

the lamellae. Inside of the cortical bone exists a spongy bone known as trabecular or 

cancellous bone. 

The long bones found in the limbs consist of a general structure involving a shaft 

and two extremities. The long shaft of the bone is called the diaphysis. The inner hollow 

core of the diaphysis is referred to the medullary canal. The epiphyses are the regions at 

the end of the bone (Figure 2.2). The epiphyses have more spongy bone than the shaft 

and are covered with a thin layer of cortical bone. The epiphyses are broader in geometry 

for purposes of articulation. The epiphyses are lined with cartilage for articulation at the 

joints. In adults, an epiphyseal line, which is the remnant of the epiphyseal plate, exists 



between the epiphysis and diaphysis. This 

epiphyseal plate is actually a disk of hyaline cartilage that provides growth to lengthen the 

bone during childhood. 

2.2 Total Hip Arthroplasty 
Bone grafts have been conducted with bone from another region of the patient's 

body (autograft), from another patient (allograft), fiom another species (xenograft), or 

with synthetic material. The most successll method remains to be the autograft, 

however, there are limitations to the supply of one's own tissues before morbidity occurs 

within the donor site. Infection risks create a problematic scenario for the allograft 

method. The question of biocompatiblity with xenografts gives rise to dif£icult scientzc 

situations. Synthetic materials provide a viable option for safe and successll soft and 

hard tissue repairJreplacement . 
A prime example of synthetiomaterid implants is the total hip arthroplasty (THA) 

(Figure 1.2). The role of a THA is to restore an adequate range of motion at the hip joint 

while transferring loads fiom the acetabulum [49]. This implant was designed to resemble 

the configuration of the femur and acetabulum. The femoral segment substitutes the head 

and neck of the proximal femur with its stem extending into the intramedullary canal of the 

diaphysis. The acetabulum is replaced with a synthetic-material acetabular cup. This cup 

receives a synthetiomaterid femoral head to maintain the ball-and-socket form. 

Some of the metals that were explored by Baron Joseph Lister, in the 18601s, for 

the use ofjoint prosthetics include platinum, gold, silver, lead, zinc, aluminum, copper, 

and magnesium. These metals, however, were found to be excessively malleable. Further 

experimentation led to the introduction of stainless steels in 1926, cobalt-chromium- 

molybdenum-carbon alloys in 1936, then tantalum in the 1950'~~ and W y  to titanium and 

titanium alloys during the 1960's [3, 161. The titanium alloy, Ti-6AI-4V, was chosen for 

this study based on several factors. First, a study performed by Hirschhorn and Reynolds 

[3], revealed that a porous cobalt-chromium-molybdenum implant had an elastic modulus 

closer to that of bone, but porosity diminished the strength enough that it was incapable 



of supporting the needed load. A mechanical and histological study usiing macrotextured 

Co-Cr alloy with plasma-sprayed HA proved to be ineffective for biological fixation [38]. 

Titanium is as strong as steel and yet is almost 50% lighter 131. Due to its high strength- 

to-weight ratio, titanium and its alloys were very appealing to the aerospace industry 

which would also attract the medical industry for obvious reasons. The s t a e s s  of 

titanium closely resembles that of bone which could be beneficial with regard to movement 

and loading (Figure 2.3). Previous studies have used Ti-6Al-4V specimens for multiaxial 

fatigue testing to develop a measure for making conservative predictions of the life 

expectancy of a Ti-6Al-4V implant [SO, 5 11. Titanium or titanium alloys are highly 

resistant to corrosion [3]. Easy fabrication of titanium also plays an important role in its 

choice as a suitable implant material. 

Choosing the appropriate metal to serve as a THA is crucial not only for 

biocompatbity but also for prevention of stress shielding. This problem of stress 

shielding occurs when the stiffness or modulus of elasticity is much higher than that of the 

bone. Stress shielding prevents proper loading of the bone, thus leading to bone 

resorption [49, 521. Table 2.1 shows the modulus of elasticity and yield strength for 

various metals in addition to properties of bone. 

For many years now, studies have been conducted to improve materials used as 

bone substitutes. This study employs a titanium alloy (speci£ically Ti-6Al-4V) which was 

not introduced into the medical field until the 1960's [3]. When using a smoothly polished 

implant, a bone cement (polymethlymethacrylate-PMMA) must be used to create a tight 

and sturdy fit within the bone, however, the use of bone cement proved to be less than 

optimum. This PMMA grouting agent provided initial fixation. With time, however, 

cracks appeared in the cement mantle which eventually led to the loosening of the implant. 

In addition, the release of a monomer caused hypotension and the exothermic 

polymerization reaction caused necrosis of the surrounding bone [16,35]. In order to 

exclude this bone cement, other means of designing tight-fitting implants were 

investigated. These studies resulted in the development of porous implants which have 

beads of the same metal sintered onto the surface of the substrate. By doing so, the 



implant now has a porous surface which the bone is expected to grow into. Often these 

metal implants are coated with a surface-active ceramic to enhance bone ingrowth. 

After the failure of the PMMA bone cement, the method of sintering metal beads, 

microns in diameter, was used to provide a porous surface in which tissue can grow into 

and still maintain adequate blood supply. Titanium and cobalt-chromium alloys are a few 

of the metals that demonstrate adequate corrosion resistance to be used as porous 

implants [IS]. Previous studies suggested that soft connective tissue is capable of 

growing into pores of diameters greater than 50pm. It has also been established that bone 

will grow into pores of more than 100pm in diameter [16,3 11. A serious question 

remains unanswered regarding bone maturing into mineralized tissue when subjected to 

rnicromovements that are inevitable with load-bearing implants. These movements can 

transfer stress to the bone resulting in bone resorption [16, 181. 

By definition, ceramics are nonmetallic minerals that are typically produced by 

baking or firing powdered materials pressed or formed into solid forms. A glass is a hard, 

amorphous, brittle, and inorganic material which is made by hsing silicates with particular 

basic oxides and then cooled rapidly to prohibit crystallization. Borates and phosphates 

are sometimes used in place of silicates [53]. Due to the si&cant differences between 

ceramics and traditional metallic materials, methods for characterizing the behavior of 

ceramics are unique and summarized as follows. 

2.3.1 Crystal Structure 
The thermal conductivity of ceramics is governed by the nature of their crystalline 

structure. Ceramics with a close-packed structure accompanied by a low bulk density 

exhibit high thermal conductivities. Crystalline ceramics, typically, possess higher 

conductivities than the glassy-amorphous ceramics because of less scattering of phonons 

associated with this. As well, thermal conductivity decreases with increasing porosity. 



Crystalline silica (SiOJ is formed by four covalent bonds on the silicon atom with four 

oxygen atoms. This creates a tetrahedral structure that serves as the fbndamental building 

block in which other complex silicate structures are composed of Any ionic bonds that 

occur in ceramics must have the ionic charges balanced throughout. When the charges of 

the anion and cation are equal, the coordination number for each ion is the same in order 

to maintain the balance of charges. If the cation had a charge of +1 whereas the anion had 

a charge of -2, then the coordination number of the anion must be twice that of the cation 

for a balance of charges [l 11. 

The coordination number is also dependent upon the ratio of the ionic radii of the 

anion and the cation. The radius of the central ion can be equal to or slightly larger than 

that of the space in which it lies, pushing the neighboring ions apart. The interstitial 

spaces are occupied by the proper number of cations and anions to maintain a balance of 

charges or to satisfjr the requirements for covalent bonding. Interstitial atoms with a 

coordiition number of eight fit into simple cubic structures, however, interstitials with 

coordination numbers of six in octahedral sites and coordination numbers of four in 

tetrahedral sites occur in other unit cells [ll]. 

Imperfections such as point defects and surface defects may occur in ceramic 

materials. Point defects include substitutional and interstitial solid solutions. 

Orthosilicates, (Mg,Fe),SiO,, may undergo substitutional solubility where the MgZ' ions 

take up the positions of the FeZ+ ions and vice versa. Interstitial solid solutions are not 

common due to the fact that the interstitial sites are already occupied. For b c e s  

where the balanced charge is disrupted, the ceramic accommodates in several ways. If an 

A13+ ion is replaced by a Me ion, the clay platelet overcomes its kt negative charge by 

absorbing a positively charged ion, Na+ or w+, onto its surface. Another remedy for an 

unbalanced charge is to develop vacancies within the lattice. Finer grain sizes can improve 

the mechanical behavior of ceramics over coarse grained ceramics. The finer grains aid in 

the reduction of stresses at the grain boundaries due to anisotropic expansion and 

contraction 11 11. 



Ceramic raw materials must first be mined fiom the large deposits in the earth's 

crust by a method referred to as strip-mining or open-pit mining. The deposits are 

removed using the standard earth-moving equipment or by washing them out 

hydraulically. For mineral deposits that are far below the earth's surface, vertical shafts are 

driven into the deposit for drilling or blasting [54]. 

Upon mining, the raw material is then crushed or ground between plates of 

hardened steel (Figure 2.4). These "lumps" of material are crushed hrther into particles 

about 0.1 inch or less in diameter. Hammers or impact mills are commonly used in this 

secondary crushing of the hard and brittle material. A tertiary crushing is necessary in 

cases where a very fine particle size is required, for instance, in the cement industry. This 

third grinding is carried out in a tumbling mill which consist of large rotating cylinders 

filled with a dense ceramic grinding media. The resulting particle may be 50pm or less in 

diameter [54]. 

The crushed fragments are then separated into the specific particle size range 

needed by the industry. This task is accomplished with the use of screens which may 

eliminate coarse or fine particles. The selected particles are purified then mixed with 

appropriate proportions of various raw materials [54]. 

After mixing is completed, the raw material is shaped and formed. Unlike metals, 

ceramics are seldom formed by methods of casting or mechanical working. Instead, 

hydroplastic forming of solids is a more common procedure for shaping ceramics. 

Material properties of the ceramics usually dictate the method of f~rming. 

Hydroplastic forming can be applied to ceramic raw materials that consist of layered 

structures since they exist as paste with a low initial shear strength. For products 

requiring a uniform cross-section, extrusion is the method of choice. Products that require 

circular geometry undergo the jiggering technique which uses a rotating mold to form one 

surface of the piece. The other surface is formed with the rotation of the product under a 

contoured tool [55]. 

Regulating the yield strength of this paste-like material is important in the forming 



process. Yield strength enables the product to maintain its shape during the handling and 

drying processes. The yield strength can be modified by the water content. Yield strength 

of ceramics is inversely proportional to the liquid content, thus, higher liquid content 

lowers the yield strength. Any air pockets that may exist in the paste become compressed 

under the pressures developed fiom the forming process. When the pressures are 
/ 

released, however, the voids reopen which results in internal fissures which act as stress 

raisers. These air pockets must be eliminated by reducing the pressure during extrusion or 

applying a vacuum in the dry pressing operations. Entrapments of air or other substances 

create surface blemishes or residual stresses. The residual stresses may be remedied by 

annealing which is common practice upon the completion of the £king where thermal 

stresses are induced [55]. 

