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TYPES OF BIOMATERIALS

• Metals

• Ceramics

• Polymers

• Glasses

• Glass-Ceramics

• Natural Materials

• Composites
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Medical Device Focus
Anatomy of a Prosthesis

Acetabular
Component/cup

Femoral head

Femoral 
stem

spacer

Sleeve

• Composition

• Crystal structure

• Fabrication/Processing

• Functional properties -
Mechanical

• Biocompatibility/Biofunctionality 

• Of interest – current advances

For each type of Material: Metals
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Human Hip: a few Facts

• Multi-tissue: Bone, cartilage, 
synovium, periosteum
– Femur, Femoral head

– Acetabullar cup

– Hip socket

• Largest articulating joint with 
supraphysiologic loading

• Arthritis and trauma

• Total Hip Arthroplasty(THA)

• ~450,000 THA/year in US

Calister, Figs. 22.24-26

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

Hip: Complex Forces/Loading

• Articulating joint - supraphysiologic loading

• Standing: F-muscle = 2.6W, F-joint = 3.4W

• Jogging? Stumbling? 
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Metals for Hip: Replace Bone

• Most Common 
– Stainless Steel (SSL)

• Cardiovascular

• Orthopedic

– Titanium & alloys
• Dental

• Orthopedic

– Co-Cr Alloys
• Orthopedics

– Readings (Ratner: Sec.I.2.3, Sec. II.5.6; Calister: 
Chap.3,6,11, and 22.1-hip)

• Hip prosthesis: >100 yrs

• 1950s, Sir John Charnley
– 1960, Biomechanics lab:lubrication

– 1956, SSL, PTFE

– 1960, PMMA cement fixation

– 1962, SSL, UHMWPE

• 1970s, Co-Cr alloys and Ti alloys

• Present: Ti-6Al-4V, Co-Cr, 
UHMWPE, PMMA

Hip: 
a Material History

Sir John Charnley 
(1911-1982)

https://player.understand.com/hss/en/a9a23aad-281c-45d6-
afcd-80ad4cfa2502/3e5caddb-4e86-422c-925d-
3e3662646360
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Fabrication: Investment Casting

• Procedure (lost-wax process)
– A wax mold is made with set surface patterns
– Ceramic (investment) is plastered over wax
– Heat to melting point of wax 
– Cast molten liquid into the ceramic mold
– Cooling and solidification
– Crack open the ceramic cast

• Advantages
– High accuracy and fine detailing
– Excellent finish with relatively smooth surface

• Metals and Polymers

Wu et al., JOM, 2001

Metals in Medicine: Stainless Steel

• AISI 316L
– (ASTM F138 or F139, grade 2)

• Composition in wt%: ASTM F138, F139
– 60-65% Fe

– 17-20% Cr

– 12-14% Ni

– 2-3% Mo, 2% Mg

– <0.03% C

– Trace of Cu, N, P, Si, S and Mn
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Crystal Structure

• 3-D Organization of Atoms
– Unit cell: atoms arranged in repeating units 

– Unit cells are repeated spatially to achieve long range order

– Each atom is bond to its neighbor

– Found commonly in metals, most ceramics and some polymers

• Crystalline vs. non-crystalline 
– Amorphous

– some ceramics and most polymers

– e.g. Glass

Unit Cells and Crystal Systems

• Components of Unit Cell
– Axial length (a, b, c)

• Represents distance between atoms

– Interstitial angles ()
• is b/t b and c, is b/t a and c,  is b/t a and b

– Direction of bonding
– Atomic packing factor (APF)

• Atomic models
– Assume that all atoms are spherical
– Reduced sphere unit cell model
– Atomic hard sphere unit cell model
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Crystal Structure - Lattices

• Seven (7) Crystal systems
– Cubic, tetragonal, orthorhombic, triclinic, rhombohedral, 

hexagonal, monoclinic

• Fourteen (14) crystal lattices
– Face centered cubic (FCC)
– Body centered cubic (BCC)
– Hexagonal close packed (HCP)

