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Human Hip: a few Facts

http://www.hipandknee.com/hip-surgery/anatomy-of-the-hip/
Multi-tissue: Bone, cartilage, 3
synovium, periosteum m,m\ //// e
— Femur, Femoral head w\\ \ ~
— Acetabullar cup

— Hip socket L
Largest articulating joint with
supraphysiologic loading
Arthritis and trauma
Total Hip Arthroplasty(THA)
~450,000 THA/year in US

Hip: Complex Forces/Loading

Qiis the axis of
rotation of the hip
joint.
Ais where the hip
! abductor muscies
i Semass atach
Fy is the magnitude
of the resultant force IB is the COG of the
exerted by the hip leg
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Leg
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« 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

Table 22.3 Mechanical Characteristics of Human Long Bone Both
Parallel and Perpendicular to the Bone Axis

Parallel to Perpendicular to

Property Bone Axis Bone Axis
Elastic modulus, GPa (psi) 174 11.7
(2.48 x 10%) (1.67 % 10°)
Ultimate strength, tension, MPa 135 61.8
(ksi) (19.3) (8.96)
Ultimate strength, compression, 196 135
MPa (ksi) (28.0) (19.3)
Elongation at fracture 34% —_

Source: From D. F. Gibbons, “Biomedical Materials,” pp. 253-254, in Handbook
of Engineering in Medicine and Biology, D. G. Fleming and B. N. Feinberg,
CRC Press, Boca Raton, FL, 1976. With permission.

— Co-Cr Alloys
* Orthopedics

— Readings (Ratner: Sec.l.2.3, Sec. 11.5.6; Calister:

Chap.3,6,11, and 22.1-hip)
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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

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 (a, B, )
* aisb/tbandc, Bisb/taandc,yisb/taandb
— Direction of bonding
— Atomic packing factor (APF) APF =

volume of atoms in a unit cell Vs

total unit cell volume Ve

+ 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 Types of Bravais Lattices Grouped in Seven

Fourteen (14) crystal lattices i I

— Face centered cubic (FCC) o7 B2

— Body centered cubic (BCC) , e

— Hexagonal close packed (HCP) e

For Biomaterials 1 H

— Hexagonal - Titanium
« a=b # ¢, a=p =90°, y=120°

— Cubic — Stainless steel, ceramics
« a=b=c, o. = B =y=90°

— Orthorhombic: ceramics and polymers (polyethylene)
« a#b#c,a=p=y=90°

\\\\

Crystal Structure: Metals

Table 3.1 Atomic Radii and Crystal Structures for 16 Metals

Atomic Aromic
Crystal Radius® Crystal Radius
Metal Structure® (nm) Metal Structure (nm)
Aluminum FCC 0.1431 Molybdenum BCC 0.1363
Cadmium HCP 0.1490 Nickel FCC 0.1246
Chromium BCC 0.1249 Platinum FCC 0.1387
Cobalt HCP 0.1253 Silver FCC 0.1445
Copper FCC 0.1278 Tantalum BCC 0.1430
Gold FCC 0.1442 Titanium («) HCP 0.1445
Iron (@) BCC 0.1241 Tungsten BCC 0.1371
Lead FCC 0.1750 Zinc HCP 0.1332

4 FCC = face-centered cubic; HCP = hexagonal close-packed; BCC = body-centered cubic.
b A nanometer (nm) cquuls 1077 m: to convert from nanometers to angstrom units (A).
multiply the nanometer value by 10.
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Crystal Structure - Metals

Body Centered Cubic (BCC) Structure
Atoms/unit cell: 1+ 8x': =2
a = 4R/\3, APF = 0.68, a=b=c
Examples - Fe, Cr, Mo

Figure 3.2 For the body-centered cubic crystal structure, (¢) a hard sphere unit cell

representation, (b) a reduced-sphere unit cell, and (c) an aggregate of many atoms. [Figure

(c) from W. G. Moffatt, G. W. Pearsall, and J. Wulff, The Structure and Properties of
Materials, Vol. 1, Structure, p. 51. Copyright © 1964 by John Wiley & Sons, New York.
Reprinted by permission of John Wiley & Sons, Inc.]