Slip-casting allows for complex forms to be created with ceramic raw materials. 

Slip-casting involves a colloidal suspension which is dehydrated by a porous mold which 

may contain intricate contours. A shell deposit results and the rest of the slip is drained 

while the remaining shell is drained further and then removed as a mold. This mold has 

the consistency of a low-water colloidal paste. Slip-casting is an economical method of 

forming under limited production requirements and is a preferred operation amongst 

ceramic artists [SS] .  

Vitreous shaping procedures involve: pressing, drawing, blowing, and sagging. 

Parameters for vitreous shaping include the selection of the temperature, pressure, and 

time depending on the composition of the glass. Temperature governs the viscosity of the 

glass and the pressure controls the rate of deformation [ll ,  551. 

Viscosities of lo6 to lo' Poise are necessary for the presridg operations to take 

place because external pressure is applied to the glass. The application of pressure comes 

fiom a carbon-coated, cast-iron mold of the preferred shape. 

Long and continuous shapes of glass, ie. sheet glass, glass tubing, or glass fibers, 

are created by the drawing the heated material through orifices. A balance must be 

accomplished between the flow rate through the orifice and the rate of drawing of the 

viscous glass fiom the bushing. 



Mechanical blowing of glass is achieved with the help of cast iron molds which are 

filled with a particular amount of semi-viscous glass. Sufficient air pressure is applied to 

the internal cavity in order to eradicate the surface energies of the glass and allow for flow 

to occur [1 1,551. 

Cementation joins ceramic raw materials using a liquid bider, such as sodium 

silicate, to initiate chemical reactions that join the particles together. Cemented ceramic 

materials have high porosity and permeabiity and are therefore, used as ceramic filters or 

as molds for metal castings. The porous molds allow for the escape of gases during 

casting to inhibit gas defects that may occur otherwise [ll]. 

2.3.3 Physical Characteristics 

During the manufacturing process, ceramics often experience shrinkage. The 

shape, however, remains intact with minimal warpage. After the product has been formed, 

the drying procedure begins where the grains are drawn closer to each other 

until they make contact. The greater the water content, the greater the shrinkage during 

the drying process. Further shrinkage occurs as the dried product undergoes the firing 

process which in turn reduces, or even eliminates, the pores. The shrinkage along each 

dimension is of more concern than the overall volumetric shrinkage. Carem study of both 

drying and firing shrinkages will reveal the proper amount of oversizing necessary to 

produce a final product of adequate dimensions [54]. 

The porosity of a ceramic needs to be carefilly controled due to the potential 

damage that may occur with excess Xltration of liquids and vap- into the material. For 

instance, an overly porous brick may suffer damage fiom fieeze-thaw cycles and water 

penetration. On the contrary, thermal insulators demand high porosity with rigid 

stipulations on the quantity and size of the pores. 

The normally high melting point of ceramics depends on the structure of the 

phases. A low atomic packing factor yields voids which in turn, decreases the thermal 

expansion, increasing the melting point. The melting point can usually be predicted by the 

value of Young's modulus. Large values of Young's modulus normally result in a high 



melting temperature [ 1 1, 5 51. 

Ceramics are also unique in that six diierent types of volumes are computed 

depending on the level of porosity. Pores that may be continuous with the surface are 

known as open pores (Figure 2.5). The total volume of these open pores is referred to as 

the open pore volume (V,). Pores that are completely closed off within the body of the 

material are called closed pores, and have a closed pore volume CV,). Regions of the 

ceramic that are fiee of pores have a volume known as the true volume of the body (VJ. 

The sum of the closed pore volume and true volume is referred to as the apparent volume 

(Vo). The bulk volume (V,) is computed for the solid portions in addition to all of the 

pores. The following equations depict the relationships between the various volumes 

found for a ceramic: 

where W,, represents unsaturated or dry weight, W, is the saturated weight in which all of 

the pores are filled with water, W, is the weight of the saturated ceramic while submerged 

in water, and p, represents the density of the saturated and submerged sample. 

Bulk density (pb )  is a common parameter reported amongst all ceramics. The 

computation of p, includes the bulk volume: 



The apparent density (pJ is also commonly measured for ceramic materials and is 

calculated as follows: 

The true density (p, ) involves the true volume and can be computed using the equation 

below: 

2.3.4 Characteristic Mechanical Behavior 
Ceramics, in general, have excellent properties under compressive loading, 

however, their brittle nature makes them virtually useless for coping with tensile loads. 

The compression test requires more specimen preparation. Two faces of the sample must 

be perfectly flat and parallel in order for the compressive load to be distributed evenly 

otfierwise, the ceramic would fail prematurely (Figure 2.6) [54, 561. 

Tensile tests are not commonly performed on ceramic materials due to 

considerable costs of manufacturing the samples. Interests in the tensile strength of 

ceramics are limited because they are quite weak under tension. 

As a whole, ceramics exhibit higher moduli of elasticity than most other materials, 

typically, 70 to 414 GPa [54,55]. The most common method of determining Young's 

modulus is with sonic resonance [54, 571. The dynamic modulus of elasticity is calculated 

using the following equation. 



Young's modulus is represented by E, m is the mass of the specimen (kg),f/is equal to the 

hndamental resonant frequency of the sample in bending (Hz), b is the width, L is the 

length, t is the thickness, and T, is the correction factor for the bending mode which takes 

into account the finite thickness of the sample and Poisson's ratio [57]. Sonic resonance 

testing can also be used to determine the relative thermal shock resistance of porous 

ceramics [54]. 

The modulus of rupture (MOR) depicts the fracture strength of the ceramic while 

subjected to a flexural load. The sample may have a rectangular or cylindrical cross- 

section and placed under a three- or four-point bend apparatus (Figure 2.7). Fracture 

always occurs on the tensile surface of the specimen. Under a three-point bend, failure 

must occur in the center of the sample length, whereas, failure can result anywhere 

between the inner two loading points in a four-point bend [54]. The MOR of a three- 

point bend for a rectangular specimen can be computed as follows: 

where P equals the load at failure, L is the span between the two supports, b is the width 

of the specimen, and d is the thickness of the bar [54, 551. For cylindrical specimens 

under a three-point bend, the MOR is determined by: 

MOR=WUIrD (2.1 1) 

where D is the diameter of the sample. The MOR of a four-point bend, rectangular 

specimen if given by: 

where a is the span of the inner two loading points. The MOR for a cylindrical specimen 

under four-point bend is calculated by [54]: 



An empirical formula was developed to draw a relationship with the application of 

specimen cross sections to stress-strain curves fiom both tension and compression tests. 

As a result, the MOR was found to be a multiple of the ultimate tensile strength (UTS): ie. 

MOR = 2*UTS for cast iron, MOR = 3*UTS for sandstone, MOR = 2.2*UTS for 

concrete, and MOR = 2.3 *UTS for green wood [58]. 

2.4 Bioactive Ceramics 
Industries take advantage of the wide variety of applications that ceramics can be 

utilized. Aside from the obvious applications of ceramics, engineering has adapted these 

materials for many state-of-the-art purposes. A Ceramic Applications In Turbine Engines 

(CATE) project was developed to study the possibility of ceramic components enabling a 

gas turbine engine to operate at higher temperatures [119]. The literature cites studies in 

which ceramics were used in metal-cutting applications [120]. The phase characteristics 

of ceramics and their high thermal conductivities at higher tempmtures serve important 

purposes in the electronics technology [121]. On the other hand, at lower temperatures, 

the energy gap is too large for the electrons to reach the excited conduction band and 

therefore serve as good insulating materials [l 11. Recently, the development of bioactive 

ceramics has resulted in medical applications for improving the stabiity of implants. 

2.4.1 Biodegradable Ceramics 
For a ceramic to be considered a bioceramic, the composition must meet or exceed 

those in Table 2.2 [56]. Synthetic biodegradable or resorbable ceramics were introduced 

as bone substitutes in 1969 [56]. The term "resorbable" refers to the degradation of the 



ceramic upon implantation in the host. Calcium phosphates such as Biocoral, Plaster of 

Paris, hydroxyapatite (HA), and tri-calcium phosphate (TCP) have been used in various 

forms as artificial bone. Calcium phosphate ceramics vary widely in mechanical properties 

due to their dependence on porosity [59]. HA has excellent biocompatibility and forms 

direct chemical bonds with hard tissues [17, 56,60-631. In fact, HA [Ca,,(PO,),(OH)J 

has been known to bond with bone within 4-8 weeks of implantation 156,641. Geesink et 

a1 [17] observed osseointegration as soon as three weeks with plasma-sprayed HA on Ti 

implants [17]. Osseointegration refers to the direct contact between bone and implant. A 

study where HA was implanted in the center of the medullary cavity of the proximal tibia 

of Japanese adult rabbits showed that 28% of the HA was covered by new bone after 24 

weeks. However, HA implanted transcortically had 68% of its surface covered by new 

bone by 8 weeks [21]. Spector et a1 [65] showed that increased crystallinity of HA and 

removing impurity phases fiom a plasma-sprayed HA coating had no affect on the rate of 

bone bonding nor the bone density. Plasma-sprayed HA coated Ti-6Al4V plugs were 

implanted into the femurs of dogs and resulted in an accelerated rate of osteoconduction 

than uncoated implants [66]. 

2.4.2 Bioactive Glass 
A bioactive ceramic known as BioglassQ was discovered during the late sixties by 

Hench [34-36,561. Through both in vivo and in vitro tests, BG has been found to be 

biocompatible. Glasses or glass-ceramics used in vivo possess the ability for bonding 

chemically with living tissues due to controlled rates of surface reqctions with the 

surrounding body fluids. "Bone bonding" refers to an interface that develops between 

BioglassO and bone. This interface becomes continuous on the Angstrom level [35,36, 

67-69]. These sudace-active ceramics are, referred to as bioactive ceramics, composed of 

varying weight-percents of Na,O-CaO-P20,-Si0,. Depending on the crystdhity of the 

material, the glass may be called a Bioglass-ceramic, surface-reactive glass-ceramic, or a 

bioactive glass-ceramic [18, 351. Other surface reactive materials, soda-calcia-phospho- 

silicate glasses, glass-ceramics, and dense hydroxyapatite, also undergo chemical reactions 



with the physiological surroundings which eventually lead to bond formation between 

tissue and implant [18]. Surface reactive ceramics allows for stabilization of the interface 

by initiating osteocon-duction, however, ceramics are typically brittle and therefore must 

be applied as a coating on a stronger material. 