• For Biomaterials
– Hexagonal – Titanium

• a=b ≠ c, ==90º, =120º

– Cubic – Stainless steel, ceramics
• a=b=c, = ==90º

– Orthorhombic: ceramics and polymers (polyethylene)
• a ≠ b ≠ c, = ==90º

Crystal Structure: Metals
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Crystal Structure - Metals

Body Centered Cubic (BCC) Structure
Atoms/unit cell: 1 + 8x⅛ = 2

a = 4R/√3, APF = 0.68, a=b=c

Examples – Fe, Cr, Mo

Crystal Structure - Metals

Face-Centered Cubic (FCC) Structure
Atoms/unit cell: 6 x ½ + 8 x ⅛ = 4

a = 2R√2, APF = 0.74, a=b=c

Examples – Al, Ni, Cu, Ag, Pt, Au
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Polymorphism

• Elemental solids with more than one types of 
crystalline structure at a given T or P

• Found in metals, ceramics and polymers

• Relevant in Material fabrication, strengthening and 
shaping 

• Relevant in implant design and fabrication 

Phase Diagram: Fe-FeC3 System

• Iron(Fe)
– 25ºC – Ferrite, BCC, 

alpha-Fe, APF=0.68, 
R=0.1241 nm, CN=8

– 912ºC – Austenite, FCC, 
gamma-Fe, APF=0.74, 
R=0.129nm, CN=12

– ANSI 316L is an 
Austenite
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Polymorphism: Iron

• Iron(Fe)
– Crytal structure changes as a function of temperature
– 25ºC – Ferrite, BCC, alpha-Fe, APF=0.68, R=0.1241 nm, CN=8
– 912ºC – Austenite, FCC, gamma-Fe, APF=0.74, R=0.129nm, CN=12
– 1394ºC – Ferrite, BCC, delta-Fe
– 1538ºC – melting point, liquid (L)

• Relevant in implant design and fabrication (heart valves, 
stents, hip prosthesis)
– ANSI 316L: Fe 60-65%, Cr 17-19%, Ni 12-14%
– Processed to stabilize the austenite (FCC) structure because it is 

stronger than the BCC

Solid Solution Hardening

• Alloying with impurity atoms
– Substitution or interstitial

• Used to modify solvent surface and bulk properties

• Formation process driven by Diffusion

• Hinders dislocation motion

• Phase diagrams 
– determine solution hardening range

– Heat treatment and composition range

• Economical
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AISI 316L – Alloying Elements

• Cr
– Oxidized to form transparent film on SSL surface (shine!)

– Prevents corrosion by forming the Cr2O3 oxide layer

– Shielding the surface from other oxide reaction

4Fe + 3O2→2Fe2O3

– Minimal effective concentration at 11 wt%

– Maintains the BCC form of Fe ( ferrite)

• Ni: 12-14% 
– Stabilizes the FCC form of Fe (austenite, )
– Enhances corrosion resistance

– Effects of Ni, Cr on phase maintenance of SSL
• Fe (bcc) → 912ºC Fe (fcc) → 1400ºC → Fe (bcc)

– Minimal effective concentration at 10 wt%

AISI 316L – Alloying Elements
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• Mo: 2 - 4%
– prevents pitting corrosion, especially in Cl- containing solutions
– Maintains the BCC form of Fe

• C: low carbon content <0.03% (L in 316L)
– >0.03% lead to formation of Cr23C6 instead
– Formation of chromium carbide at grain boundaries
– Depletion of Cr, reduce corrosion resistance
– Result in formation of sensitized steel which often fails via 

corrosion-assisted fracture at the grain boundaries

AISI 316L – Alloying Elements

Material Properties: Density

• Theoretical Density
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Stress-Strain Curve

• Elastic Region
• Plastic Region
• Elastic Modulus
• Yield strength
• Tensile Strength
• Ductility 

