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:Point Defects <

Exercise:.
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:DISLOCATIONS- LINEAR DEFECTS <*
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:DISLOCATIONS- LINEAR DEFECTS

‘Mixed dislocation S 5 laila

Components of both

Pure edae or screw dislocation are rare =

SNETENRR Ay
A,
2\ \L ,/




Chapter One:

Metals: Crystal Structures and Microstructures

:DISLOCATIONS- LINEAR DEFECTS <«
Al e 0Ll JE TEM ks (oS s S0 (sLeSisa dlan s 43 (sl

Sl IS s (Solidification sleadl slaayl @ s s Dislocations =
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:INTERFACIAL DEFECTS S iiuo Juad jadi &

L 5 Crystal structures —aliss sla jlé& 5036 (3253 (5 ) 10 (A 5
2iSae laa 80380 51 1) Crystallographic orientation (8 S sl S (sleiea

Interfacial imperfections are included: =

External surfaces, Grain boundaries, Twin boundaries,
Stacking faults, and Phase boundaries

:EXTERNAL SURFACES
OB b plaiale g oL 4 Jaw surface atoms (s laus

not bonded to the max 3l iYL zlas ya g oadii g Ld) adau slgal
number of neighboring atoms
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Minimize the surface area
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:INTERFACIAL DEFECTS S iiuo Juad jadi &

:GRAIN BOUNDARIES

crystallographic < sliis 5 )sh Ciga b Grain Jliew S g0 023 Jaa
Orientations
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Low (small) angle & High angle grain boundaries
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1 L — High-angle
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R :INTERFACIAL DEFECTS <
T T :GRAIN BOUNDARIES
A Rarianas
e T 33,854 A ) 4 s )0 Low (small) angle
T i : r: _ _TI Tilt Boundary
EEEEENN j-:' VL (o 58 Al e L) AL 3 Sael Ly Ol
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:!!:!'_:I' | Ii t.'l::__.f atoms
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:INTERFACIAL DEFECTS S iiuo Juad jadi &

.GRAIN BOUNDARIES
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PHASE BOUNDARIES

Two phases 4 Jb <o 31 2L adfie da j30ad Ja 18 ) S 4S (5 ) gea )
1y R o aie aa ) Phase Boundaries s s 4S 2 8 Split <SS
same crystal structure but different chemical composition & 52 =

crystals match up at boundaries (Coherent)

Low energy (typically 0.05 J m2)

Two crystals have slightly different lattice spacing, 45 Sy =

boundary is still coherent but has some strain (and more energy)

e f e e e e [ | | e
— e e | e e | [ — f— ] —

h n
(a) Coherent {b' Co erency strain
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PHASE BOUNDARIES

In presence of small particles of second phase and their 45 Sl ) 2 =
growth strain builds up till injection of dislocation (semi-coherent )

Two phases which meet at the boundary are large, and differ in =
both chemical composition and crystal structure (/ncoherent)

>high energy - around 0.5 J m=2
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(c) Semi-coherent

(d) Incoherent
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:INTERFACIAL DEFECTS S iiuo Juad jadi <&

. TWIN BOUNDARIES
280 (e LS () Al o gl o Gl el o AS 4310 ) e ) A g g

The region of materials between these boundaries called
TWIN

SBlSa 03 ) g (sl 5y il o el olaola K3 0 :Mechanical Twin =
mechanical shear forces
Heat Treatment )~ cblee jo JSG Huas S 0 ;Annealing Twin =

DAL Ay i 33 S JSEE ald g0 pald i S claba 55 2 Twining =
= ~Twin plane (boundary) :Crystal Structure «_sb

Definite crystallographic Plane
Specific Direction

FCC _2 Annealing Twin
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:Catalysts (and Surface Defects)<
» A catalystis a substance that speeds up the rate of a chemical
reaction without participating in the reaction itself

» Solid catalysts adsorb liquid or gas on the surface and by the
interactions promote the rate of reaction

» Adsorption sites on a catalyst are normally surface defects
associated with planes of atoms

Terrace

Schematic of several
types of surface defects B

Step Vacancy

» Converters on automobiles, which reduce the emission of
exhaust gas pollutants such as (CO), nitrogen oxides (NO.x) and
unburned hydrocarbons

= NO dissociate to N and O form N,

= CO oxidized to CO, and Hydrocarbons are oxidized to H,O and
CO,
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:Catalysts (and Surface Defects)<
> (Ce, 52r, 5)0,is used in this application