The composition dictates the level of biological reactions that may occur at the 

interface between Bioglass and tissue. Figure 2.8 shows a compositional range chart of 

Bioglass. Surface-active ceramics tend to create an interface with bone that is actually 

stronger than either the bone or even the implant [68]. Mechanical tests have shown that 

failure almost always occurs within the bone itself[18,68]. Region A encompasses the 

appropriate compositions for tissue bonding which has been noted to occur as early as two 

to four weeks in the tibiae of rats [35]. Region B indicates the compositions ofBioglass 

that may exist as inert materials while invoking the formation of fibrous capsules. Glasses 

that f d  within region B contain higher amounts of SiO, and are therefore less soluble or 

less bioreactive. Region C includes glasses with less CaO but more NhO making them 

more soluble. Bioglasses in region C resorb into the tissue and are expelled with no 

adverse affects [35,56,67,68] Area D depicts the materials that bond with bone but are 

no longer considered to be a glass because of the lower content of SiO, [36, 561. 

Bioglasses that bond with bone experience a dramatic increase in surface area once 

enveloped in body fluid. Ultrapores of about 3-30 nm in sine begin to form as an active 

silica-rich layer and hydroxyapatite crystals develop on the d a c e .  The hydroxyapatite 

allows the incorporation of collagen, glycoproteins, and mucopolysaccharides into the 

surface-active layer. The hydroxyapatite and silica-rich layers are crucial in the mechanism 

of tissue bonding [35]. This organic-inorganic interface, found with glasses in region A, 

provides a strong bond. Glasses from region B, however, do not form an adequate 

hydroxylapatite surface. Region C has glasses that are too reactive, causing them to 

breakdown prematurely 13 5,671. 

A composition ratio of network former to network modifier, was developed to 

m o d e  the rate of bond formation and level of reactivity [36,70]. 



The higher the value of Equation 2.14, the solubility decreases, thus, the slower bone- 

bonding rate. On the contrary, the lower the value, the higher the reactivity as well as the 

rate of bonding. 

2.4.3 Material Properties 
The use of bioactive ceramic coatings was to replace the use of a PMMA bone 

cement which served as a grouting material between implant and host bone. Previous in 

vivo investigations using BG coatings on orthopaedic implants for the sake of replacing 

the PMMA fixative showed an increase in the resilience of the implant [18,62]. Table 

2.3 compares typical material properties of calcium phosphates, BG and PMMk 

2.4.4 Bioceramics as Coatings 
Bioceramics initiate early bone formation but their brittleness requires the 

incorporation into a composite system with a stronger material such as a metal alloy [18]. 

Hydroxyapatite (HA) coatings have been applied to the surface of porous implants by the 

plasma arc spraying method. HA has been reported to be the most stable form of CaPO, 

and is considered the most biocompatible ceramic. The monolithic form of HA has a low 

tensile strength and low resistance to fatigue [19]. The purpose of the application of HA 

onto metal implants is to combine the strength of the metal as well as the biological 

responses of HA. HA appears to stimulate osteoblasts during the first four weeks of 

implantation 131. HA-coated metal implants were not load bearing, for example, de Putter 

et al[18] used HA as transmucosal implants that yielded natural gingival tissue responses, 

therefore, the action of chewing caused the implant to fail due to fatigue. Therefore, de 

Putter concluded that HA would be of no use in the clinical world when faced with forces 

other than compression. A group of researchers fiom the Netherlands [18] believe that 

prestressed HA implants may fair well under cyclic loads. 



The purpose of the Bioglass is to initiate fixation between implant and tissue. 

Muscle as well as other soft connective tissue will bond with the implant if it is 

immobilized. The prevention of micromotion is necessary at the implanthone intedace for 

this process to occur. If motion occurs too early, for instance, the mineralization of bone 

is prohibited and a fibrous capsule forms or wear may develop loose BG particulates that 

are disposed of by the body without harmfUl effects [35]. Bone bonding has been seen as 

early as ten days to eight weeks post-operatively in rat femora [18,35]. Piotrowski et aI 

[72] showed that a plasma-sprayed Bioglass-coated 3 16L stainless steel partial hip 

prosthetic exhibited low structural strength which was attributed to the low resistance to 

fatigue of the BG and partial resorption of the glass coating. Bioactive glass coatings may 

reduce metallic corrosion and possibly wear, although, these concepts must be fGrther 

explored [18,68, 73, 741. 

Substrates like stainless steel, vitallium, titanium, and high density alumina ceramic 

have been flame-spray-coated with BG [18]. Although the literature cites the 

consequences of inadvertently introducing other substances to the glass. For example, 

aluminum has an inhibitory effect on the bonding capabilities of the glass [18]. Also, 

certain oxides especially zirconia, tantalum oxides, and titania, disrupt the osteoblast 

metabolism and collagen deposition [18]. 

Greenspan and Hench [36] devised a method of coating AN3-ceramic with 

bioglass. They observed that two applications of coatings of bioglass were preferred due 

to the lack of bone-bonding capability brought on by the a s i o n  of Al into the bioglass. 

The first layer allows for the d s s i o n  of Al while the second layer of bioglass retains its 

original composition. Gross et al [36] also found that A1203 tend; to reduce the extent 

and effectiveness of bonding between bone and BG. 

2.4.5 Methods of Coating 
One of the conventional methods of coating orthopaedic metal implants with 

ceramics is plasma arc spraying (Figure 2.9). This procedure was first introduced to the 

medical field in the early 1980's by Biomet, Inc [62,73]. Plasma spraying involves a 



plasma arc generator as a thermal and kinetic energy source to spray molten material onto 

a substrate. Upon deposition, these droplets of molten ceramic quench and become the 

coating structure. A thermal plasma is usually composed of inert gases such as Helium or 

Argon which are injected into an arc chamber where a DC arc induces the ionization 

process and the temperature surpasses 15,000°C. Then powder ceramic is injected into 

the gun where it becomes molten and sprayed onto the substrate [17,62,63,73,75-771. 

The spray parameters play a significant role in the biological properties of the ceramic 

since the composition and phase of the spray material may be altered during the high 

temperature process [19,62,63,74,76, 78,791. Bioceramics are commonly applied to 

porous surfaces in order to induce both phsyiochemical bonding as well as mechanical 

interlocking which would increase the resistance of the implant under shear and tensile 

loads at the interface [34]. 

In addition to plasma arc spraying, bioglass may be applied to a substrate by the 

dipping method which begins with the oxidation of the metal. This oxide layer is 

necessary for a continuous transition at the interface between glass and metal. The second 

step is annealing of the oxide. This procedure permits the substrate to have similar total 

shrinkage rate to glass during the cooling fiom annealing to room temperature. Then the 

substrate is dipped into molten glass (1350°C) and removed for the final step of annealing 

(525 "C). This final annealing process with controlled cooling relieves any excessive 

internal stresses that may exist within the bioglass [36]. Campbell et a1 [80] investigated 

new techniques, Void Metal Composite and Surface Induced Minerahation, to apply 

calcium phosphate coatings on metal substrates. 

2.4.6 Bone-Bonding Mechanism 
The mechanism responsible for the bonding of bioactive-glasses to tissue involve 

both physicochemical and ultrastructural reactions 118, 811. Microscopy reveals that an 

obvious interface exists between glass and bone but there exists a compositional gradient 

in the interfacial layer. 

Once the glass is submerged in distilled water at 37OC for an hour, alkali ions 



leach out and form a silicon-rich layer with which a Ca-P rich layer forms (Figure 2.10) on 

top as an amorphous structure but crystallizes into hydroxyl-carbonate apatite after 7 to 

10 days 136, 77, 82-85]. The rate in which hydroxylapatite bonds with the Ca-P layer 

depends on the composition of the glass. These reaction layers are imperative for bone- 

bonding to occur. A Ca-P layer has been observed without bone-bonding in past studies. 

The rate of bone-bonding is dependent on glass composition: lesser SiO, content increases 

the rate of bonding, however, higher rates of bonding promotes increased solubility [36]. 

Collagen fibers that may exist in the same solution with the Ca-P-rich layer eventually 

become integrated with the apatite crystals. Chondroitin sulfate D, a muco- 

polysaccharide, amplifies the interaction between the apatite layer and the collagen. An 

80- lOOnrn thick amorphous region is present between the collagen fibers and the glass. 

This region may contain mucopolysaccharides, glycoproteins, and nectins, and can be 

mineralized [18]. Then osteoblasts lay new bone by providing collagen and a matrix of 

vesicles in which mineralization can occur [18, 861. 

Resorbable materials degrade as calcium and phosphate salts which are 

metabolized within hard tissues [18]. Resorbable bioactive ceramics, such as tricalcium 

phosphate and calcium-aluminate-phosphate offer great potential for participating in bone 

replacement, however, significant research is required to establish an appropriate 

degradation rate which will maintain the strength of implant-tissue intefice [72, 87,881. 

The degradation rate is crucial for strong fixation of an implant. If the ceramic coating 

were to resorb too quickly, the mechanical strength of the implanthone intefice is 

compromised and may fail over time. Therefore, the rate in which the coating degrades 

must be long enough to allow for adequate bone formation. 

2.5 Finite Element Analysis (FEA) 
In 1960, Clough [89] coined the phrase "finite element method" when studying 

problems of plane elasticity. Years before the method was defined as fXte element 

analysis (FEA), mathematicians, physicist, and engineers employed this technique to serve 
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there own purposes. The mathematicians were interested in continuum mechanics; the 

physicist studied piecewise approximate fbnctions; and engineers strove to improve 

aerospace structures. Today, FEA has become an increasingly popular method of 

simulating or predicting the outcome of experimental research in various disciplines. FEA 

offers a controlled, numerical research medium where a number of slight variations in the 

model or the parameters may be implemented with relative ease. The use of FEA may 

reduce the number and subsequently the cost of animal experimentation for medical 

research. 

The finite diierence method [58,89,90] has generated several approximate 

numerical methods. This includes pointwise approximation for the governing equations. 

The model is solved with diirence equations for an array of grid points. The outer limits 

of the model are approximated by a sequence of horizontal and vertical lines that are often 

referred to as the "stair steps" (Figure 2.1 1). The more points present in the model, the 

more accurate the results. F i t e  diierence schemes are not sufficient for solving models 

of complex geometries. The finite element method, however, is more robust and can 

handle complex geometries. Instead of treating the model as an array of grid points, the 

finite element method, divides the model into small regions or elements. These elements 

can be placed within various intricate geometries. The outer boundaries of the model need 

not be approximated as is the case for the finite difference method, since the boundaries 

are represented by the straight edges of the elements. Curved boundaries are split into 

smaller element edges to accommodate for this curvature. The finite element method uses 

the piecewise approximation for the governing equations. 

When beginning an FEA, one must decide on an approp&e element type. 

Numerous varieties of element types are available for a variety of applications. Examples 

of two-dimensional element shapes include triangular and quadrilateral elements with 

anywhere £tom three to nine nodes per element. Typically, a node exists at the corners of 

an element or with the serendipity family [l, 911, at the midpoint along each edge of an 

element. For the Lagragian family, a node is present in the center of an element. The 

nodes define the shape hnction which are collectively applied to the global matrix, or the 



system of equations, during the solution process. Not only does the dimensiondity of the 

model dictate the chosen element type but also the type of analysis plays a role. For 

instance, element types for structural, thermal, electromagnetic, etc. analyses exist with a 

variety of shapes and number of nodes for both two- and three-dimension models. An 

intriguing element type is the contact element which is actually a fictitious element that is 

applied along two surfaces that may be loaded in such a way as to create normal contact 

or shear. 