(%elongation)

Plastic Forming and Annealing

• Plastic Forming
– shaping by applying external force

• Suitable for ductile materials

• Two Methods
– Hot working: > recrystallization temperature

• Forging, rolling, extrusion

• Requires less time

– Cold working: < recrystallization temperature
• Forging, rolling, drawing

• Controlled surface finish



9/20/2023

14

Plastic Forming and Annealing

• Hinders dislocation motion
• Procedure 

– After casting, > σy applied during hardening 
process

– Forms rods, wires, tube, plates

• Advantages
– Mechanical deformation at high T

• less chance of fracture

– Low rate of oxidation
– Can be used with samples with relatively small 

cross sectional area
– Economical

Dislocations in 
Austenite (TEM)

http://en.wikipedia.org/

Cold Working

• Rolling

• Drawing

• % cold working

• % change in cross sectional 
area
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• Cold worked 30%

• Annealed to release internal stress

• Controlled uniformity of heat 
treatment
– Minimize formation of chromium 

carbide

– Formation of surface oxide scales: 
sandblasted off or removed chemically 
via acid treatment

AISI 316L – Post Fabrication

Stainless Steel
Effects of Cold Working

30% CW 316L surface with marks
due to plastic deformation

Typical microstructure of cold-
worked AISI 316L

- Uniform grain size
- Fine grains
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• Advantages 
– Strength
– Ease in manufacture and molding into desired shapes
– More economical compared to other metallic 

biomaterials

• Disadvantages 
– Corrosive in vivo
– Strength mismatch: stress shielding

Biomaterial: ANSI 316L
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Metals for Hip: Replace Bone

• Most Common 
– Stainless Steel (SSL)

• Cardiovascular

• Orthopedic

– Co-Cr Alloys
• Orthopedics

– Titanium & alloys
• Dental

• Orthopedic

• As femoral head (Co-Cr-Mo)

• As prosthetic stems (Co-Ni-Cr-Mo-Ti)

• Two types of CoCrMo alloys used clinically
– Co-Cr-Mo (ASTM F75, Vitallium®, Howmedica)

• 58.9-69.5% Co, 27-30% Cr, 5-7% Mo, 

• ≤0.35% C, <2.5% Fe, Ni, Si, Mn, 

• Formed by investment casting (1350-1450ºC)

– Co-Ni-Cr-Mo-Ti (ASTM F562)
• 35% Co, 19-21% Cr, 35-37% Ni, 9-10.5% Mo, 

• 0.15% of Mn, 0.15% of Si

• Hot worked - forged

Cobalt-Chromium (Co-Cr-Mo) Alloy
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Crystal Structure - Metals

Hexagonal Closed Pack (HCP) Structure
Atoms/unit cell: 3 + 12x(1/6) + 2x(1/2) = 6

APF = 0.74, a = b ≠ c

Examples – Mg, Zn, Ti, Co

From W. Callister, Material Science and Engineering

Crystal Structure - Metals

Body Centered Cubic (BCC) Structure
Atoms/unit cell: 1 + 8x⅛ = 2

a = 4R/√3, APF = 0.68, a=b=c

Examples – Fe, Cr, Mo
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• Cr
– Corrosion resistance by Cr2O3

• Mo 
– Corrosion resistance in Cl- solutions

– Results in finer grains and in higher yield strength

Cobalt-Chromium (Co-Cr-Mo) Alloy

Example: Hot Isostatic Pressing (HIP)

• Procedure
– Material in powder form 
– Compacted and heated
– Uniform pressure applied on all sides
– Constant P and higher T accelerate bonding 
– Isotropic material with grain size of 500 – 10,000 µm

• Mechanism:
– surface/bulk diffusion, evaporation, condensation

• Advantages
– Uniform solidification process
– Increased bonding strength 

• Ceramics, Metals, Polymers
www.twi.co.uk
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Microstructure of As-Casted CoCrMo 