Crystal Structure - Metals

Face-Centered Cubic (FCC) Structure

Atoms/unitcell: 6 x'%.+8x'%=4
a = 2RV\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-FeC,; System

* Iron(Fe)
— 25°C - Ferrite, BCC,
alpha-Fe, APF=0.68,
R=0.1241 nm, CN=8

— 912°C - Austenite, FCC,
gamma-Fe, APF=0.74,
R=0.129nm, CN=12

— ANSI 316L is an
Austenite ool ! | | { | |

Figure 9.24 The iron-iron carbide phasc diagram. [Adapted from Binary Alloy Phase
Diagrams, 2nd edition, Vol. 1, T. B. Massalski (Editor-in-Chief), 1990. Reprinted b;
permission of ASM International, Materials Park, OH.]
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Polymorphism: Iron

* Iron(Fe)
— Crytal structure changes as a function of temperature
— 25°C - Ferrite, BCC, alpha-Fe, APF=0.68, R=0.1241 nm, CN=8
— 912°C - Austenite, FCC, gamma-Fe, APF=0.74, R=0.129nm, CN=12
— 1394°C - Ferrite, BCC, delta-Fe
— 1538°C — 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

10
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AlSI 316L - Alloying Elements

* Cr
— Oxidized to form transparent film on SSL surface (shine!)
— Prevents corrosion by forming the Cr,0, oxide layer
— Shielding the surface from other oxide reaction
4Fe + 30,—2Fe,0,
— Minimal effective concentration at 11 wt%
— Maintains the BCC form of Fe (a ferrite)

AlSI 316L - Alloying Elements

* Ni: 12-14%
— Stabilizes the FCC form of Fe (austenite, y)
— Enhances corrosion resistance

— Effects of Ni, Cr on phase maintenance of SSL
* Fe (bcc) —912°C Fe (fcc) — 1400°C — Fe (bcc)
— Minimal effective concentration at 10 wt%

11
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AlSI 316L - Alloying Elements

* 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 Cr,,C; 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

Material Properties: Density

* Theoretical Density

40 I» Metals

2 _ nA
P VN,

1
. where
n = number of atoms associated with each unit cell

A = atomic weight

Ve = volume of the unit cell

Density (g/cm?) (logarithmic scale)

é.g N, = Avogadro’s number (6.023 % 10* atoms/mol) —
06 | Woos .
0.4 -
0.2 .
0.1

12
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Stress-Strain Curve

500 [— I I I g
45 Ier:shp‘rgss'tfg %ﬂ- )
a0 | 1 + Elastic Region
—so * Plastic Region
g o E « Elastic Modulus
A 3 * Yield strength
200 ”_.,250P.'{F‘a!SECDtipsl]_ 0 3 ° Tensile Strength
" o - Ductility
o .
20 . (%elongation)
= 9 0.00
0 | | | 0
0 0.10 0.20 0.30 0.40
Strain

Figure 6.12 The stress—strain behavior for the brass specimen
discussed in Example Problem 6.3.

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

13
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Plastic Forming and Annealing

* Hinders dislocation motion

* Procedure

— After casting, > o, applied during hardening
process

— Forms rods, wires, tube, plates

+ Advantages

Dislocations in

— Mechanical deformation at high T Austenite (TEM)
« less chance of fracture http://en.wikipedia.org/

— Low rate of oxidation

— Can be used with samples with relatively small
cross sectional area

— Economical

Cold Working

* Rolling
* Drawing
* % cold working

* % change in cross sectional
area

A(] A 1

0, _ [ -

%o CW = (714 % 100 ()

v Figure 10-29. Examples of cold-working operations: (a)
cold-rolling of a bar or sheet and (b) cold-drawing a
wire. Note in these schematic illustrations that the re-
duction in area caused by the cold-working operation is
associated with a preferred orientation of the grain struc-

ture.

14
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AlSI| 316L — Post Fabrication

* Cold worked 30% [ i
* 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 100 |
via acid treatment . \ ! { {

0 0.05 0.1 0.15 0.2 0.25

Stress (MPa)

Strain

Stainless Steel
Effects of Cold Working

= “\. \\}‘\Q |

Typical microstructure of cold-
e ISl 3t e o co 30% CW 316L surface with marks

- Uniform grain size due to plastic deformation
- Fine grains

15
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(@ (v)

(d)

(e)

Figure 10-30° Annealing can involve the complete recrystallization and subsequent grain growth of a cold-worked mi-
crostructure. (a) A cold-worked brass (deformed through rollers such that the cross-sectional area of the part was
reduced by one-third). (b) After 3 s at 580°C, new grains appear. (c) After 4 s at 580°C, many more new grains

are present. (d) Afier 8 s at 580°C, complete recrystallization has occurred. (e) After 1 h at 580°C, substantial grain

growth has occurred. The driving force for this is the reduction of high-energy grain boundaries. The predominant

reduction in hardness for this overall process had occurred by step (d). All micrographs at magnification of 75x.
(Courtesy of J. E. Burke, General Electric Company, Schenectady, N.Y.)

