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Fate of Metals in the Body
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Fate of Metals In Vivo

Corrosion and Wear
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Fatigue Failure

Cobalt-based Alloys-ASTM F75

• Macrostructure of As-
Casted Co-Cr-Mo ASTM 
F75 hip stem

• Alpha phase rich in Co

• interdendritic 
structures depleting Cr 
forming carbides

• Decreased mechanical 
strength

• Decreased fatigue 
properties
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Cobalt-based Alloy 
F75 Casting Defects

• Fracture surface of 
the same Co-Cr-Mo 
ASTM F75 hip stem

• Casting Defect -
Large inclusion 
– due to ceramic mold 

particulate 
– Source of stress 

concentration 
– lead to fatigue failure 

in vivo

• Rate of Wound Healing depends on
– Severity of injury
– Size of defect
– Location of defect

• Ex: Bone, skin: regeneration
Cartilage or ligament: fibrous capsule

• Implant Response
– Capsule Formation
– Tissue Ingrowth: mechanical fixation
– Tissue Integration: biological fixation

Wound Healing: Remodeling 
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Mechanical Fixation: Tissue Ingrowth

• Tissue Ingrowth is GOOD!

• Tissue ingrowth enables 
mechanical fixation of the 
implant

• Minimal motion between 
implant and surrounding 
tissue

• Implant surface must 
promote cell adhesion

Mechanical Fixation: Tissue Ingrowth

• Degree of Tissue Ingrowth depends on
– Total surface area

– Pore size - Tissue type dependent

– Interconnectivity of Pores

– Blood vessel 1-5 μm

– Bone 50-100 μm

– Soft tissue 200-250 μm

• Tissue ingrowth enables mechanical 
fixation of the implant
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Biomaterials: Metals
Composition

Mechanical Properties
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Comparison of Mechanical 
Properties

Mechanical Properties
Composition and Fabrication
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Biomaterials:  Metals

Applications
Load bearing conditions 

Joint replacement

Fixation device, cardiovascular

Advantages
Controllable design

Biocompatible

Blood-compatible

Limitations
Stress Shielding

Corrosion

Fatigue and wear

Lifetime

TYPES OF BIOMATERIALS

• Metals

• Polymers

• Ceramics 

• Natural Biomaterials

• Composites
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Classes of Bioceramics

• Bioinert Ceramics

• Bioactive Ceramics

• Bioresorbable Ceramics Alumina, SEM, www.cermtec.com

Ca-P Thin Film, SEM, Langstaff et al, 1999

• Metallic+Non-Metallic elements

• Types of Ceramics used clinically
– Al2O3

– Calcium phosphate ceramics

– Glass and Glass ceramics

• Fabrication
– Casting

– Solid state sintering-hot isostatic pressing

– Plasma spraying as coatings on implants

Biomaterial: Ceramics
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Ceramic Crystal Structure

• More complex than those of metals
– Two elements or more, ions instead of atoms

– Depends on the magnitude of charge 

– Depends on relative size of cation vs. anion

• Bioceramics: AmXp-type crystal structure
– Cation and Anion not of the same charge mag.

– ZrO2 and Al2O3

Ceramic Mechanical Properties
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Ceramic Mechanical Properties

Critical stress for crack propagation

Ceramic Mechanical Properties
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Classes of Bioceramics

• Bioinert Ceramics
– Exhibit morphological fixation without 

biochemical bonding

– Ceramic bearing surfaces
• Alumina

• Zirconia

• Bioactive Ceramics

• Bioresorbable Ceramics

Ceramics for Hip: Cartilage or Bone

• Most Common 
– Alumina and Zirconia

• Cartilage 

– Calcium Phosphate Coating
• Bone bonding

– Bioactive Glass Coating 
• Bone bonding

– Readings (Ratner: Sec.I.2.4, 1.2.6, Sec. 
II.5.6; Callister: Chaps. 12, 13 and 22.10-
hip)

Stryker Trident®
Ceramic System

http://www.hipandknee.com/hip-surgery/anatomy-of
the-hip/
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Alumina

• Structure
– Hexagonal organization with Al ions at octahedral 

interstitial sites

– 99.5% Al2O3, 0.5% MgO (aids sintering)

• Properties
– High strength and high abrasion resistance

– Density of 3.9 g/cm3, E = 380 GPa

– Kc = 5-6 MPa √m – low fracture toughness

– Low coefficient of friction
• Surface roughness <0.02 microns

– Biocompatible 

Alumina

• Fabrication
– Hot isostatic pressing (1600-1700ºC)
– Small grain size (<4 mm) 

• If increased size to 17 mm, reduces yield stress by 
20%

• Applications
– Used as artificial eye, in dental and orthopedics

Source: medgadget.com Source: premieroralsurgery.com
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Ceramic Mechanical Properties

Fracture Toughness

• Advantages 
– Relatively chemically inert

• Used for over 20 years in orthopedic applications

– Biocompatible
• Thin fibrous capsule formed which allows 

cementless fixation of prosthesis

– Good wear resistance and high strength
– Provides lubrication

• Disadvantages 
– Poor shear strength 

• Less useful as screws or plates

– Stress shielding
• 380-420 GPa vs. 0.05-5GPa for                                                  

cancellous or 7-25 for cortical bone

Alumina

Stryker 
Trident®
Ceramic 
System
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Zirconia