• ASTM F75 Alloy

• 85% -phase rich in 
Co

• 15% carbide phase at 
the grain boundaries

• Large grain size 
(>100m)

• Large  grain 
boundaries and matrix 
carbidesGrain boundary carbides

Cobalt Alloy
F75 Hot Isostatic pressing

• Hot Isostatic Pressing
1100C for 1hr, 100MPa

• Forged and shaped
• Smaller grain size (8m) 

than as cast alloy
• Finer distribution of 

carbides (hardening)
• Alloy with improved 

yield strength, UTS 
strength and fatigue 
properties
– E = 220 GPa

Bar = 50 microns
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• Advantages
– Better fatigue strength than AISI 316L

– Good for applications with long service life

– Improved corrosion resistance under stress

• Disadvantages
– Poor wear properties

– Toxic wear products

– Stress shielding

– Corrosive in vivo

Biomaterial: CoCrMo Alloys

Metals for Hip: Replace Bone

• Most Common 
– Stainless Steel (SSL)

• Cardiovascular

• Orthopedic

– Co-Cr Alloys
• Orthopedics

– Titanium & alloys
• Dental

• Orthopedic
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• Two types of Ti used clinically
– ASTM F67: 98.9 – 99% Ti

– ASTM F136-179: Ti-6Al-4V (wt%)
• 88.3-90.8% Ti, 5.5-6.5% Al, 3.5-4.5% V 

• ≤ 0.08% C, trace of C, N, Fe, O, H

• σy related to oxygen content
• σy at 0.18% O2 = 170 MPa

• σy at 0.40% O2 = 485 MPa

• Polymorphism
– Ti at ≤882ºC, HCP

– Ti at > 882ºC, BCC 

Metals: Ti and Ti Alloys

Crystal Structure - Metals

Hexagonal Closed Pack (HCP) Structure
Atoms/unit cell: 3 + 12x(1/6) + 2x(1/2) = 6

APF = 0.74, a = b ≠ c

Examples – Mg, Zn, Ti, Co

From W. Callister, Material Science and Engineering
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Microstructure of Titanium ASTM F67

• 30% cold-worked HCP Ti (ASTM 
F67) used as an oral implant

• Single phased Ti (HCP)

• Grain size 10-150 m 

• Interstitial O,C,N strengthen the 
metal (solid solution hardening)

• Disrupts surface oxide

• Ti-6Al-4V (ASTM F136)
– Al: stabilize the Ti (HCP), increase the transformation 

temperature required to change Ti to Ti

– V: stabilize the Ti (bcc), decrease the transformation 
temperature required to change Ti to Ti

– Alloy contains both Ti and Ti

– NOT cold-worked to protect surface oxide

Metals: Ti and Ti Alloys
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Crystal Structure - Metals

Hexagonal Closed Pack (HCP) Structure
Atoms/unit cell: 3 + 12x(1/6) + 2x(1/2) = 6

APF = 0.74, a = b ≠ c

Examples – Mg, Zn, Ti, Co

From W. Callister, Material Science and Engineering

Crystal Structure - Metals

Body Centered Cubic (BCC) Structure
Atoms/unit cell: 1 + 8x⅛ = 2

a = 4R/√3, APF = 0.68, a=b=c

Examples – Fe, Cr, Mo
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Forming and Cooling

Precipitation Hardening

• Goal: Refinement or formation of extremely small, 
uniformly particles or precipitates dispersed in the bulk 

• Hinders dislocation motion

• Age hardening as strength is developed over time as 
the alloy ages 
– e.g. Ti-6Al-4V

• Cooling lead to second phase precipitation

• For Ti-6Al-4V 
– Precipitation hardening at 950°C, quenched in water then 

aged at 600°C and finally air cooled
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Precipitation Hardening