Biomaterial: ANSI 316L

« 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

16
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Metals for Hip: Replace Bone

* Most Common

— Stainless Steel (SSL)
» Cardiovascular
* Orthopedic

— Co-Cr Alloys
* Orthopedics

— Titanium & alloys

* Dental
* Orthopedic

Cobalt-Chromium (Co-Cr-Mo) Alloy

« 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 (1350-1450°C)
— 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

17
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Crystal Structure - Metals

Hexagonal Closed Pack (HCP) Structure
Atoms/unit cell: 3 + 12x(1/6) + 2x(1/2) =
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+ 8x% =2
a = 4RI3, APF = 0.68, a=b=c
Examples - Fe, Cr, Mo

2 )
JJ J ))
PP D
P PP
JJJJJ)j >
FID JU)

Figure 3.2 For the body-centered cubic crystal structure, (@) a hard sphere unit cell
representation, (b) a reduced-sphere unit cell, and (c) an aggregate of many atoms. [Figure
(c) from W. G. Moffatt, G. W. Pearsall, and J. Wulff, The Structure and Properties of
Materials, Vol. I, Structure, p. 51. Copyright © 1964 by John Wiley & Sons, New York.
Reprinted by permission of John Wiley & Sons, Inc.]

18
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Cobalt-Chromium (Co-Cr-Mo) Alloy

e Cr

* Mo

— Corrosion resistance by Cr,0;

— Corrosion resistance in Cl-solutions
— Results in finer grains and in higher yield strength

Example: Hot Isostatic Pressing (HIP)

* Procedure

* Mechanism:

+ Advantages

+ Ceramics, Metals, Polymers

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 pm

surface/bulk diffusion, evaporation, condensation

=@

Uniform solidification process
Increased bonding strength

www.twi.co.uk

19
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Microstructure of As-Casted CoCrMo

ASTM F75 Alloy

85% a~phase rich in
Co

15% carbide phase at
the grain boundaries
Large grain size
(>100um)

Large grain
boundaries and matrix
carbides

Grain boundary carbides

Cobalt Alloy
F75 Hot Isostatic pressing

* Hot Isostatic Pressing
1100°C for 1hr, 100MPa

.+ Forged and shaped

"+ Smaller grain size (8um)
than as cast alloy

* Finer distribution of

2 carbides (hardening)
2" + Alloy with improved

sz yield strength, UTS

strength and fatigue

properties

— E =220 GPa

Bar = 50 microns

20
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Biomaterial: CoCrMo Alloys

- 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

Metals for Hip: Replace Bone

* Most Common

— Stainless Steel (SSL)
» Cardiovascular
* Orthopedic
— Co-Cr Alloys
* Orthopedics
— Titanium & alloys
* Dental
* Orthopedic

21
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Metals: Ti and Ti Alloys

» 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

- o, related to oxygen content
- o, at 0.18% O, = 170 MPa
- 0, at 0.40% O, = 485 MPa
* Polymorphism
— aTi at <882°C, HCP
— BTi at > 882°C, BCC

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

22
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Microstructure of Titanium ASTM F67

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

Single phased aTi (HCP)
Grain size 10-150 um

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

Disrupts surface oxide

Metals: Ti and Ti Alloys

* Ti-6Al-4V (ASTM F136)

— Al: stabilize the oTi (HCP), increase the transformation
temperature required to change aTi to BTi

— V: stabilize the BTi (bcc), decrease the transformation
temperature required to change aTi to BTi

— Alloy contains both aTi and BTi
— NOT cold-worked to protect surface oxide

23
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Crystal Structure - Metals

Hexagonal Closed Pack (HCP) Structure
Atoms/unit cell: 3 + 12x(1/6) + 2x(1/2) =
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+ 8x% =2
a = 4RI3, APF = 0.68, a=b=c
Examples - Fe, Cr, Mo

2 )
JJ J ))
PP D
P PP
JJJJJ)j >
FID JU)