» These surface defects act as adsorption sites for the atomic and
molecular species (CO, NOx, and unburned hydrocarbons)

» Dissociation, combination, and oxidation reactions involving these
species are facilitated and pollution are reduced

High resolution TEM
Several single
crystals showing
individual atoms and
defects

Terrace
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:Microscopic Examination <
Cuas) il Ll oy 3 s palsa o500 structural elements ,at Jil
2l (e

polycrystalline metals u=s<=3 2 Grain Structure

Macroscopic grain in Aluminum streetlights posts

= g 5 03 5 microscopic dimension in pm )l <l 3l i)
3 yla microscope 4 L

Microstructure: Grain size and shape

»Optical, electron, and scanning
4 probe microscopes are commonly
& used in microscopy.

|
{ » The photograph on which the image is

recorded called a photomicrograph

| Many microstructural images are computer

generated and/or enhanced.

Large grains having
different textures
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:Microscopic Techniques
Optical Microscopy

Light microscope is used for microstructure study

03 Gl )l 5L contrast (il e s reflecting mode <l )
3,8 » Sy sa microstructure s <aliss sleian reflectivity

Metallography: Careful and special surface preparation
Grounding and Polishing
Mirror polish by successive smoother (finer) abrasive

Microstructure revealed by using appropriate chemical
reagent in a procedure called etching
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:Microscopic Techniques
Optical Microscopy

The chemical reactivity of the grains of some single-phase
materials depends on crystallographic orientation

2l @i Kas arain 4 arain <l etching characteristics Ui

Folished and
etched surface

Photomicrograph
of Brass Alloy

Difference in orientation cause different reflection
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:Microscopic Techniques
Optical Microscopy
»Small grooves form along grain boundaries as a
consequence of etching

»Atoms along grain boundary regions are more chemically
active, they dissolve at a greater rate than those within the

gralns

—— = !
E

Microscope

Polished and
etched surface

Grain boundary phoggmlc aph]ofa polyc ryﬁt‘aglne
Grain boundaries reflect light at an angle specimen in which the grain boundary

different from the grains themselves grooves are clearly visible as dark lines
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:Microscopic Techniques
Electron Microscopy

Optical microscope is 2000 times <X ) 3

45 258 02l electron microscope ) Fine structural elements ! _»
29l e 02latul light s 4 electron beam )

»Across large voltages, electrons can be made to have
wavelengths on the order of 0.003 nm (3 pm). High magnifications
and resolvmg powers of these microscopes are consequences of

LIIU bIIUII. WdVCIUIIL]l 0 eieciron peams.

» The electron beam is focused and the image formed with
magnetic lenses; otherwise the geometry of the microscope
components is essentially the same as with optical systems.

»Both transmission and reflection beam modes of operation
are possible for electron microscopes.
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:Microscopic Techniques
Electron Microscopy
Transmission Electron Microscopy (TEM) =

» The electron beam passes through the specimen

»Contrasts in the image are produced by differences in beam
scattering or diffraction produced between various elements of the
microstructure or defect

»Solid materials are highly absorptive to electron beams, samples
must be prepared in the form of a very thin foil

»Magnifications approaching are possible with TEM, which is
utilized in the study of dislocations
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:Microscopic Techniques
Electron Microscopy
Scanning Electron Microscopy (SEM) =

» The surface of a specimen to be examined is_scanned with an
electron beam, and the reflected (or back-scattered) beam of
electrons is collected

» The surface may or may not be polished and etched
»Magnifications ranging from 10 to 50,000 times are possible

»Accessory equipment permits qualitative and semi-quantitative
analysis of the elemental composition of very localized surface areas
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:Microscopic Techniques
Scanning Probe Microscopy
» The microscope generates a topographical map, on an atomic

scale, that is a representation of surface features and characteristics
of the specimen being examined

» The Advantages of SPMs are:

= Examination on the nanometer scale is possible magnifications
as high as 10° X are possible; much better than with other
microscopic techniques.