• Step 1 – Solution heat treatment
– Heating to a temperature T0 so that all solute atoms are solubilized 

to form single solid phase solution (

• Step 2 – Quenching
– Rapid cooling (T1) to prevent the formation of a second phase  in 

solid , prevent ion diffusion

• Step 3 – Precipitation heat treatment (Aging)
– Heat to intermediate temperature T2 to generate a heat-saturated 

solid solution
– Within the  region to allow  phase to precipitate as finely 

dispersed particles 

• Step 4 – Cooling to room temperature

Precipitation Hardening
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Ti-6Al-4V: As casted 

• cooled slowly to 25ºC

• Ti phase (HCP, rich in Al) 
precipitate out and as plates 
or needles within grains of 
Ti (BCC, rich in V) matrix

• σy = 795 MPa, 

• σUTS = 860 MPa, 

• E=110 GPa, = 10%

• Alloy heated above 1000ºC 
where beta is stable 

• Annealed 
– fine-grained Ti

– Ti particles

• Small grains of alpha (light) 
and beta (dark) 

• Improved mechanical 
strength, ductility and fatigue 
properties

Ti-Al-4V: Annealing
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Ti-Al-4V: Precipitation Hardening

a.1 Solution treated at 1000C and quenched
then aged at 650C and cooled

• Advantages –
– Lightweight compared to other 

metals
• ρTi alloy = 4.51 g/cm3 

• ρ316L = 7.9 g/cm3

• ρCoCrMo alloy = 9.2 g/cm3

– Greater strength/density than 
other metals

– Improved corrosion resistance 
• Surface oxide layer – TiO2

– Improved biocompatibility

Biomaterial: Ti and Ti Alloys

• Disadvantages –
– Stress shielding

– Poor shear strength 
• less useful as screws or 

plates

– Corrosive in vivo (long 
term)

– Expensive 
• inert atmosphere and high T 

required in fabrication
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Comparison of Mechanical 
Properties

• Composition

• Crystal structure

• Fabrication/Processing

• Functional properties - Mechanical

• Biocompatibility/Biofunctionality

Metal and Metal Alloys
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CORROSION

• Definition
– Chemical reaction between a metal and ions 

(electrolytes) in the physiological environment

• Results in the formation of 
– Oxides, hydroxides, metallic ion complexes

• Involves Oxidation Reactions

• Occurs at the metal surface

• Release/Depletion of metal over time 

• Function of material fabrication process

• Dictated by the physiological environment

Oxidation Reactions

• Loss of electron

• Metal acts as the electron donor
M    = M n+ + ne- (oxidation)

2M+ + O2- = M2O    (reduction)

• Metals are ionized or oxidized into solution

• Reaction involves an oxygenated 
environment

• Corrosion products are in granular form or 
are flake-like (platelets, sheets)
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Electrochemical Consideration 
of Corrosion

• Oxides –
– Lowest free energy form for solids

– Preferred state for most metals in service in an 
oxygenated and hydrated environment

– Biological environment promote the formation of 
oxides or corrosion

Electrochemical Cell

• Migration of ions between anode (+) and cathode (-)

• Generates electric potential (V)

• Anode (+)
– positively charged due to the loss of electrons

– Serves as supplier of electrons

• Cathodes (-)
– Negatively charged

– Serves as receiver of electrons
http://en.wikepedia.org
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Electrochemical Cell

• Anode is the region which corrodes in the 
electrochemical cell

• Oxidization and corrosion of the anode
M  → Mn+ + ne-

• Electroplating takes place at the Cathode
• Reduction reaction occurs at the Cathode

Mn+ + ne- → M
O2 + 2H2O  + 4e- → 4(OH-)
M2+ + OH- + 2e- → MOH

Oxidation of Fe - Rust

• Oxidization of Fe to form rust [Fe(OH)3] in water

Fe + ½ O2 + 2H2O   → Fe2+ + 2OH-

2Fe(OH)2 + ½ O2 + H2O  → Fe(OH)3

• Metals after corrosion 

can exist in either ion 

form or as oxidized 

compounds

http://en.wikepedia.org
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Standard emf series 

• Based on Reduction Reactions

• Positive value will not corrode: Mn+ + ne- → M, E=?