Figure 3.2 For the body-centered cubic crystal structure, (@) a hard sphere unit cell
representation, (b) a reduced-sphere unit cell, and (c) an aggregate of many atoms. [Figure
(c) from W. G. Moffatt, G. W. Pearsall, and J. Wulff, The Structure and Properties of
Materials, Vol. I, Structure, p. 51. Copyright © 1964 by John Wiley & Sons, New York.
Reprinted by permission of John Wiley & Sons, Inc.]
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Forming and Cooling

—{ 700
100% «
600 O/ (95.5% Al,4.5% Cu)

500

1400

Slow cool

200

i

i

i

i

1

1

1

|

i

: .

i O precipitates at
1 =100 x grain boundaries’
I /

L g 0 g
920 95 100 Time
wt % Al

Figure 10-25 Coarse precipitates form at grain boundaries in .an Al-Cu (4.5 wt %)
alloy when slowly cooled from the single-phase (k) region of the phase diagram
to the two-phase (0 +x ) region. These isolated precipitates do little to affect alloy
hardness.

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

9/20/2023

25
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Precipitation Hardening

Step 1 — Solution heat treatment
— Heating to a temperature T, so that all solute atoms are solubilized
to form single solid phase solution (p)
Step 2 — Quenching
— Rapid cooling (T,) to prevent the formation of a second phase o in
solid B, prevent ion diffusion
Step 3 — Precipitation heat treatment (Aging)
— Heat to intermediate temperature T, to generate a heat-saturated
solid solution

— Within the B region to allow a phase to precipitate as finely
dispersed particles

Step 4 — Cooling to room temperature

Precipitation Hardening

-1 700
100% « solid solution
retained upo i
600 Solution treatment // ( ponquenching)

500

Quench
400
Fine dispersion of

i B
z precipitates within grains
= |

(retained upon cooling)

1300

<
+
=

| Iaging |
I 1

“Equilibrium

microstructure”— / K

coarse @ precipitates | y

at k grian boundaries t
i 0 <

90 95 100 Time
wt % Al

200

100

o el P
o

Higure 10-26 By quenching and then reheating an Al-Cu (4.5 wt %) alloy, a fine dispersion of precipitates
forms within the « grains. These precipitates are effective in hindering dislocation motion and, con-
sequently, increasing alloy hardness (and strength). This is known as precipitation hardening, or age
hardening.

26



Ti-6Al-4V: As casted

cooled slowly to 25°C

oTi phase (HCP, rich in Al)
precipitate out and as plates
or needles within grains of
BTi (BCC, rich in V) matrix
o, =795 MPa

Oyrs = 860 MPa,

E=110 GPa, ¢ = 10%

Ti-Al-4V: Annealing

,: [,‘;f -\.\3“){‘
¢ \‘\' L, :.4"'
.\ . Alloy heated above 1000°C
A AT .
NN | where beta is stable
..+« + Annealed
e T o :
£ IR ol — fine-grained aTi
e — PBTi particles
7 it .+ Small grains of alpha (light)
and beta (dark)
0 -« Improved mechanical
A ORI - Ll S . .
> strength, ductility and fatigue
ek properties
FIG. 12. Microstructure of wrought and mill-anncaled Ti-6A1-4V, showing small grams of alpha

flight) and beta (dark). (Phota o

sy of Zimmer USA, Warsaw, IN.

9/20/2023
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Microstructure and Hardness of Subzero

Ti-Al-4V: Precipitation Hardening

Alloy

Table 3 Tensile strength of quenched and tempered samples

Condition

As forged as received

a.1 Solution treated at 1000C and quenched
Fig. 2 Microstructure then aged at 650C and cooled
obtained after cooling: a,

d dry ice martensite structure
o and retained P, b water
quenched coarser martensite
lathes, ¢ air cooled
Widmanstitten structure

Biomaterial: Ti and Ti Alloys

« Advantages — » Disadvantages —
— Lightweight compared to other  — Stress shielding
metals — Poor shear strength
* Prialoy = 4.51 glcm?® - less useful as screws or
* PareL = 7.9 glcm? plates
* Pcocrio alloy = 9-2 glcm? — Corrosive in vivo (long
— Greater strength/density than term)
other metals — Expensive
— Improved corrosion resistance « inert atmosphere and high T
- Surface oxide layer — TiO, required in fabrication

— Improved biocompatibility

28
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Comparison of Mechanical

Properties

TABLE A.1 | Titanlum Alloys Developed for Orthopedic Applications and Thelr Mechanical Properties