= Three-dimensional magnified images are generated that provide
topographical information about features of interest

= Some SPMs may be operated in a variety of environments (e.g.,
vacuum, air, liguid); thus, a particular specimen may be examined in
its most suitable environment.
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:Microscopic Techniques
Scanning Probe Microscopy
»SPM employ a tiny probe with a very sharp tip that is brought into

very close proximity (i.e., to within on the order of a nanometer) of
the specimen surface

» This probe scan across the surface and deflection perpendicular to
this plane is collected

» The motions of the probe are controlled by piezoelectric ceramic
components that have nanometer resolutions

»Probe movements are monitored electronically, and transferred to
in @ computer, which then generates the three-D surface image

»The SPMs, which allow examination of the surface of materials at
the atomic and molecular level, have provided a wealth of
information about materials, biological molecules

»Indeed, the advent of the SPMs has helped to usher in the era of
nanomaterials—materials whose properties are designed by
engineering atomic and molecular structures
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A scanning probe micrograph that shows a (111)-type surface plane for silicon.
The arrow points to the location of a silicon atom that is missing. This site from
which an atom is missing is the surface analogue of a vacancy defect— that is,
a vacant lattice site within the bulk material. Approximately 20,000,000 X.




Chapter One:

Metals: Crystal Structures and Microstructures

Dimensions of structural feature (m)

10-14 10712 10-19 10-8 107% 104 1072
I | I | I | I | I | I | I
Subatomic particles |
Atomfion diameters —
Unit cell edge lengths —
Dislocations (width) |
Second phase particles I |
Grains I |
Macrostructural features | |
{porosity, voids, cracks) | | | | | | | | | |
10-5 10-4 10-2 1 102 104 108 108
Dimensions of structural feature (nm)
Usetul resolution ranges (m)
10-12 10-10 10-8 10-8 10-4 10-2 1
I [ I [ I [ T [ T I T
Scanning probe microscopes I
Transmission electron microscopes I
Scanning electron microscopes I
Optical mizroscopes I |
Maked eye e ——
I | I | I | I | I | I
10-2 1 102 104 108 108

Useful resolution ranges (nm)
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Mechanical Properties SulSw jolgs %
(Steel Jue s )3 5na (Al Lal sa JU) 23500 )8 58 9 Hb G yma )3 3 ga
not to deform and fracture e (Alob Gga pal i3 ) Ul
Mechanical Properties: Response or Deformation to a load
Strength, Hardness, Ductility, and Stiffness (S5 al 53 (2 siege
Tensile, Compressive, or Shear, 53} 5 sl 5
American Standard for Materials and Testing (ASTM)

Microstructure 31> (=l sa Ll ) aie jl (6 8 Ciladad a5 af jha
2L o« Mechanical Properties 5%« o=l s>




Chapter One:

Metals: Crystal Structures and Microstructures

CONCEPTS OF STRESS AND STRAIN <
)5 S ) padidia mhan b e 4y Kl 43 b culi Joad 4S Gills o

3 5ai (b)) Stress-strain Cud gabal y Ol 5 o0 1) SilSa pal 53 23 8
TENSION TEST”
238 (oo (o B 3 ga l (SilSa pal sa i Gl Al
i b e Ll )5 (o2 )N RIS Cind 4akad Y sena
— 0 K Juals fracture (Kausas B4 £ ) 3

oy
[=]

* ASTM Standards of E 8 and E 8M
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CONCEPTS OF STRESS AND STRAIN <

TENSION TEST
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CONCEPTS OF STRESS AND STRAIN <

TENSION TEST

3 Sae au )y Elongation < i load isie 5o das ye sla sal
dzdad L 4 Al

Load cell (‘)_1\‘)_1 }JCLSAGL“LJJ):}} JJ\JJ j.l)
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CONCEPTS OF STRESS AND STRAIN <

TENSION TEST

2 % Normalize & o312 Sample Size ¢S Min <
e gl b e uea pyalgl adada mhas Ay g i b (g o o i F
psi L s MP, (SI) (1 MPa 10% N/m?), Jswl B Stress

—F
Ag 2R ey yaiad gl Joha 4y Jsha s (wlal  Strain
instantaneous 4l s 2 Jsh | 5 4dlsl Jsh |
inch/inch L s m/m il 2al5 0 Strain
L=k _Al
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CONCEPTS OF STRESS AND STRAIN <

COMPRESSION TEST”

compressive L 5 0 L tensile test L 4l
stress — strain 4liu &Yalaa

RIS )1 eaiiSE Ciladad (5 ¢Tensile test is more common

F
=y

ML ,'r/ Y

! N - |

i :
*'c- : | !

i |

' :

: |
4 ¥

T —

* ASTM Standards of E 9



Chapter One:

Metals: Crystal Structures and Microstructures

CONCEPTS OF STRESS AND STRAIN <
SHEAR AND TORSIONAL TESTS”