One advantage that finite element method has over other numerical methods is that 

it is capable of computing the equilibrium characteristics equations for the solution phase 

for each element before it compiles the global equilibrium. Finite element methods present 

three approaches to solving models: direct approach, variational approach, and weighted 

residuals approach [89]. The direct approach is the simplest in which there exists the same 

number of unknowns as equations and the exact solution is computed in a closed form 

manner. The variational approach, however, is more complex and is based upon the 

calculus of variations and extrernization of finctionals. The weighted residual approach 

[89] is more flexible than the variational approach. This method uses the governing 

equations to compute solutions without the need for a variational statement. The 

weighted residuals approach may be used in problems where no fbnctional exists. Energy 

and momentum transfer problems, such as heat transfer and computational fluid 

mechanics, commonly take advantage of the weighted residuals approach. 

After one generates a model by defining its domain and given a specific element 

type, the areas or volumes must be discretized or meshed into smaller regions of elements. 

One model may contain two or more different element types depeidiig on the needs of 

the investigation. 

The issue of material properties is handled with various degrees of sophistication in 

today's FEA codes. Depending upon the needs of the model, properties may be assigned 

variance with location, or variance with orientation in the case of orthotropic materials. 

As well, in cases involving significant temperature changes, material properties will need 

to be specified as a fbnction of temperature. Nonlinear material behavior such as 



hyperelasticity, plasticity, or viscoelasticity need to be appropriately submitted as data and 

used with the appropriate nonlinear parameters at the solution stage. 

Depending on the type of analysis, different types of boundary conditions are 

applied to the model. Structural analysis permits the application of active loads along an 

edge, on certain nodes, and on surfaces. Heat transfer problems could have applied 

heating or cooling systems or even convection flows anywhere in the model. The decision 

on where to place constraints is crucial for representative solutions. One who is solely 

interested in heat transfer, for instance, need not be concerned with constraining the model 

for purposes of holding it in place. Structural problems, on the other hand, must have 

adequate constraints to eliminate zero energy nodes in the model. 

The solution process can be applied in several ways with load stepping, time 

stepping, or a single load step. Load stepping allows the active load to be applied 

incrementally whereas a single load step applies the force all at once. Time stepping offers 

the freedom to select sub-steps between load steps. Load stepping is common for finite 

strain problems or for cases where a material exhibits nonlinear behavior. Load stepping 

or time stepping in transient problems, is a critical process with regards to obtaining a 

solution and reliability of this solution. Stepping has to be adequate to avoid solution 

oscillation yet ensure an accurate solution. Stepping is also directly reflected in solution 

times, hence the cost of obtaining the solution. 

Post-processing is a very important phase of FEA. With it one can readily extract 

key information about the model fiom vast amounts of data. Such information can be in 

the form of plots or contours with which trends over the model become easier to see. 

Results can be viewed based on the elements or nodes. As well, rksults can be plotted 

along paths of interest through the model or characteristics at indiidual nodes as a 

finction of time. Plot control manipulations have become quite sophisticated, allowing for 

magnification of a region, rotation of solids, and slicing of solid models along any defined 

cutting plane to reveal hidden or interior details in the model. StructuraI response 

parameters such as stress, strain, and displacement of the continuum can be examined 

through the post-processor. 



The most important aspects of FEA technology have been completed to date [89], 

however, much work is needed to improve and understand broader applications and 

multidisipliary relationships in solid mechanics. Fundamental pursuits of the robustness 

of FEA such as convergence rates, stability, and accuracy in the linear and nonlinear 

regimes continue. The acceptance of FEA as a design and analytical tool has continued to 

grow. With this growth, pressure on code developers has resulted in a continuous 

improvement in the user friendliness of FEA codes. In fact, the medical field has acquired 

an increasing interest into numerical modeling where predictions of hedig  and mechanical 

behavior of implants are studied before surgical implantation. FEA modeling of interfaces 

controlled microstructurally was performed for post-solution stress-strain testing of animal 

implants. Long-term results are sought via FEA with a comparison of experimental results 

[18,23,39,41,46,47,49,71,92-1111. One must always realize that FEA cannot 

completely replace experimental work, however, it can be used as an effective tool to test 

the effect of material property, geometry, and boundary condition variations upon 

experimental models. 



Table 2.1 Material properties of given implantable metals 
and bone [11,20,73,102,105,166,178]. 

I 

Material 

Ti-6A1-4V 

Co-Cr-Mo 

Cortical bone 

Modulus of Elasticity 

(MPa) 

llOX103 

248x1 03 

13700 

Ultimate Tensile Test 

(MPa) 

900 

660 

NfA 



Table 2.2 Composition of standard bioceramics. 



Table 2.3 Chosen material properties of various bioceramics 
[2, 17,52,56,59,71]. 

Property 

Young's modulus 

(IWa) 

compressive 

Calcium 

Phosphate 

400 - 1 17000 

(HA = 85MPa) 

294 

Poisson's ratio 

tensile strength 

@@a) 

BG (45S5) 

-3 5000 

NIA 

PMMA 

22OMO 

91.7a.5 

0.27 

(HA = 25OMPa) 

0.33 

NIA 

NIA 

1.10-1.23 
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Figure 2.2 (a) cross-section of bone showing articular cartilage 
and epiphyseal plate, (b) bones with epiphyses, diaphysis, and epiphyseal plate. [12] 
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Figure 2.3 Graph of compressive stresses experienced by Co-Cr 
implants with and without implant collar, Ti with and without 

implant collar, and by natural bone. [14] 



Figure 2.4 (a) Grinding raw ceramic material between metal jaws, 
(b) Grinding of raw ceramic material with toothed crusher and plate. (541 



Figure 2.5 Model of ceramic: A=solid volume, B=open pore, 
and C=closed pore. 
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Figure 2.6 Compressive test configuration for ceramics. [54] 
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Figure 2.7 (a) Three-point bend test configuration for ceramic 
specimens and (b) Four-point bend test configuration for ceramic 

specimens. 1541 



Figure 2.8 Compositional triad of bioactive glass. 1351 
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Figure 2.10 Tissue bonding mechanism of BG. 
Note that B*-) signifies alkali ions 

leaching from the BG surface. 



Figure 2.11 (a) Finite difference discretization and 
(b) Finite element discretization. [89] 



CHAPTER 3 

MATERIALS & METHODOLOGY 

3.1 Mechanical Tests 
Various mechanical tests have been performed to characterize the material 

properties of BG and Ti-6A1-4V. These material properties were then compared with 

properties previously recorded in the literature and applied as data in the Finite Element 

Analysis (FEA). A tensile bond strength test of the plasma-sprayed BG on Ti-6Al-4V was 

used to validate the FEA model. 

3.1.1 Modulus of Rupture 
Bioglass (4585 composition) was manufactured into twenty-five Smm X Smm X 

20mm rectangular cross section rods. With expert advise on specimen preparation [112], 

the sides of the specimens were not polished for fear of creating microfiactures. The as- 

cast sides were measured, using a micrometer, at five locations along the length of the 

specimen to ensure a relatively uniform cross-sectional area. Each side had a slight 

concave contour along the length. This concavity is often found in cast materials. During 

the process of measuring dimensions, four of the specimens were observed to have 

defects. These were used as practice test specimens. Prior to testing, the tensile surface 

was marked with ink to aid in fracture analysis later. 

A fixture for small three-point bend specimens was fabricated with ground- 

cemented-carbide cylinders, 6.35M.02mrn in diameter and 0.3mm in length as the two 

bottom supports. A lOmm cemented tungsten-carbide ball acted as the center point load. 



The two cylinders were placed -14mm apart, with the ball centered between this span 

length. This three-point bend test was conducted in accordance with ASTM B406-90 

standard (Figure 3.1) [113]. 

A compressive load was applied at a rate of 2.54 d m i n  until complete failure 

occurred. The test was accomplished using an Instron testing system with the load- 

displacement curve plotted on a Hewlett ~ackard 7046A X-Y Recorder. The failure load 

was recorded and used to calculate the modulus of rupture NOR) for each specimen with 

the following relationship: 

where b = the specimen width (mm), h = specimen thickness (mm), P = fsilure load 

(MPa), and L is the span length (mm). 

3.1.2 Ti-6A1-4V TensiIe Test 
Three ASTM standard 505 round tensile samples were machined fiom a Ti-6AI- 

4V stock bar. Sample preparation began with a surface treatment which included rubbing 

of isopropyl alcohol as a degreaser, abrasion with 320 grit paper, then conditioner A and 

neutralizer 5A The latter two steps were accomplished with solutions provided by 

Measurements Group, Inc. The conditioner and neutralizer were not permitted to dry on 

the sample surface for prevention of film formation. 

A 90" strain gage rosette was placed on cellophane tape @en applied to the center 

of the gage length on the tensile bar. One end of the tape was carefhlly peeled back just 

enough to lift the strain gage off the surface yet allow it to be held in position. The back 

of the gage was brushed with the MBond-200 catalyst and allowed to dry for one minute. 

One drop of MBond-200 polymer adhesive was placed on the specimen surface, under the 

patch where the strain gage would lie. Then the previously peeled portion of the tape was 

replaced in order to place the gage back into position. Pressure was applied over the gage 

with the thumb which would emit heat to accelerate the curing process of the adhesive. 



After one minute of pressure, the tape was cautiously removed while leaving the now 

adhered strain gage (Figure 3.2). 

Wire leads were soldered to the solder tabs on the strain gage to permit the 

recording of longitudinal and transverse strains occurring at the center of the gage length. 

A voltage calibration value was calculated as 0.978V with the use of the following 

equation: 

where pe, is the microstrain catibration, RA is the gage resistance of 35051, R represents 

the gage correction factor of 2.04, and R, is the calibrated internal resistance which was 

set to 17500W. The converter box was then set to the calculated voltage calibration. 

The leads were then connected to the 10 channel strain-gage conditioner and amplifier 

(Measurements Group, Inc) then distributed to the Hewlett Packard 7046A X-Y Recorder 

and the data acquisition software. The specimens were placed into threaded fixtures on an 

Instron 8500 and loaded to failure at a rate of 0. lidmin. 

3.1.3 Bond Strength Test 
' 

Forty-two Ti-6A1-4V coupons were cut into cylindrical samples, 0.5in in length 

and 1.Oin in diameter. The flat surfaces of each coupon were Mnq.blasted to enable solid 

adherence of the sintered titanium beads. The coupons have been separated into four 

groups: 4 smooth with 40pm BG, 6 smooth with 75pm BG, 12 25/35 mesh porous 

surface with 40pm BG, and 12 25/35 mesh porous surface with 75pm BG. Each group 

had four additional coupons for destructive measurements of the BG coating to ensure 

uniformity. 