In Situ: the Body

• Biological Environment
– AGGRESSIVE environment when compared to external 

conditions

• Aqueous solution

• Electrolyte solution 

• High concentration of chloride ions

• Protein adhesion

– Chemical and thermal parameters

– Instantaneous mechanical loading
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Nernst Equation

• Potential for an electrochemical reaction, by 
Walther Hermann Nernst (c. 1889)

– E is the cell potential at some moment in time
– Eo is the cell potential when the reaction is at 

standard-state conditions 
– R is the ideal gas constant in units of J/mole
– T is the temperature in Kelvin
– n is the number of moles of electrons transferred 
– F is the charge on a mole of electrons
– Qc is the reaction quotient at time t 

Nernst Equation – Electrochemical Cell

• Describes the relationship between electrochemical potential and 
pH and ion activity

• Activity of ions (ai):   Qc = aproducts/areactants
– Apparent concentration of ions in an electrolyte solution
– Chemical effectiveness of ion depends on the concentration of other ions in 

the same solution
– Varying solution concentration will alter ai

– In dilute solutions, ai = ion concentration
– In electrolyte solutions, ai  concentration, can vary by a factor of 5
– Ion activity determines the type/rate of reaction
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Standard EMF Series

• Au3+ + 3e- →  Au ∆E = + 1.42  V

• Pt2+ + 2e- →  Pt ∆E = + 1.20  V

• Cu2+ + 2e- →  Cu ∆E = + 0.34  V

--- ----

--- ----

• Fe2+ + 2e- →  Fe ∆E = - 0.44   V

• Cr3+ + 3e- →  Cr ∆E = - 0.56   V

• Ti4+ + 4e- →  Ti ∆E = - 2.00   V

• Mg2+ + 2e- →  Mg ∆E = - 2.363 V

L
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Galvanic 
Series

• Isotonic solution with 
0.9% NaCl

• Accounts for Oxides 
– Ti: 30 to 40 Å
– AISI 316L: 200 Å

• Ti: inert

• Stainless steel (316L)
– corrosive



9/20/2023

36

BIOLOGICAL ENVIRONMENT

• pH – ranges from 1.0 to 7.35

• Gastric contents: pH=1.0

• Intracellular: pH = 6.8

• Interstitial: pH = 7.0

• Blood: pH = 7.14-7.35 (diet dependent)

• Temperature 

• T= 37ºC core

• Diseased: 20 - 42.5ºC

• Location dependent 

• Skin: ranges from 0 – 45ºC

Pourbaix Diagram (PBD)

• Immunity
– Cathodic protection

– [M n+ ] < 10-6 M

• Passivation
– Oxidation

– [M n+ ] < 10-6 M

• Corrosion

– [M n+ ] > 10-6 M
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Corrosion and Wear

Biocompatibility of Ti vs. Cu

• In vivo (subcu.) secretion of IL-6 (pg/ml) at 12 to 48 hours (Suska et al., 
Biomaterials, 2005)

• Exudate of cells surrounding Cu implants measured higher IL-6 production

• IL-6: found at sites of implant loosening
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Inflammatory Cells around Implants

• Number of inflammatory cells over time increased 
surrounding the Cu implant vs. the Ti implant

• Conclusion
– Toxicity of Cu implant is greater than Ti

Fate of Metals in the Body
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Fate of Metals In Vivo

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

Fatigue Failure
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• 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 

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
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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

Biomaterials: Metals Composition
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Mechanical 
Properties

Mechanical Properties
Composition and Fabrication
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Biomaterials: Metals

• Most Common 
– Stainless Steel

• Cardiovascular

• Orthopedic

– Co-Cr Alloys
• Orthopedic 

– Titanium and alloys
• Dental

• Orthopedic

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