Aprbm b ol 5 Y 7 sk (59 50 5

Shear F
T—= —
stress A

* ASTM Standards of E 143
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. ELASTIC DEFORMATION SVl JSio junsts **

STRESS-STRAIN BEHAVIOR <»
b 318 SIS )0 4S stress s (S 42 Al Strain i JS&o sl ol e
o = Fe
Hooke’s law

JSS Hued 5 0 4S gtress-strain Jlasad )3 ha iay
Elastic Deformation 3L oo cuuliia
Modulus of Elasticity (£) s ()l
Tungsten ! » 407 GPa s Magnesium s!'_: 45 GPa
elastic deformation ! » 2 & Cwilis ¢ £ L i e Stiffness

The Greater the E the Stiffer the material



Chapter One:

Metals: Crystal Structures and Microstructures

. ELASTIC DEFORMATION SVl JSi jaasi 40

STRESS-STRAIN BEHAVIOR <

2 Sae gl Clla g J5CE 4y drdad g p0 il L S JSE s )

Stress

o = Fe
Hooke’s law
{ Unload

4 Load

Slope = modulus
of elasticity

= O 591 40 Elastic Deformation o3 (slita o
3l Siw Interatomic Bonding

a4 i Lgadl (Sad 5 (6131 ) e 40 s £ (8
(Stretching- Springs)
ANELASTICITY<
Wb 0 4l Stress phd il w Sin Y] S ki
Al il padidia Gla j 4l y) lla 45 Gl pinas
Time dependent elastic behavior

For Meftals is small and is neglected

Strain
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MECHANICAL BEHAVIOR OF METALS <*

strain 0.005 U Elastic deformation <l 3 i
Plastic Deformation (<2 5 juas
ol (g a8 Sl 4y Sy JSG s Jaass

2 sleall b g AluSd lads gn (0 )

stress (il n Ly 30 Sae JS& new neighbors
S 3l ass s 4

(Slip Process)

Stress

Strain
0.002



Chapter One:

Metals: Crystal Structures and Microstructures

MECHANICAL BEHAVIOR OF METALS <*

YIELDING AND YIELD STRENGTH <

Elastc  Plastic Elastic Deformation <xamaterial kb

i — ir _____ Elastic-plastic Deformation J:25 Yielding

i / (proportional limit) linearity ¢l (Saie )3
lp / strain 0.002 J:=- stress (Yield Strength)
/ DA o3 Ol e lie KL gy Ak

/ plastic deformation

Stress

/ MPa 2/
L Strain 35 MPa Al and over 1400 MPa for Stee/
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MECHANICAL BEHAVIOR OF METALS <*

TENSILE STRENGTH <

(MPa) > 2> Max Stress
stress (y) ) dxlad CLlSUE

7S J& &al ¢80 deformation JS- yuas

Necking
(Fracture Strength)Neck -2 Fracture
Tensile Strength 50 MPa for Al
3000 For Steel
Yield Strength <ilaké ) b 0

Strain
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MECHANICAL BEHAVIOR OF METALS <*

DUCTILITY <
s Gl Plastic deformation ¢
Ie— 1y Sl 1 Sl JSUE s B
0. FL — ( ; D) % 100 x) JSi s 1Brrittle

Elongation Jsk (il 38 aa jo (bl

moderate Ductility for most Metals

> 2de Dugctility ) g S
Sy S s e sead 53 71k 43 ¢ Ul
’ deformation jlae o)) e JKalis cadla Ja jom

brittle %5 ) S fracture strain L &l 3

Ductile

strain
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MECHANICAL BEHAVIOR OF METALS <*

TOUGHNESS <
fracture U 53 o yla AU g
i)y Cusal toughness Gai2 load Juel o 535 5 Geometry waia J5G
fracture U stress-strain )2 s ) o
oaue.;;h\jﬁdj)s\ T aa) gm
OB e 2wl J strength s ductility
Tougher Y sa=s Ductile 2 =
5-)3%. yield and tensile strength 25> L=

i (ABC compare with AB'C') brittle <l

Strain
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MECHANICAL BEHAVIOR OF METALS <*

TOUGHNESS <
. strength s ductility ~

tougher Y s«zs Ductile 2| s<n
High Carbon Steel

Strongest

Medium Carbon Steel
Toughest

Low Carbon Steel
Most Ductile

Stress —=

Strain —
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MECHANICAL BEHAVIOR OF METALS <*