Before plasma-spraying the BG, the highest beads were sanded with 240 grit to 

create a flat surface for optimum epoxy adhesion to the test fixture. All of the groups 



were plasma-sprayed with BG to the appropriate thickness. Then each specimen was laid 

BG down onto a "mushroom" cap (made of F75 => Co-Cr-Mo) with an FMlOOO disc 

between them. The FMlOOO is a thermoset epoxy adhesive that acts to bond the test 

specimen to the "mushroom" caps or holders. Another FMlOOO disc was placed on top of 

the sample and a second "mushroom" cap was placed, inverted over the disc. These 

"mushroom" caps enable gripping of the specimen by the fixtures for tensile loading. 

Figure 3.3 shows the samples under a compressive spring load with -30 lbs and placed 

into a hrnace which was gradually heated to 350°C for two hours to allow for adequate 

curing of the FM1000. The hrnace cooled down for an hour before removing the 

specimens. 

ASTM F1147-88 [114] was used instead of ASTM C633-79 [I151 as originally 

planned because it updated and referenced ASTM C633-79 and they were identical except 

for a slight change in sample diameter and a difference in loading rate. The cross-head 

rate chosen was 0. linlmin. Figure 3.4 shows the testing configuration with the sample and 

gripping fixtures. 

After sufficient cooliig, a sample was placed in the fixtures of an ATS No 

.A840018 (Applied Testing Systems, Inc.) and loaded in tension (Figure 3.4) until failure 

occurred. Upon completion, the second "mushroom" cap was removed fiom the specimen 

by applying heat to the FMlOOO interface allowing for the adhesive to melt, hence easy 

removal of the coupon. 

3.2 Scanning Electron Microscopy (SEM) 
Fracture analysis of the mechanical test specimens were performed on Zeiss Digital 

Scanning Microscope DSM 960. The fiacture surfaces of a BG modulus of rupture 

specimen and Ti-6A1-4V tensile sample were analyzed. Cross sections of the bond 

strength specimens were scanned for BG coating thickness measurements and 

compositional EDS which were analyzed with the LinkcXL software. Finally, area fiaction 

measurements were made with the backscatter detector and image analysis software. 



3.2.1 Secondary Electron 
A global representation of the fiacture surface of BG-MOR specimen number 23 

was examined at a voltage of lOkV at a magnification of 14X with the secondary electron 

detector. One area was analyzed with both secondary and backscatter electron detectors 

at a magnification of 5000X at a voltage of 10kV. 

One of the fractured ends of Ti-6Al-4V tensile specimen number 2 was cut off to 

allow for the sudace of interest to slide into the SEM without damaging the detectors. 

This was accomplished with a Buehler Isomet low speed saw while lubricating with 

diamond blade oil. A global view of the fiacture surface was also taken at a voltage of 

lOkV at a magdication of 10X with a secondary electron detector. At the same voltage 

and detector, the magnification was increased to lOOX for a closer look at the fiacture 

surface. 

One representative specimen was chosen from each group of the bond-strength 

tensile samples: 40pm BG - porous -> specimen 2 

40pm BG - smooth --> specimen 5 

75pm BG - porous -> specimen 5 

75pm BG - smooth -> specimen 1 

The four specimens were cross-sectioned with a Buehler Isomet low speed saw with a 

diamond blade oil as lubricant. One of the sectioned halves of each specimen was set 

into bakelite (EXTEC greentbrown, phen.mnt.pwdr.) using the LECO PR-30 1.25 mold 

h&ter-cooler for nine minutes. The flat surface of the specimens were exposed using a 

grinding wheel with 120 grit paper. The grinding continued with 240,400, then 600 grit 

paper. The final polishing involved 6pm diamond polish with diamond extender oil on an 

EXTEC polishing cloth. The porous coupon coated with 75pm of BG was actually the 

only specimen left unpolished for fear of disrupting the brittle ceramic. The unpolished 

results were compared with those of the polished specimens. This specimen was analyzed 

for BG composition at two locations (Figure 3.5). These were taken at a magnification of 

1 OOX under an accelerating voltage of 10kV. The smooth coupon with a 75 pm BG 

coating was also analyzed for BG composition on the two locations shown in Figure 3.6. 



The first scan was taken at a magnification of 1000X under an accelerating voltage of 

1OkV. The second scan was observed with a 500X magnification at 10kV. Figure 3.7a 

depicts the cross-section of the Ti beads that were sintered onto the Ti-6A1-4V substrate. 

A porous specimen coated with 40pm BG coating was also scanned twice for BG 

composition. The first scan was performed with a magnification of 5000X at an 

accelerating voltage of lOkV (Figure 3.7b). The second scan was observed under a 

3000X magnification (Figure 3.8a). Figure 3.8b shows this same field which was reduced 

to a magnification of 2000X and analyzed under the backscatter electron detector to 

confirm the diierent compositions of the specimen. The smooth coupon with a 40pm BG 

coating was examined for BG composition at magnifications of 5000X and 2000X, both at 

an accelerating voltage of lOkV (Figure 3.9). 

A smooth polished, unfiactured BG specimen was also analyzed with the SEM for 

purposes of comparison with the SEM of the BG-MOR sample. The surface was coated 

with platinum to allow for conductivity and prevention of charging of the specimen. This 

polished BG specimen was analyzed under an acceleration voltage of lOkV at a 

magnification of 5000X with both the BSE and SE detectors. 

An untested "practice" plasma-sprayed BG on metal was cross-sectioned and 

analyzed under the SEM purely for qualitative information. The sample was also 

sectioned with a BuehIer Isomet low speed saw with diamond blade oil as a lubricant. At 

a magnification of lOOX and accelerating voltage of IOkV, one can clearly define the BG 

coating fiom the substrate. EDS was performed to get a characteristic spectrum of BG. 

3.2.2 Backscatter Electron Imaging 
Number 4 of the smooth bond strength specimens coated with 40pm of BG was 

sputter coated with a thin layer of gold/paIladium. EDS was performed for confirmation 

of the BG regions still adhered to the Ti-6Al-4V substrate. These spectra were performed 

at a magnification of lOOOX at an accelerating voltage of 2OkV (Figure 3.10). Thirty 

fields were imported into the Image analysis software for area fiaction measurements 

(Figure 3.1 1). No smooth coupon with a BG coating of 75pm were suited for area 



fiaction analyses. A porous specimen with a 40pm BG coating (number 9) was also 

sputter coated with gold/palladium and analyzed with EDS under a magnification of SOX 

at an accelerating voltage of 20kV. Again, thirty fields were recorded for area fkaction 

analysis (Figure 3.12). 

3.3 Finite Element Analysis (FEA) 
Given the material properties of BG and Ti-6Al-4V from the mechanical tests, 

several FEA models, both two- and three-dimensional, were constructed. The primary 

concern of the FEA was to simulate the tensile bond strength test performed 

experimentally. This study was accomplished with the aid of the ANSYS program. 

3.3.1 Contact Theory 
Contact theory is commonly applied to problems involving two or more bodies 

that transmit forces via contact points, lines or surfaces. It was considered appropriate to 

incorporate contact theory in analyzing the tensile bond strength at the interface between 

BG and Ti-6A1-4V. All of the 2D contact problems had their areas meshed with 2D, 

quadrilateral 8-noded elements, however, the interfaces were discretized with contact 

elements. These are three-sided point-to-surface elements with three nodes, one on each 

comer. The contact theory in the Ansys program used in this study has limited the contact 

zone being bounded by elements with linear variation along the edges. The surface 

contact elements are actually fictitious elements that represent the contadsliding interface 

on a 2D point-to-surface problem. The elements generated take &e form of triangles with 

two degrees of freedom at each node (Figure 3.13) [I]. The contact interface that is 

represented by these "fictitious" elements is in the form of a line. Contact elements have 

specific characteristics that must be addressed. These requirements include the normal 

stifiess 0, tangential stiflhess (KT), and absolute tolerance (TOLN) for surface inter- 

penetration compatibility. The value of stifiess is crucial in contact theory in that it 

cannot be too high or else it may lead to convergence difficulties yet a value too smd will 



result in excessive inter-penetration of the contacting objects. These qualities ensure that 

the coefficient of friction does not exceed the value of unity. Contact elements do not 

always meet the requirements of perfect rigid-rigid contact and therefore, the 

corresponding TOLN must be assigned a value close to zero to keep penetration to a 

minimum and yet avoid a gap of exactly zero. As a result, TOLN in the samples presented 

in the following models was set to 0.001. 

Contact elements have several conditions that further characterize them fiom line 

elements. The only ones that were pertinent to this study were the type of fiction 

experienced at the interface and contact predictions. The Ection may be labeled as no 

fiction, elastic Coulomb friction, or rigid Coulomb Ection. For the purpose of this study, 

elastic Coulomb fiiction was used. When establishing Ection as being anything other than 

zero, a coefficient of fiiction (p = 0.5) was assigned. The contact predictions can be one 

of the following: no contact time predictions are performed, change-in-contact 

predictions are made in order to maintain a reasonable timdoad increment, or change-in- 

contact predictions are made in order to achieve the minimum timdoad increment 

whenever a change in contact status occurs. 

Two other characteristics of contact theory that are noteworthy include the 

analysis regime and the contact algorithm formulation. Two regimes are possible namely 

structural, and coupled thermal-structural analyses. Two algorithm types are supported in 

the Ansys program, namely the Penalty Function and the Penalty Function with the 

Lagrange Multiplier. For purposes of this study the penalty function option was used in a 

structural analysis regime. Three 2 0  models were built and analyzed, with boundary and 

initial conditions as follows: Prescribed Displacement, comPres&e point-~oad with 

Initial Gap, and Tensile Point-Load with No Initial Gap. 

The three test contact models were analyzed using material with a yield stress of 

7000MPa and a plastic modulus of 800MPa. Other material properties assigned to these 

models was a Young's modulus of 54.9X106MPa and Poisson's ratio of 0.25. 



3.3.1.1 Prescribed Displacement 

This 2D model consisted of two lmm X lmm square areas with a 0.05mrn gap 

between them. Figure 3.14 shows a plot of the contiguration of the model. The top area 

is meshed with a line division of 10 whereas the bottom area is meshed with a line division 

of 12. This uneven element size across the contact interface allows the contact nodes and 

target nodes to be slightly misaligned for the generation of contact elements. The nodes 

on the bottom surface of the top square were designated as the contact nodes. The nodes 

on the top surface of the bottom square were designated as the target nodes. 

The bottom most surface was fixed or constrained in the y direction (the direction 

of loading). The entire left side of both squares were constrained in the x direction in 

order to restrict the degree of freedom. With this all in mind, the top area was then 

subjected to a prescribed displacement of -0.05mm in order to close the gap. 