(Adapted from Long and Rack, 1998)

Elastic Modulus Yield S gth Ulti H
Alloy Microstructure E (GPa) YS (MPa) UTS (MPa)
cpTi a 105 692 785
Ti-6Al-4V alp 110 850-900 960-970
Ti-6Al-7Nb ap 105 b2a| 1024
Ti-5Al-2.5Fe Metastable fi 10 914 1033
Ti-15Mo-5Zr-3Al Metastable f} 82 m 812
Ti-Zr Casta'if N/A N/A 900
Ti-13Nb-13Zr a'lp 79 900 1030
Ti-15Mo-3Nb-0.30 Metastable f + silicides 82 1020 1020
Ti-35Nb-5Ta-72r Metastable f} 55 530 590
Ti-35Nb-5Ta-72r-0.40 Metastable f} 66 976 1010
Stainless steel 316L - 205-210 170-750 465-950
Co-Cr-Mo - 220-230 2751585 600-1785
Bone - 1040 90-140

Metal and Metal Alloys

« Composition

» Crystal structure

» Fabrication/Processing

* Functional properties - Mechanical

Biocompatibility/Biofunctionality

. THEWALLSTREETJOURNAL,

Hip Joints Set Off New Rush to Court

(<N -

29
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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™ +ne (oxidation)
2M* + 0> =M,0 (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)

30
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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 (-)

*—”‘“”'ﬁ
— Serves as receiver of electrons ﬁ

— Negatively charged

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 - M"™ + ne-

Electroplating takes place at the Cathode
Reduction reaction occurs at the Cathode
M™ +ne-—> M
O, +2H,0 +4e- — 4(OH)
M2* + OH- + 2e- —» MOH

Oxidation of Fe - Rust

« Oxidization of Fe to form rust [Fe(OH),] in water
Fe +'.0,+2H,0 — Fe?* +20H-

» 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: M"™ + ne- —» M, E=?

Increasing %Au3+ +te- > % +1.420
Au
inertness Fe3*+e- —» Fe2+ | +0.771
0 TCu*+e- > 3 | +0340
Cu
(arbitrary reference =) [H+* + e—- — % Ho 0.000
l sFeX+e- > 3 | -0440
Fe
Increasing %Cr3+ +te- > %Cr -0.744
. 1
reactivity %Zn2+ +e- > 3 -0.763
Zn

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)

RT
E=FE° - = In
nF 2,

— E is the cell potential at some moment in time

— E, is the cell potential when the reaction is at
standard-state conditions

— Ris the ideal gas constant in units of J/mole

— T is the temperature in Kelvin

— n is the number of moles of electrons transferred
— Fis the charge on a mole of electrons

— Q. is the reaction quotient at time ¢

Nernst Equation — Electrochemical Cell

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

RT
E =F° - — In
nfF =

¢ 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 a;

In dilute solutions, a; = ion concentration

In electrolyte solutions, a; # concentration, can vary by a factor of 5
lon activity determines the type/rate of reaction
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Standard EMF Series

« Au** + 3e-

« Fe?* +2e-
¢ Cr3* +3e-
. Ti* +4e
« Mg?* + 2e-

[+}]

T« Pt +2e
| .

o o Cu?t+ 2e-
(3]

(@] —

)

)

> —

=

(7]

(7))

Q

|

— Au
— Pt
— Cu

Fe
Cr
Ti
Mg

Lol

AE=+142 V
AE=+1.20 V
AE=+0.34 V

AE=-0.44 V
AE=-0.56 V
AE=-2.00 V
AE =-2.363V

Galvanic
Series

Isotonic solution with
0.9% NacCl

Accounts for Oxides
— Ti:30to 40 A
— AISI 316L: 200 A

Ti: inert

Stainless steel (316L)

— corrosive

Table 18.2 The Galvanic Series

Increasingly inert (cathodic)

Increasingly active (anodic)

|

Platinum

Gold

Graphite

Titanium

Silver

316 Stamless steel (passive)
304 Stainless steel (passive)

"Inconel (80Ni-13Cr-7Fe) (passive)

Nickel (passive)

"Monel (70N1-30Cu)
Copper-nickel alloys
Bronzes (Cu-5n alloys)
Copper

Brasses (Cu-Zn alloys)
Inconel (active)

Nickel (active)

T .