COMPRESS/IVE, SHEAR, AND TORSIONAL DEFORMATION <&
sl 5,00 G Plastic deformation

Elastic  Plastic Compressive, shear, torsion

Tensile L 4xlia i

No max for compressive since no necking

Strain
—= 0.002
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MECHANICAL BEHAVIOR OF METALS <*

(ASTM E 18 Rockwell test) HARDNESS <

icalized plastic o Cu slia Kalis 4S &l 3l aga Sl (al a0
(Scratch ¢Dent) deformation

Diamond s (&l axK) tale ! 2 1-10)) Mohs a5

Cand Gala ) 250 03l 2 indenter (K s 8 ) jae Gubad o s i
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DEFORMATION MECHANISMS FOR METALS <«
BAS/IC CONCEPTS OF DISLOCATIONS <
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DEFORMATION MECHANISMS FOR METALS <
BAS/IC CONCEPTS OF DISLOCATIONS -

S il e il JSG st plastic deformation  aSew s st wo )
shear stress_ sl &b g dislocations

The net plastic deformation for both screw and edge
motion is the same
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DEFORMATION MECHANISMS FOR METALS <
BASIC CONCEPTS OF DISLOCATIONS <
caterpillar <S.a L 4lda
Form hump by pulling in the last pair of legs

One leg distance

The hump is the half plane
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DEFORMATION MECHANISMS FOR METALS <«
BASIC CONCEPTS OF DISLOCATIONS <+

) csolidification Jexi) s\lau) i i )y &l K4 S) y dis/ocations
rapid coolilng) . ~ S\le 5 plastic deformation SiwSy JSi s

s> aaly o ladislocation J sk sDis/ocation Density
Millimeters of Dislocation per cubic millimeter
Carefully Solidified Metals : 10° mnr?
Heavily Deformed Metals . 10°-107° mnr?
A Gl 105-108 42 1) density )5 o= ) s Cllas 4l s
Ceramic materials 102 — 10* mm-

Silicon single crystals 0.1 - 1 mm-2
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DEFORMATION MECHANISMS FOR METALS <
SLIP SYSTEMS <

Dislocations don’t move with the same degree of ease on all
crystallographic planes and directions

Slip & R i S Cga SG 5 Slip plane Mivs S asia S s 5
Direction

The combination is called “Slip system”
22,2 Crystal Structure 4 Siw Slip system

2ilue dense atomic packing 4iwsily cp YL 1)l Slip plane=
(Highest Planar Density)

Slip direction correspond with this plane that is the most=
closely packed with atoms

(Highest Linear Density)
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DEFORMATION MECHANISMS FOR METALS <
SLIP SYSTEMS <
FCC 2 Jba Ol siny

{111} Slaia v Slip

Direction <110> s )y

Slip system for FCC {1171}<110>




Chapter One:

Metals: Crystal Structures and Microstructures

DEFORMATION MECHANISMS FOR METALS <
SLIP SYSTEMS <

arrows 2,2 2sa 5 slip direction <o ) _idn (ald dsdia S ) g
Al aga g Al S UL S ) e Slip system <o ) i
(4 plane and 3 direction) 12 for FCC

Slip sl n sa S0 ) G HCP 5 BCC sln
(110, 211, and 321 for BCC). Llaasg

28w Jee (i Slip system (Led) Jayl yd 4y Al
some slip systems operate only at elevated temperature

Ductile «iila glip system 2L 2la=i FCC,BCC 25 sla jlisla
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DEFORMATION MECHANISMS FOR METALS <
PLASTIC DEFORMATION OF <
POLYCRYSTALLINE METALS

& sldie 5,8 e polycrystalline
random crystallographic orientation
grain 4 grain ) Different slip

Dislocation motion occur along the slip
system with most favorable orientation

_: & polished surface of deformed copper
two slip system (intersect slip lines)

Different orientation

(alignment of slip lines of different grains)
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PLASTIC DEFORMATION OF POLYCRYSTALLINE METALS <

distortion e 2l » 43 i gross plastic deformation IS 4ai
2,3 slip Al oa b adly S8 SS

Grains maintain their integrity and coherency at boundaries
2 Saa ) 8y sl 4dla ,il caad saals JKE Hdai 31 Ly adla ol il
The grains are constrained in the shape by its neighbor grain
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PLASTIC DEFORMATION OF POLYCRYSTALLINE METALS <
3y G single crystal ) polycrystalline <
x ylajls plastic deformation <es s 5YL Stress