3.3.1.2 Compressive Point-Load with Initial Gap 

The model was similar to the one generated in the prescribed displacement 

problem. This model also had a gap of 0.05mm for the test of closing this gap using 

compressive point loads on the top surface of the top square. The same surfaces were 

assigned as the contact and target nodes as in the model above. 

This time the only constraint implemented was on the bottom most surface in the y 

direction. Then an arbitrary compressive load of -100N was applied to the entire top 

surface to close the gap. Figure 3.15 illustrates this model with the given constraints and 

loads. 

Unsuccessfhl iterations of this model eventually lead to the use of link elements on 

either side of the top box in order to provide adequate constraints. Figure 3.15 shows the 

position of the link elements. Note that the free ends of the link elements were £ixed in 

both the x and the y directions which holds the top box into position, however, allowing 

for displacement as if the links were soft springs. 



3.3.1.3 Tensile Point-Load with No Initial Gap 

Like the two previous models, the two squares for this model had dimensions of a 

lmm X lmm square. This time, however, there was no separation (gap size = 0) between 

the two entities. The same meshing parameters and material properties were assigned as 

above. Again, the identical surfaces contained the contact and target nodes. Note, the 

contact and target nodes lie on the lines that essentially are on top of each other. 

This model was fixed only along the bottom most surface. It was constrained both 

in the x and the y directions which depicts the real fixed support that will be applied to the 

tensile test specimen. Then the top most surface was subjected to an arbitrary tensile load 

of IOON. 

3.3.2 Rigid Contact 
Several 2D and 3D models were created for stress distribution analysis of 

birnaterial butt tensile joints. Many tests were performed to establish trends in the 

solutions. 

3.3.2.1 2D Rigid Contact 

Initially, the 2D model began with two Ti-6Al-4V components (1.25mm X 

1.00mrn) with BG (0.50mm) between them. The BG and Ti-6A1-4V share a common line 

as,a rigid interface. This 2D model was devised as the midline cross-sectional 

representation of the fill 3D model. FMlOOO was neglected for reasons that theoretically, 

adhesives are to have a thickness of zero. Also, the FMlOOO was'not used in the 

mechanical tests to enhance the bond strength. The serendipity &node quadralateral 

element was used in the entire model. A graded mesh was decided upon such that it was 

much finer near the fiee interface corners since these are the areas where singular fields 

were expected. The element mesh density was adjusted iteratively, by varying the mesh 

density parameter which permits the defifling of element sizes at given keypoints of the 

analysis domain. The top-most surface had a total tensile load of 125N distributed across 



it. The comer nodes of each element held 116 of the total load, the midsided nodes camed 

213 of the total load, and the common node shared between two elements sustained 113 of 

the total load. This is in accordance with the isoparametric load distributions for quadratic 

elements . 

Another 2D model was generated with the BG layer only 150pm in height. In 

order to reduce the problem size, the two Ti-6A1-4V regions were reduced from 1.25mm 

to 4233pm long. This second 2D model opened questions which inspired the performance 

of the following tests. The first test was created where the BG layer was set to either 

0.5mm or 0.05mm and the Ti-6A1-4V was kept at lmm. This test was designed to reveal 

any geometric effects on the stress distribution. Another test was done where the material 

properties of the BG and Ti-6Al-4V were interchanged. The purpose of this test was to 

examine how the material properties may effect the singular fields with stress jumps. A 

third test in which all three areas were of one material; either all Ti-6Al-4V or all BG was 

performed. All three sets of tests had their models constrained in the y direction along the 

entire bottom-most surface. Only the center node on the bottom surface, however, was 

constrained in the x direction to allow for deformation due to the elongation. The top 

surface of each model had a uniform surface pressure load of 30MPa applied. 

The final 2D model resulted fiom the previous tests that were run. A 2D rigid 

contact model with the center region consisting of BG 150pm long and both Ti-6A1-4V 

were 4233pm in length. Figure 3.16 represents the element mesh with the constraints and 

surface pressure as seen in the previous tests. The element mesh was generated with the 

requirement that the outer edges of each area were divided into the number and size of 

elements desired. With this, the number of elements through the BG thickness was under 

strict control with four uniform elements along the length. Also, the element mesh 

throughout both Ti-6AI-4V regions became progressively finer as they approached the BG 

interface. The number of nodes and elements generated were 18715 and 6622, 

respectively. 

This particular model was chosen to include a BG region of 150pm long in order 

to make a comparison with published experimental mechanical bond strength tests that 



were performed with this BG coating thickness. A tensile pressure load of 30MPa was 

selected from the literature where the bond strength was observed as being between 30 - 

32MPa. 

3.3.2.2 3D Rigid Contact 

The initial 3D model began with modeling the entire cylinder similar to that tested 

experimentally (Figure 3.17). After many iterations of reducing the problem size, the 3D 

model chosen was a Ti-6A1-4V maximum length of 4233 pm with BG 150pm long. First, 

the angle of the cylinder was reduced by various magnitudes and eventually, the model 

was firther reduced to a symmetric model. This was accomplished by bisecting the three 

volumes transversely through the midline of the BG layer. This model had varying angles 

fiom 10" to 90" and Ti-6Al-4V lengths between 338pm to 4233 pm. 

The first element type attempted was a 10-noded tetrahedral, however, the element 

type chosen was an 8-noded brick element. Again, a graded mesh approach was used for 

which the mesh densities were progressively finer as the interface was approached. Figure 

3.18 and 3.19 show the element plots of the 10" and 80" cylinder models. The number of 

nodes and elements generated were 3472 and 2880, respectively. 

All of the nodes on the bottom-most surface, be it the bottom surface of Ti-6Al- 

4V or the midline of the BG, were constrained in the z direction which was the direction 

of the active load. As in the 2D model, only one node was further constrained in both the 

x b d  the y directions to eliminate zero energy nodes, hence a sufficient constraint 

condition. This node was at the origin which represents the center of the base of the 

specimen. The top surface was then loaded with a uniform d a c e  pressure of -30MPa. 

The negative pressure signified that the pressure was under a tensile mode. The solution 

was applied in one load step and as a linear elastic model due to the fact that BG was the 

weaker of the two materials and behaves in a linear elastic, brittle manner. 



3.3.2.3 3D Rigid Contact: Three Volume 

The final model was a 10" cylinder that had the hll 150pm BG region with the 

two Ti-6A1-4V volumes at 450pm in length. Again, this model was meshed with 8-noded 

brick elements and with the mesh density finer towards the two interfaces (Figure 3.20). 

This three-volume model was constrained and loaded in the same fashion as the symmetric 

3D rigid contact model. 
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Figure 3.1 Modulus of rupture three-point bend test.



Figure 3.2 Ti-6AI-4V tensile test using a 90° rosette strain gage.

59



60

Figure 3.3 Curing apparatus for bond strength tensile test specimens.

Figure 3.4 Tensile test for bond strength of plasma-sprayed BG on Ti-6AI-4V.
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(a)

Figure 3.5 (a) and (b) Images (lOkV, lOOX)of two locations on an
unpolished porous-75J.1mBG sample.



(8)

',- --

(b)
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Figure 3.6 (a) and (b) Images (lOkV, 500X) of two locations on
a polished smooth-75l1mBG sample.
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(b)
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(a)

Figure 3.7 (a) Image (lOkV, 20X) of polished porous-40l1m BG sample showing
beads and (b) Image (lOkV, 5000X) of polished porous-40l1m BG sample.



(b)

(a) 64

Figure 3.8 (a) Image (lOkV, 3000X) of polished porous-40J.1mBG sample
and (b) Image (lOkV, 2000X) of same region but with BSE detector.



(b)

(a)
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Figure 3.9 (a) Image (lOkV, 5000X) and (b) Image (lOkV, 2000X) of two locations
on a polished smooth-40Jim BG sample.



(a)

(b)
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Figure 3.10 (a) Secondary electron image (20kV, 1000X) of
smooth-401lm BG sample showing areas of BG and Ti-6AI-4V and

(b) Same image (20kV, 500X) under BSE.
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Figure 3.11 BSE image of fracture surface ofsmooth-40p.m BG
sample for area fraction measurement.
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Figure 3.12 BSE image of porous-4011mBG sample for
area fraction measurement.
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Figure 3.13 2D point-to-surface contact element. 



Figure 3.14 Element plot of prescribed displacement contact model. 



Figure 3.15 Element plot of compressive point-load 
with initial gap contact model. 



Figure 3.16 (a) Element plot of 2D rigid contact model and 
(b) Zoomed element plot showing a four element 

thickness through the BG area. 



Figure 3.17 3D element plot of entire 360" cylinder. 



Figure 3.18 Element plot of 10" cylinder. 

Figure 3.19 Element plot of 80" cylinder. 



Figure 3.20 Element plot of 3D, three volume model. 



CHAPTER 4 

RESULTS 

4.1 Mechanical Test 

4.1.1 Modulus Of Rupture 
Sixteen modulus of rupture specimens, 5mm X 5rnm X 20mm in dimensions, were 

tested and analyzed statistically for the three-point bend test. Figure 4.1 illustrates the 

modulus of rupture for each sample. The representative average and standard deviation 

for the given samples were calculated to be 48.14*15.23 MPa. 

4.1.2 Ti-6A1-4V Tensile Test 
Three standard tension test specimens were tested and analyzed statistically for 

the ultimate tensile strength (UTS), Young's modulus (E), and Poisson's ratio (u). Figure 

4.2 shows the load versus displacement curve for the first specimkn tested. Table 4.1 

shows the UTS, E, and u for all three specimens with the average and standard deviation. 

The representative average and standard deviation of E and u are 1238W496 MPa and 

0.3 14M.01, respectively. 



4.1.3 Bond Strength Test 
The porous specimens with a 75pm BG coating had a sample size of 1 1, whereas 

the porous samples with a 40pm BG coating had a sample size of 8. The smooth coupons 

had 4 and 6 specimens for 75pm and 40pm BG coating, respectively. Table 4.2 shows the 

average and standard deviation for the bond strength of porous and smooth coupons with 

75pm and 40pm BG coatings. 

4.2 Scanning Electron Microscopy (SEM) 

4.2.1 Secondary Electron 
Figure 4.3 shows the fracture surface of a BG MOR specimen. Note the 

concentric "rings" protruding towards the tensile surface of this three-point bend 

specimen. At higher magnifications, raised particulate-like features are shown to 

contribute the formation of the "rings". Also, when these features are examined under a 

backscatter detector, it appears as though they are of a dierent composition or atomic 

number12 value (Figure 4.4). The smooth polished, unfiactured BG surface seen in Figure 

4.5 shows that this ceramic is a homogenous material. Figure 4.6 shows the cross-section 

of the plasma-sprayed BG on Ti that was used as practice for the coating technique. The 

standard EDS spectra of BG that was collected from the practice plasma-spray sample is 

shown in Figure 4.7. 

Figure 4.8 illustrates the fracture surface of the TidAl-4V tensile specimen which 

shows shear lips around the edges. Higher magnification reveals the topography of the 

hcture surface. 