Lead

[516 Stamless steel (active)
304 Stainless steel (active)
["Cast iron

Liron and steel

Aluminum alloys
Cadmium

Commercially pure aluminum
Zinc

Magnesium and magnesium alloys
Source: M. G. Fontana, Corrosion Engineering, 3rd edition. Copyright

1986 by McGraw-Hill Book Company. Reprinted with permission
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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=37°C core

* Diseased: 20 - 42.5°C

* Location dependent

« Skin: ranges from 0 — 45°C

Pourbaix Diagram (PBD)

Simplified Pourbaix Diagram for Some Naturally Occurring Forms of Fe

* Immunity
— Cathodic protection
-~ [M™]<10M

+ Passivation
— Oxidation
- [M™]<10%M

+ Corrosion 1
- [M™]>10°M 2 PR : o

E(volts)
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Corrosion and Wear

FIGURE 11.5.6.20 The in
s macrophages has
debris-mediated pronflammatory reactvity. (Picture
BioEngineering Solutions, Inc.)

Biocompatibility of Ti vs. Cu

* Invivo (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

2500 ot
2000 = [&T}
- Osh
i 1500
V]
= 1000
500
0
12h 48h
time
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Inflammatory Cells around Implants

* Number of inflammatory cells over time increased

surrounding the Cu implant vs. the Ti implant

Time (h) No. of infl. cells=SEM. % mono. % poly

T Cu Sh

15094425 20, 80 251.6+837.11.89 7814274 21.79
48 85.2=43.1.34, 67 649.5:3034.6.94 22842 50,50

« Conclusion
— Toxicity of Cu implant is greater than Ti

TABLE 11.5.6.5 | Approximate Average Concentrations of Metal in Human Body Fluids With and Without Total
Joint Replacements ( 2

Fluid
Serum Normal

Ti Al v o o Mo Ni o Co n
27 22 08 0.18 005-0.15  * 04-36 Skeletal Muscle Normal <12 <12
44 24 17 02406 03 - <A1 TA s 160 .
:: ? :; ‘;f N Liver Nomal <14 120 100 890
a al = - 2 . - A 130 15200 560
1356 7 09 : ° ° - Lung Nomal L . 710 9830
<19 64 0s - 0.06 = . TA - * 980
£ 2 22 - = - - Spleen Nomal 10 30 70
13 109 5 5 3 n 5 TIA 180 1600 1280
55 . 62 58 385 8 EH = — = —
3 951 122 5 133 ” 399 TIA 380 5400 39400
1540 208 288 1203 &5 109 pil)
93 un 151 21 EE w 5789 Kidney Normal <40 30 .
17 13 6 01012 2040 0518  28-70 TA <40 0
&7 8 3 2 110 10 ] Lymphatic tisss  Normal §90 10

esis (not LG denta) TIA 690 200

oty

i arthroplasty ineeding surgical revision), Heart Normal 30 30

Fate of Metals in the Body

o pp— Replacements (sg/g)

opiasty. A 0 %0
arthroplasty (needing surgical revision),

i Tia: Subjects with 3 well-funcuoring total joint anthroplasty

il joire arthroplasty (needing surgical rewssion) * Not tested.

TABLE 11.5.6.6 | Concentrations of Metal in Body Tissue of Humans With and Without Total Joint

\J
1
2

%
B

<9
12

<9
bil
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Fate of Metals In Vivo

.................

Foe SO
FIGURE IL5.6.
-

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

* Alpha phase richin 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

2

Stress Kg MM~

Fatigue Failure

Titanium 160
O Titanwm 130

w
(=]

A Titanium 115

"
o

B |
|

|

A

Cycles to failure
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Wound Healing: Remodeling

» 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

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 ym
— Bone 50-100 pym
— Soft tissue 200-250 pm

* Tissue ingrowth enables mechanical
fixation of the implant

Biomaterials: Metals Composition

TABLE 11.5.6.3 IA—““‘“‘M“MWM”

Alloy Ni N Co Cr Ti Mo Al Fe Mn u W C Si v
Stainless steel 10-155 <05 * 17-19 * 24 o 61-68 * <05 <20 <006 <10
(ASTM F138)

Co-Cr-Moalloys <20 * 61-66 27-30 * 4570 * <15 <lp * * <035 <10
(ASTM F75)

(ASTM Fo0) -1 . 46-51 19-20 * . . <30 <25 * 14-16 <015 <10
(ASTM F562) 33-37 * 35 19-11 <1 90-11 * <1 <015 * . . <015 *
Ti alloys

CPTi . . . . ] . . 0.2-05 * . . <01

(ASTM F&7)

Ti-6AlAV - o B = 89-91 * 5565 * - o - <008 * 3545
(ASTM F136)

45TiNi 55 * * * 45

Ir Alloy . . . . .