»Even though a single grain may be favorably oriented with the
applied stress for slip, it cannot deform until the adjacent and_less
favorably oriented grains are capable of slip also; this requires a
higher applied stress level.
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ln this photomicrograph of a lithium fluoride (LiF) single crystal, the small pyramidal pits repre-
sent those positions at which dislocations intersect the surface. The surface was polished and then
chemically treated; these “etch pits” result from localized chemical attack around the dislocations
and indicate the distribution of the dislocations. 750 X. (Photomicrograph courtesy of W. G.
Johnston, General Electric Co.)
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Implant Failure

> 2 million hip implantation procedure
» 9 percent of replacement
> 10 -15 years implant durability

* Reason for Failure 1986-1991 1992-1996 1997-2001
Aseptic loosening 38% 33% 24%
Instability 9% 35% 42%
Infection 15% 15% 13%
Polyethylene wear or osteolysis | ,o, 6% 4%

Painful hemiarthroplasty 8% 8%6) 16%
Periprosthetic fracture 6% 3% 1%

“M. Dobzyniak et al. Clin. Orthop. Relat Res. 447, 76-78 (2006)



d To investigate the effects of crystallographic texture of
titanium based materials on the cell-substrate interactions
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Bone density and soft tissue balance

Two type of
integration:

1

Titanium Connective tissue  Bone

[ Fibro-osseous integration

\

Direct bone-implant
integration (Osseoinegration)

Titanum Bone

In calcium phosphate



Concept

m Recognition of crystal structure by functional groups of
biomolecules can lead to:

% nucleation of minerals’

«»  polymerization\organized structure of proteins?

1- Falini et al. Science 1996; 271: 67-69
2- Hoang et al. Nature 2003; 425: 977-980
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X-RAY DIFFRACTION:DETERMINATION OF X

L)

X-RAY DIFFRACTION AND BRAGG’S LAW
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X-RAY DIFFRACTION:DETERMINATION OF X

L)

X-RAY DIFFRACTION AND BRAGG’S LAW
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X-RAY DIFFRACTION:DETERMINATION OF o
CRYSTAL STRUCTURES
X-RAY DIFFRACTION AND BRAGG’S LAW
nA= SQ + QT

709 Cusdi g ) da pd ol b
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X-RAY DIFFRACTION:DETERMINATION OF X
CRYSTAL STRUCTURES

)

THE DIFFRACTION TECHNIQUES
Csliie 5K Gga L 4dla ol das3 b polycerystalline Ls Powder 45 sa
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)

X-RAY DIFFRACTION:DETERMINATION OF .
CRYSTAL STRUCTURES

THE DIFFRACTION PHENOMENON
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Texture Measurement

X-ray Diffraction Pole Figure-TexTools Software
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Pole Figure-TexTools Software
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METHQOD

X-ray Diffraction TexTools software
Pole Figure ODF
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Texture Measurement

Texture Measurement

[11-20]
Differently Processed
Ti-6Al-4V Samples =) 000 1] [10-10]
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\F\UU alllu ol IUUL) Diffraction
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Texture Analysis
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d AFM
[ Contact Angle Measurement
LCrystallographic texture analysis; X-ray Diffraction

1 Cell attachment

[ Cell proliferation
1 Alkaline phosphatase activity
] Total protein content
1 Cell morphology- SEM



Characterization

5.00

10.0 nm 1550

0.0 nm

5.00

(a)

Aqueous contact angles values were calculated by image analyzer software.
Values are meanz SD; r=5. * £<0.01 compared to the Ti-(11-20)



Cell Attachment
SEM- After 3 Days (10-10) (11-20)
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MECHANISMS OF STRENGTHENING IN METALS U

toughness and ) & 4 YL strength L < 3l sl s 3 sa ale )
ductility

23 K (o 4% Ductility Y sexs
e Gy saplai 3 50 35 S (g (SilSe Gal i bl 3l Al ol

~ilsa agd )2 dislocation motion s mechanical properties o daep
strengthening

» The ability of a metal to plastically deform depends on the
ability of dislocations fo move

»Since hardness and strength are related to the ease with
which plastic deformation can be made to occur

»Reducing the mobility of dislocations, the mechanical
strength may be enhanced; that is, greater mechanical forces
will be required to initiate plastic deformation
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MECHANISMS OF STRENGTHENING IN METALS U

JSE s yiilul sale 25U yial ) dislocations motion 4a s (sSally (pisas
softer and weaker s deform 22w