The EDS spectra of both scans from the cross-section of the smooth-75pm BG 

bond strength test sample are shown in Figures 4.9 and 4.10. Note that scan 2 shows 

signs of the Ti-6A.l-4V. The unpolished porous-75 pm sample yielded a less clear 

spectrum, however, signs of BG, Ti-6Al-4V, and additional unexpected elements were 

seen (Figure 4.11). The backscatter electron detector clearly showed the different 



composition of the BG, Ti-6M-4V, and the molding resin, in which the specimen was 

potted, for the cross-section of the porous-40pm BG Figure 3.8). The EDS spectra for 

this specimen are shown in Figures 4.12 and 4.13 with peaks indicating an obvious 

prevalent existence of BG. The EDS spectra for the smooth-40pm BG specimen are 

presented in Figures 4.14 and 4.15. Note that scan 1 shows signs of the Ti-6M-4V. 

Areas of the cross-sectioned specimens that still had BG adhered to them, were on 

average -5pm in thickness. 

4.2.2 Backscatter Electron 
The EDS spectra differentiating the BG regions from the Ti-6AMV or FMlOOO 

are shown in Figures 4.16 and 4.17 for the smooth-40pm and Figures 4.18 and 4.19 for 

the porous-40pm specimens. The average and standard deviation of the area fiaction 

taken from the thirty fields of the smooth-40pm BG sample is 63%. The porous-40pm 

BG specimen yielded an average and standard deviation of 94%. 

4.3 Finite Element Analysis (FEA) 

4.3.1 Contact Theory 

4.3.1.1 Prescribed Displacement 
Figure 4.20 shows that the prescribed displacement was sufiicient to bring the two 

square areas together. 

4.3.1.2 Compressive Point-Load With Initial Gap 

Figure 4.21 shows that, like the prescribed displacement model, the compressive 

point-load model was also capable of closing the gap between the two square areas. 



4.3.2 Rigid Contact 

4.3.2.1 2D Rigid Contact 

The final 2D model that was generated experienced transverse shrinkage and an 

increase in length when submitted to a tensile load (Figure 4.22). This model yielded a 

maximum and minimum von Mises stress values of 3 1.4MPa and 24.OMPa, respectively, 

with the greatest stress at the BGRi-6Al-4V fiee edge interfaces (Figure 4.23). These 

values are of the nodal solution, however, the elemental solution yielded a maximum von 

Mises stress of 32.2MPa. This discrepancy results from the stress averaging in the case of 

nodal solutions. Element-based solutions of stress are raw stresses. The equivalent 

stresses are graphically shown in Figure 4.24 with the sharp increase in stress being the 

regions of the interfaces, thus, the existence of singular zones. 

Figure 4.25 shows the first principle stress at the region of interest. It shows the 

siiarity in the "wings" with the von Mises stress. Figure 4.26 depicts the second 

principal stress with the highest stresses in the center of the BG area. 

The first principal strain can be seen in Figure 4.27 where the highest strains exists 

in the center region of the BG. The second principle strain is shown in Figure 4.28 where 

the maximum strains are just outside of the interfaces. 

4.3.2.2 3D Rigid Contact 

Table 4.1 best displays the results of the von Mises stress values of all of the 3D 

models. The models that were constructed with the ~ i - 6 ~ 1 - 4 v  lehgth as 1710pm or 

450pm resulted in a "wing" of slightly lower stresses of 30.0 - 31.2MPa (Figure 4.29). 

These "wings" appear around the circumference towards the end of the Ti-6AI-4V krthest 

away from the BG interface. Only representative results will be discussed in this chapter. 

Figures 4.30 show the equivalent stresses for the 10" cylinder with the Ti-6Al-4V 

length equal to 450pm. Note the maximum and minimum were 32.5MPa and 21.4MPa. 

Figure 4.3 1 is a graphical illustration of the equivalent stresses showing the sharp increase 



at the BG/Ti-6Al-4V interface. 

Figure 4.32 presents the deformation experienced by the 10" cylinder model with 

Ti-6Al-4V equal to 4233pm. Note the decrease in radius and increase in length. 

Figures 4.33 and 4.34 show the equivalent stresses for this model where the maximum and 

minimum values are 30.8MPa and 21.3MPa. Again, the equivalent stresses have been 

plotted in Figure 4.35 to show the onset of the singular zone as the interface is 

approached. 

4.3.2.3 3D Rigid Contact: Three Volume Model 

Figure 4.36 shows the deformation of the 10" cylinder with all three volumes ('Ti- 

6Al-4V/BGEi-6Al-4V). Again, a decrease in radius is observed along with an increase in 

length. The von Mises stress contours of the area of interest, being the two BGlTi-6Al- 

4V interfaces, can be seen in Figure 4.37. The maximum and minimum equivalent stresses 

were found to be 32.4MPa and 21.4MPa, respectively. The BG region is evident on the 

graph depicted in Figure 4.38 where the equivalent stresses are at a minimum and increase 

dramatically on either side to show the interfaces. One can see in Figure 4.39 that the 

equivalent stresses along the interfaces at the center axis of the cylinder are uniform with 

no signs of a singular field. 



Table 4.1 UTS, E, and u for Ti-6Al-4V tensile samples 

Table 4.2 Bond strength of plasma-sprayed BG on Ti-6A1-4V 

Specimen 

1 

2 

3 

AveSTD 

UTS (kips) 

28.53 

28.73 

28.61 

28.62M. 10 

Porous 

Smooth 

E (ksi) 

12955 

12072 

12121 

12388.75k496.2 

Bond Strength (MPa) 

u 

0.3 1 

0.30 

0.33 

0.32M.012 

75pm BG 

36.4-8.61 

53.23e.98 

40pm BG 

43.944~4.92 

70.54k7.26 



MOR of Bioglass 
Three-Point Bend 

Sample 

Figure 4.1 MOR values of 16 three-point bend specimens. 

Load vs Longitudinal Strain 
Tensile Specimen I 
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Figure 4.2 Load vs displacement for Ti-6A1-4V tensile test. 
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Figure 4.3 Fracture surface of BG MOR specimen.



Figure 4.4(a) Enlarged region of the fracture surface of a BG MOR
specimen, secondary electron image.

pc

Figure 4.4(b) Same field as Figure 4.4(a)
Backscatter Electron image.
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Figure 4.5 Secondary and backscatter electron images of an
unfractured surface of BG.
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Figure 4.6 Cross-sectional secondary electron image
of the practice plasma-sprayed BG on Ti.

87



-- -- - - - - - - - -- - - --
-- - - -

88

X-RAY: 0 - 20 keV Window: None
L i v e : 1a asp res e t : 1a a 5 Rema i n i n9 : 0 5
Real: 1QSs 31% Dead

S'

N

11

!
:
I
I
I
I

II

Ii
I
I

I
I,
i
I
I
I

III p",,-
III

C

a
l

< . 1 5. 263 k eU
FS= QK OS= 6Q ch 273=
MEM1:Practice Plasma-spray 88

10.Q >
38 cts

Figure 4.7 EDS spectrum of BG.
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Figure 4.8 (a) Image (IOkV, lOX) of global view of Ti-6AI-4V tensile specimen
fracture surface and (b) Same specimen magnified to IOOX.
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Figure 4.9 First EDS spectrum of BG on the polished cross-section 
of a smooth-75pm BG specimen. 
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Figure 4.10 Second EDS spectrum of BG on the polished cross-section 
of a smooth-75pm BG specimen. Note the signs of the Ti-6Al-4V substrate. 



Figure 4.11 EDS spectrum of the unpolished cross-section of a porous-75pm BG 
specimen. Note the low clarity in the peaks and the signs of Fe and Cr. 



Figure 4.12 First EDS spectrum of BG on the polished cross-section 
of a porous-40pm BG specimen. 
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Figure 4.13 Second EDS spectrum of BG on the polished cross-section 
of a porous-40pm BG specimen. 
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Figure 4.14 First EDS spectrum of BG on the polished smooth-40pm BG 
specimen. Note the signs of the Ti-6A1-4V substrate. 



0 - 20 k e u  W i  ndow : None - 1 

Figure 4.15 Second EDS spectrum of a BG on the polished cross-section 
of a smooth-40pm BG specimen. 



Window : None 

Figure 4.18 EDS spectrum of the brighter zones as BG of porous-40pm 
sample. Note the peaks from the AuIPd coating. 
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Figure 4.19 EDS spectrum of the darker areas as Ti and Aumd 
sputter coating of the porous-40pm sample. 



Figure 4.20 Displacement plot of the prescribed displacement 
contact model showing closure of the gap. 



Figure 4.21 Displacement plot of the compressive point-load 
contact model. Note the closure of the gap. 



Figure 4.22 Displacement plot of the 2D model. 



Figure 4.23 Equivalent stress of the two BGITi-6AI-4V interfaces 
of the 2D model. 



Equivalent Stresses 

Figure 4.24 Graphical plot of the equivalent stress from Figure 4.23 
indicating the interfaces with sharp stress jumps. 



Figure 4.25 First principal stress of the 2D model at the 
two BG/Ti-6AI-4V interfaces. 



Figure 4.26 Second principal stress at the two BG/Ti-6AC4V 
interfaces of the 2D model. 



Figure 4.27 First principal strain of the two BGfTi-6AI-4V 
interfaces of the 2D model. 



Figure 4.28 Second principal strain of the two BG/Ti-6Al-4V 
interfaces of the 2D model. 



Figure 4.29 Equivalent stress plot of the 10" cylinder with the 
Ti-6Al-4V height of 450pm. 



Figure 4.30 Magnification of the equivalent stresses shown in Figure 4.29 
with the area of interest being the outer edge of the cylinder. 



Equivalent Stresses 
10 Cylinder, Ti = 450um 

Figure 4.31 Graphical plot of equivalent stresses of the lo0 cylinder with 
the Ti-6AI-4V height of 450pm. Note the sharp increase in 

stress at the BG/Ti-6AI-4V interface. 
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Figure 4.32 Displacement plot of the 10" cylinder with Ti-6Al-4V height 
set to 4233pm. Note the increase in height and decrease in radius. 



Figure 4.33 Equivalent stress plot of the 10" cylinder with Ti-6AI-4V 
height set to 4233pm. 



Figure 4.34 Magnification of the outer edge of Figure 4.33 
showing the equivalent stress at the BG/Ti-6AI-4V interface. 
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Figure 4.35 Graphical plot of the equivalent stress shown in Figure 4.34. 
Note the sharp increase in stress at the BG/Ti-6Al-4V interface. 
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Figure 4.36 Displacement plot of the lo0, three volume cylinder 
showing the height increase and a decrease in radius. 



Figure 4.37 Equivalent stress at the two BG/Ti-6AI-4V interfaces 
along the circumference of the lo0,  three volume model. 



Equivalent Stresses 
10 Cylinder, 3 Volume, Ti = 450um 
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Figure 4.38 Graphical plot of the equivalent stress of the lo0, three 
volume cylinder showing the two interfaces with increases in stresses. 