(95% Zr, 5% Nb)

* Indicates less than 0.05%
Nate: Alloy compositions are standardized by the American Socety for Testing and Materials (ASTM vol. 13.01)
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Mechanical

TABLE 11.5.6.2 Immdwﬂ_m

Properties

Elastic
Modulus
Orthopedic ASTM Trade Mame and (Young's
Company Modulus)
(Examples) (GPa)
Cortical Bone*
Low sran 152
High stran L]
UHMWPE 05-13
PMMA 1833
Ceramics
A0,
0, 201
Stairless steels ASTM F138 Protusul $30, Sulzer 190
Co-Cr alloys
ASTMETS Abvium, Blomet 10-53
CoCrmo, Bomet
Endocast S Kupp
Francobal, Benaist
Orthochrome, DePuy
Protsul 2, Sultzer
Vinera, Deloro
vitallium ¢, owmeda
VitalllumFHS, Howmedica
Dimaicy, Zimmes
Dimalloy, Micrograin
ASTM F30 Vitallum W, Howomed mn
ASTM F562 H5251, Haynes Stellie 200-230
MPISN, Std Pressed Steel Comp.
ASTM 1537 141537, Allvac 200-300
Metsu, Suzer
n alloys
o ASTM F&T CST, Subzer 10
THEA-4V ASTM 126 Isctan, Asscudap Werke 16

Protosul 6OWF, Sulrer
Thastan, Waidemar Link
Tivaloy 12, Blomet
Thanksm, Zimmes

ASTM: American Scclety for Testing and Materials (ASTM International)

§: Cortical bone is both anisotropic and viscoelassic thus properties listed are generalized.
< Compression

t Tension

RC: Rockwel Hardness Scale

Yield

Strength Ultimate Fatigue § E
(Elastic imit) Strength (Endurance LUmit) Hardness at Fracture
(mPa) (mPa) HVN (%)
14t 150050t 045 - -

- 400c-270t - - -
0-20 30-40t 13-20 60-50 (Mpal 130-500
»N -8 19-39 100-200 (Mpal 156

- 37900310t - 20-30 (Gpa) -

= 5000420t - 12 (Gpa) -

m a0 241820 130-180 a6
-3 551277 207-950 300-400 e
881606 1896t 586-1220 300-800 w-n
300-7000 80020681 340-520 850 RO 10-40
960 1300t 200-300 a1 (R0 ]

L3 7600 300 120-200 1418
891034 %5102t 620689 0 8

Matorial
Stanes stosl

T alleys

Mechanical Properties
Composition and Fabrication

Strength (MPa)
483

586

20

1351

£55-389

121

1391586
%1-1220

1206
17%
760

965
ne

Young's
Modulus  Yield Strangth  Tensila
ASTM Dasignation  Condition (GPa) (MPa)
145 Arncakd 190 m
F55, F56, F138 F139  Amncaled 190 m
30% Coldworked 190 82
Cold forged 190 1213
s Ds-castimnnaaled 210 a8-517
AM HIF 253 B
% Hot forged N0 B9%-1200
F30 Arncaled 10 B
4% Coldwerked 210 1606
F562 Hot forged PEr] 9651000
Cold-worked. m 1500
aged
1) 0% Coldworked 110 &85
Grdad
F3% Forged annazled 116 56
Fomed, heat 16 W34
nated

" Data collectad from references noted at e end of this chapter. especially Tabls 1 In Davidson and Gaorgatts (1968)

¥ PM HIP. Powder metalhusgy product, het sostatically

pressad.

PR b dned B 0, )0,

Fatigua Enduranca
Limit Strength (st 107
aycles, R = 1) (MPa)

m-m
M-176
310-u8
o0
0-n0
715-%0
G0-3%
Nt avaikabie
586
500
639-21
(el tarsion R = 0.05,
30Ha
30

&0
620-689
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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 Biocompatible
Blood-compatible

Advantages
Controllable design

Limitations
Stress Shielding
Corrosion
Fatigue and wear
Lifetime
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