1AL e o2l ol bl strengthening sleSsisS s awmila ol pli

Restricting or hindering dislocation motion renders a

material harder and stronger

) At e sl S5 @l Strengthening o) » Ui 4
Grain Size Reduction =
Solid Solution Alloying =

Strain Hardening =
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MECHANISMS OF STRENGTHENING IN METALS [l
STRENGTHENING BY GRAIN SIZE REDUCTION <

?AJ\K el Sl al A (55 0 (grain Size) <l 8 as)a oyl

orientation 8 Cga 112 slae sla 4l polycrystalline < 3k o
grain boundaries L »2 5 & sldia

GrainAfo B Y )se Sjida ) Gl )l 2l slip b s dislocation .

Slip plane —

Grain B
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MECHANISMS OF STRENGTHENING IN METALS L]
STRENGTHENING BY GRAIN SIZE REDUCTION <
:2il o« dislocations &S s 1l s 5040 grain boundary

S a sl sl 4ila different orientation <sliie (s 8 Ciga Jalay =9
. (direction of motion) s 3 2L dislocation
(32 % i JK&s mifsorientation s 3 L)

Slip plane i Eels 4313 e 50 atomic disorder el (Sia, 5 aa )2 =Y
(Lstae 4dla 50 () 2 S

Grain boundary O O
OOO0O0O OS‘ OC)OOOO
O0000OO0O0 O 0O/ 0 O
Slip plane ,.O OO0 QO} O OOOOOOOO
0000 000 \ 070
0000 0000 PO
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MECHANISMS OF STRENGTHENING IN METALS L[]
STRENGTHENING BY GRAIN SIZE REDUCTION <

543 55 & sa dislocation e High-angle grain boundaries
dislocation Jii ahead of slip plane <S5 stress gaai b jase o
2l = a8l 8 adjacent grain_stae 43la jo aaa
Coarse- ) s _idn J8aiul )l Fine-grained o sla adla b &l 3
¢ 2ib .« grained
greater total grain boundary area to impede dislocation motion

o, = oy + k,d'?
/

Yield Hall-Pelch equation

strength

Not valid for extremely fine or coarse grains



Yield strength (MPa)
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MECHANISMS OF STRENGTHENING IN METALS [l
STRENGTHENING BY GRAIN SIZE REDUCTION <

Reduce grain size by:_Solidification and Deformation
followed by heat treatment

Low angle grain boundaries
Brass alloy: 70% Cu: 30% Zn

Grain size,  (mm) 2l slip process L s S Ciaal ja

107" 1072 5% 1077

200 ] | / 30 (slight misalignment)

alSaied] oty 4 57 Ll O jns 40 Twin

150 —

|
[av]
]

slip J! s xSsla 8 g3 old 4l Cp s

100 —
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L
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50—
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MECHANISMS OF STRENGTHENING IN METALS U
CHARACTERISTICS OF DISLOCATIONS <

strain < s 38 52 555 5% W 8 plastic deformation Uil -
(LR ISl Sl aile = Bl dislocations 4 b s« energy

U3 compressive, tensile and shear /attice strain J<i .~ 5
2,02 25 5 W dislocation <kl (slea!

a5l i il )2 5 squeezed 2k a2 dislocation line YL Ll
(edge dislocation) )8 < 4lald

e E:: XL A 5 YL 1 Compressive strain

WAL
| m({fﬁé fi %j) | }:\ mmpmm b slesdl ) Tensile strain
‘wrr (SPRAN VAN V¥ 7 SV VSV i R —

| _L | | ) | | . . .
S aadaaeaa | screw dislocation_: Shear strain
\g} B-D-D-D-H-D fy”
%Z} O-PPD {y
S L L
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MECHANISMS OF STRENGTHENING IN METALS U
CHARACTERISTICS OF DISLOCATIONS <

dislocation <l ki skl ) (strain field) Olaw &) sas Wastrain
3,2 dislocation ) alaald 43 4t o ()30 525 48 S,k 50 [ine

3 5 Mie o3 S interact _5esSu L strain fields in close proximity
edge dislocation

gusse Cw3le L ladislocation s Repulsion

c c
( \l Repulsion /_,\ » The compressive and tensile strain
/%4____________/(%_, fields for both lie on the same side of
(L) - the slip plane L di : Ya
\__/ \__/ 2 W dislocation_» 4l
T T with same slip ks Cwdle
RN b plane
% : % L - } Dislocation Annihilation
| { I . o . .
K—/ \ u (Perfect crystal) D g (R d*“\s Aala = 59