Figure 4.39 Equivalent stress of the two BG/ri-6Al-4V interfaces at 
the center of the lo0, three volume cylinder. 



CHAPTER 5 

DISCUSSION 

5.1 Mechanical Test 

5.1.1 Modulus of Rupture 
The modulus of rupture acquired through the three-point bend (48.14*15.23MPa) 

differs from the value observed under the four-point bend performed by F i o  et a1 [52]. 

The MOR from the four-point bend was as high as 80MPa with a standard deviation of 

approximately *22MPa. This discrepancy could be attributed to several factors including 

the dierence in specimen cross-section. This study used specimens of Smm X 5mm 

cross-section whereas the four-point bend test used specimen cross-sections of 5.4rnm X 

3 .Shun. The calculation of the MOR involves the inverse of the width (b) times the 

thickness (h) squared - (bh2). The four-point bend had a bh2 value of 66. 15mm3, whereas, 

this study had a bh2 value of 12Smm3. With the bh2 value being inversely proportional to 

the MOR, the lower the bh2 value, the higher the calculated MOR The distance between 

the outer supports was 28mm for the four-point bend, however, this study had an outer 

support span of 14mrn. The outer support span is directly proportional to the MOR and 

therefore, the larger the support span, the higher the MOR value. 



5.1.2 Ti-6A1-4V Tensile Test 

Even though the measured modulus of elasticity for Ti-6Al-4V had a difference of 

18% fiom that taken from the literature, the effects on the FEA results were negligible. 

5.1.3 Bond Strength Test 
The porous samples yielded lower bond strength than the smooth coupons. One 

may expect that the porous interlocking of BG would result in higher bond strengths, 

however, upon analyzing the fi-actured surfaces, it was evident that the FM1000 did not 

effectively cover the test surface. Some portions of the porous test surface had FMlOOO 

in the pores which leads to the question of whether or not the mechanical test yielded the 

bond strength of BG on Ti-6Al-4V, or a combination of BG bonding and the mechanical 

interlock strength of FM1000. 

The thinner the BG coating, the higher the bond strength value. This trend is 

consistent with a study using a 150pm BG coating fiom which a bond strength of 

33.W4.3MPa was reported [6]. A similar trend was also noted for HA coatings [117]. 

Proper alignment was a problem with some of the test specimens. During the 

curing of the FM1000, the smooth surfaces slid out of alignment. This was overcome by 

the rotating and pivoting arms of the fixtures that could reposition themselves with the 

specimen. 

Previous studies of the bond strength of plasma-sprayed bioceramics on metal cite 

bond strengths of HA on metal. A 50pm HA coating on Ti-6A1-4V was tested in tension 

and its bond strength was found to be 85S.9MPa [17]. Another ktudy [I181 investigated 

the bond strength of plasma-sprayed HA coatings on Ti-6Al-4V. This study used a 

smooth Ti-6Al-4V coupon that was gritblasted with a HA coating of 135pm and loaded in 

tension which yielded a bond strength of 6.7Al.5MPa. A porous Ti-6Al-4V coupon with 

a 120pm HA coating resulted in a lower bond strength of 3.7*1.2MPa. A tensile test with 

a 150pm HA coating plasma-sprayed onto Ti-6Al-4V resulted in a bond strength of 

52.W11.7MPa [6]. Yang et al [I171 used a tensile bond strength test to determine the 

adhesion strength between plasma-sprayed HA and Ti-6A1-4V. The HA coatings were 



approximately 200pm thick and varied in porosity percentage, concentration of impurity 

phases, and crystallinity. The maximum value of bond strength for Yang's study was 

30.98k1.12MPa [117]. The trend observed from all of these studies agrees with the trend 

seen in this study where the bond strength was inversely proportional to the coating 

thickness. 

5.2 Scanning Electron Microscopy (SEM) 

5.2.1 Secondary Electron 
The BG-MOR fracture surface revealed concentric rings coming fiom the 

compressive surface to the tensile surface. These "rings" appear to be related to iso-stress 

lines at the contact patch that are in accordance with Hertzian contact theory. They may 

signify the potential of spalling under flexure loading (Figure 5.1). Amorphous BG is a 

homogenous material as seen by the backscatter electron microscopy shown in Figure 4.5. 

Under mechanism of failure, however, the Backscatter electron images show that the 

spicules fiom the "spalling" to be of a dierent composition. 

The EDS spectra of the bond strength test specimens shows that BG is indeed still 

evident on the fiacture surface which indicates that the bulk BG coating is actually weaker 

than the bond between BG and Ti-6MV. Some of spectra also show signs of the Ti 

substrate which is expected, especially in areas of the BG closest to the metal due to 

a s i o n  that occurs fiom plasma-spraying. 

The unpolished cross-section of the porous-7Spm specirnin revealed a less dear 

EDS spectrum when compared with the polished samples. Also, signs of foreign elements 

were observed such as Cr and Fe. These unexpected elements can be fiom residual metal 

that was possibly on the diamond blade used to section this specimen. 

Measurements of BG found were approximately 5pm in thickness. This wouM 

indicate that BG delaminated from sections of the substrate but failed within itself in other 

areas of the fiacture surface. This phenomena is also witnessed in the fields taken under 



backscatter electron microscopy for area fraction measurements. Area fraction 

measurements were not taken of the smooth or the porous 75pm BG group. The smooth- 

75pm group were extremely burned during the torching of FMlOOO for fixture removal. 

While collecting fields fiom the porous 40pm specimen, it was noted that many of the 

pores were filled with glue; leaving only the very top surfaces of the upper layer of beads 

to show any BG. Other fields did show open pores where the lower layer of beads could 

be seen in addition to the sides of the upper layer beads. Considering the inconsistent glue 

coverage, it was decided that this method of estimating the area of BG was inconclusive, 

thus the porous 75pm group were not analyzed for area fraction measurements. 

5.3 Finite Element Analysis (FICA) 

5.3.1 Contact Theory 
The prescribed displacement and compressive point-load models were successfblly 

completed. The tensile model did not attain complete convergence since contact elements 

do not support tensile loading. Therefore, a prescribed displacement model with the 

displacement oriented in a tensile direction would have failed as well, and was thus not 

attempted. The findings of this study showed that contact theory was inappropriate for 

modeling tensile loading across contact interfaces. However, contact theory was found to 

be tobust for modeling compressive loading, and thus, would be appropriate for simulating 

a push-out test. 

5.3.2 Rigid Contact 

5.3.2.1 2D Rigid Contact 

The stress distribution was as expected, with the singular stress fields appearing at 

the fiee edge interfaces. This 2D model suggests that failure would initiate at the fiee 

edge interfaces then propagate along the interfaces resulting in complete delamination of 

the BG coating from the Ti-6Al-4V substrate. The 45" projections of high stresses from 



the singular stress fields suggest the presence of resolved shear stresses experienced 

during lateral contractions caused fiom the tensile load. 

The nodal and elemental solution differ slightly due to the averaging that occurs 

across the nodes of each element and its neighboring elements. The nodal solution 

therefore displays smooth flowing contours of stress distributions throughout the model. 

The first principle strain shows the anticipated delamination that occurs along the 

x-direction. The third principle strain would represent delamination through the depth of 

this plane stress model. The second principle strain displays the delamination along the y- 

direction. 

5.3.2.2 3D Rigid Contact 

The results of the 3D model suggests complete delamination of BG off Ti-6Al-4V. 

Unlike the 2D model the 3D model also shows that failure would occur all at once 

because of the lack of singular stress fields at the fiee edge interface. Instead of a 

pronounced point of maximum stresses (singular stress fields), maximum stresses are 

shown throughout the Ti-6Al-4V substrate until the BG volume is reached. 



A Pressure Distribution 

Figure 5.1 Contact pressure distribution for two elastic cylinders. 



CHAPTER 6 

CONCLUSION & FUTURE WORK 

Several conclusions have been drawn from this investigation. The modulus of 

rupture of BG is about 2-3 times the value of the ultimate tensile strength [I 111. The 

estimated ultimate tensile strength of BG was lower than the experimental bond strength 

of the plasma-sprayed tensile coupons. 

The bond strength tests also showed a relationship between BG coating thickness 

to the bond strength. The results of both porous and smooth bond strength test 

specimens imply that the thinner coating thickness has a stronger adherence to its 

substrate. Although the bond strength values coincide with trends observed from other 

studies, improvements must be made in the test configuration where mechanical 

interlocking between glue and test surface can be eliminated. 

While taking area fiaction measurements, the fields showed that the glue closed 

many of the pores, covering the underlying layer of beads and only revealing the small 

portions of the tops of the upper layer of beads. For a more accurate area kction 

measurement of the porous specimens, taking fields along successive cross-sections is 

recommended. The specimen could be potted then cross-sectioned at every 5pm with 

fields taken after each cut. 

The amorphous BG material appears to be a homogeneous substance. However, 

when fractured, the surface showed particles of a different chemical composition when 

viewed using backscattered electron imaging. Within the confines of the scope of this 



work, EDS was not performed on the BG to decipher the composition of the particulate 

matter. This, however, would be a good kture study task. 

The conclusion drawn fiom the contact theory study was that it was only valid for 

models simulating compressive or impact loads. The 2D rigid contact model confirmed 

the existence of singular stress fields at the fiee edge interface as seen in previous studies 

[122]. The 2D model results showed crack initiation occurring at the fke edge interface 

followed by propagation along the interface. The 3D model showed potential 

spontaneous delamination of the interface. The FEA models analyzed in this study 

assumed BG to be isotropic and homogeneous. While results fiom this study were quite 

reasonable, they could be improved by using material property data that more closely 

represents BG, namely orthotropic and heterogeneous. 

Recommended fbture studies include in vivo investigations into the bioactivity of 

40pm and 75pm BG coated implants. Now that a pattern has been identified between 

coating thickness and mechanical bond strength; the obvious follow-up question is 

whether there is a relationship between coating thickness and bioactivity. A slightly 

weaker bond (75pm) may be tolerated for a higher initiation rate of new bone. Push-out 

tests could follow with both experimental and numerical components, maybe with an 

axisymmetric model for brevity. 

Experimental bond strength tests should be run with plasma-sprayed coated 

specimens versus dipped specimens. The porous specimens could be tested with only one 

layer of sintered beads. This may cut back on the porosity typically seen in clinical 

prosthetics, however, it would also reduce the effects of mechanical interlocking between 

the glue and the beads. 

High speed photography could be used to monitor the crack initiation site on the 

experimental bond strength samples. This test may confirm the method of Mure 

advanced by either the 2D or 3D FEA models of this study. In addition, an &symmetric 

model should be analyzed in order to lead more credibility to the delamination modes 

suggested by the 2D and 3D models. 

Crystalline HA has been noted previously as having a stronger bond strength than 



more amorphous HA [117]. Therefore, a comparison between amorphous BG and 

crystalline BG bond strengths could potentially lead to the optimum BG coating. 
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