• ZrO2

– Tetragonal structure stabilized 
by yttrium oxide, Y2O3

• Articulating ball in total hip 
prostheses

• Low surface roughness (Ra) 
vs. Co-Cr

• Advantages over alumina
– Lower modulus of elasticity

– Higher strength

Source: www.bjc-houston.com

Ceramic Mechanical Properties
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• Used largely in Europe (~50%)
– 1970: introduced in France by Pierre Boutin
– <10% in UK and USA
– Good for young, active patients

• Advantages 
– High level of Harness and Scratch resistance
– Superior lubrication and wear
– Inert degradation products 

• Disadvantages 
– Poor shear strength 

• fracture often occurs at the OR

– Stress shielding
– Costly

Ceramic-on-Ceramic (C-on-C) Bearings 

Comparison of Materials
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Classes of Bioceramics

• Bioinert Ceramics

• Bioactive Ceramics
– Elicit a specific biological response 

which results in biological bonding
• Formation of carbonated hydroxyapatite 

layer at tissue-material interface
• Bioactive glasses

• Bioresorbable Ceramics

Tissue-Material Fixation
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Inert vs. Bioactive: Fibrous Capsule

Bioactive Materials

• Light micrograph of a 45S5 Bioglass® implant (BG) bonded
to rat bone (B) after 1 year

• Bone cells (O) in conjunction with the hydroxylcarbonate
apatite layer (Ca-P) formed on top of the silica gel (S).
(Hench et al, 1982)
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Bioactivity

• Osteointegration
– Chemical integration between bone and implant
– Example: bioactive glass

• Osteoconduction
– Materials that provide a scaffold for bone-forming cells 

and subsequent bone formation
• Interconnecting porosity for cell and vascular ingrowth

– Example: hydroxyapatite

• Osteoinduction
– Materials that have a capacity to induce bone 

• Recruit stem cells
• Induce proliferation and differentiation

– Example: demineralized bone matrix

Bioactive Glasses

• Composition and 
Structure
– SiO2, Na2O, CaO, P2O5

– Less than 60% SiO2

– High network former 
content 

• Na2O, CaO

– High CaO/P2O5 ratio

– Example: 45S5 bioactive 
glass 
(CaO/P2O5 =5)

• 45% SiO2, 24.5% Na2O, 
24.5% CaO, 6% P2O5

Silica Structure, Callister, 5th Ed, 2000
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In Vivo Bioactivity

Applications
BIOGRAN® - bone/dental filler, 300-355 mm, Orthovita, Melvern, PA

Dental and orthopedic applications

• Advantages
– Can elicit targeted cell 

response (bioactivity)

– Tissue-material interface 
formation (biomimetic)

• Disadvantages
– Dissolution products

– Poor mechanical 
properties

Bioactive Glasses

BG Foam, SEM, Jones et al, 2006
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Classes of Bioceramics

• Bioinert Ceramics

• Bioactive Ceramics

• Bioresorbable Ceramics
– Degrade gradually and allow for 

replacement by host tissue
• Calcium phosphate ceramics

– Tricalcium phosphate
– Hydroxyapatite

Calcium Phosphates

• Calcium sulfate: Plaster of Paris

• Hydroxyapatite: Ca10(PO4)6(OH)2

– Ca/P=1.67, E = 40-116 GPa

– Carbonate, fluorine, and chlorine Ions 
incorporated into structure

• Tricalcium Phosphate: Ca3(PO4)2 

– Ca/P=1.50

– Alpha and beta crystal form

– Ionic substitution with carbonate
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Bioceramics

Calcium Phosphates

• Biological or synthetic
– Porous, derived from coral, 

pore>100 μm

• Bioactive
– Osteointegration, 

osteoconduction, 
osteoinduction

• Biodegradable
– b-TCP>HA

news.bbc.co.uk 
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Factors Affecting Biodegradation

• Physical properties
– Form (particulate or bulk)
– Porosity (interconnectivity, size)
– Crystallinity (grain size, crystal size)

• Chemical properties
– Ionic substitutions
– Other elemental impurities

• Biological properties
– pH
– Age, species, sex

Bioinspired Composites

• Biomimetic design 
– Hydroxyapatite-collagen 

• HA nanocrystals self-
assemble on collagen 
fibrils

• Similar to natural bone 
tissue

– Hydroxyapatite-alginate
• Direct nucleation of HA on 

alginate polymer

• Shown to promote 
osteoblast growth and 
functionality

Tampieri et al, 2003
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Porosity vs. Mechanical Properties

• Material Porosity
– Total void volume

– Average Pore diameter

– Total surface area

– Interconnectivity between pores

• Compressive & Tensile strength
– Compressive strength (σc) vs. total pore volume (Vp)

• σc = 700e –5Vp

– Tensile strength (σt) vs. volume fraction of 
microporosity (Vm)

• σt = 200e –20Vm

• Advantages
– Relatively inert and corrosion resistant

– Excellent biocompatibility

– Can elicit targeted responses – bone 
bioactive

– Higher E, yield strength

– Lubrication and optical properties

Biomaterial: Ceramics
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• Disadvantages 
– Poor shear strength 

• less useful as screws or plates

– Low ductility

– Surface defects – poor fatigue properties

– Brittle fracture

– Not used in high load-bearing condition

• New direction: bioinspired composites 

Biomaterial: Ceramics

BIOMATERIALS:  Ceramics

Applications
Load bearing conditions 

Joint replacement

Orthopedic 

Advantages
Controllable design

Biocompatible/Inert

Lubrication

Biomimetic

Limitations
Stress Shielding

Low fracture toughness