Tensile strength (MPa)

Chapter One:

Metals: Crystal Structures and Microstructures

MECHANISMS OF STRENGTHENING IN METALS
SOLID-SOLUTION STRENGTHENING <

Substitutional or Interstitial solid solution s s ~2IAL i) 3l
(Softer and Weaker ) 254 (o« yidma 5 jiayi b 50D alla &l

O i 4t )y 4338 |gttice strain sl dely oallal sleal
2 8 = 25350 W dislocation <S = impurity atoms s dilocations

e 38 550 IS ) 80 s

ol | | 180 = 60 .
Tensile strength . . Tield Strength! = " Ductility
400 ’ 160 —
2 & B -~ £
= £ o £ o
g = _ s o
% ? 120 — g %
300 = = B B S
g ® g g
& S 100 2 s
a0
200 | | | | e 20 | | | |
60 10 20 30 40 50

Nickel content (wt%)

10 20 30 40

Nickel content (wtS4)
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MECHANISMS OF STRENGTHENING IN METALS U

SOL/D-SOLUTION STRENGTHENING <
dleire 5 h AL 0 Tensile Strain S host ) _Sa S impurity &

sshoialu ) Compressive Strain ) host )8 ) impurity &
Ulalia

-

to reduce overall %) 8 dislocations <!kl s allal sleal
strain energy of the lattice around the dislocations
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MECHANISMS OF STRENGTHENING IN METALS U
SOLID-SOLUTION STRENGTHENING <

O 50 o tensile strain 48 2,8 el (daa ) yiSa S )
e S ) dislocation <kl compressive strain

OBS 5 slip plane sYb 2 (5 2l edge dislocation e sas 5
(DB 0 &l s sad 2 Sall) 23Lus dislocation line
slip 1l U <l s 18 gpplied stress 4k Uasiis [attice strain 25
(strength and hardness (25 YL dale) 2l sl G 5 Sle
Lattice strain interaction between dis/ocation in motion and
SN - -, 1 y
OO00000  OOOODO0 imeunty atom
TN YA N ~
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MECHANISMS OF STRENGTHENING IN METALS U

STRAIN HARDENING <

plastic deformation become harder i 2 Ductile 3 aul % sy
and stronger

Ag — Ad.\'] (L._U'J sled Cua ) Ul sl Cold work
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h ] #
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MECHANISMS OF STRENGTHENING IN METALS U
STRAIN HARDENING <+

23L « elastic recovery o+l Strain hardening awwilSs

yield &)= plastic deformation ) 2= load and reload_sl -
wle il ¥ strength

(B) sl (s (ot 43ali 0

lass yielding #3152 reloading il

|

nload

Stress

Reapply
load

Strain

=| &
Elastic strain
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MECHANISMS OF STRENGTHENING IN METALS U
STRAIN HARDENING <+

1l (= Uil 3% cold work Uil 3l L dislocations 4dwls
new dislocations Js<ii L s dislocation multiplication sl =

L sia ) shy 4S) Ll ol i) 50 5 W dislocation 2l il 38 b S &) seay
soad yidw dislocation motion _nl » )2 G slae (230 < repulsive sy
(higher strength) <) )x deformation < )~ G s YL stress

> Strain hardening is often utilized
commercially to enhance the
mechanical properties of metals
during fabrication procedures.

!

U5 = 1 strain hardening sk
hear treatment (Annealing) 4l s:

Stress

=

-

<

i lﬂ ‘.‘.. ~ - -

Strain .%f;%{ — J gad 9 )-LJJ 6 gaa U
hardening® Suain B

on steel
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RECOVERY, RECRYSTALLIZATION, AND GRAIN GROWTH
RECOVERY <

JSd 4 318 JAla ja ead 6 a0 strain energy ) s recovery )
2 R e 3l (s stress _Lié ) su) dislocation motion

YL ) s 4as )3 Atomic diffusion <) 38 i) YL i ja =

s 4348 2 K . alail configuration_sss L sieS ladislocation 2l =
ub = J2alS strain energy 4S

23 8ae n cold work ) Jid clls 4 3 (e R 5 (S Cula (al g5 =
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RECOVERY, RECRYSTALLIZATION, AND GRAIN GROWTH
RECRYSTALLIZATION <

cla adly JSi sy« YU strain energy Jsis recovery ) 2
low dislocation density «!J)2 48 xaa Equiaxed strain free grains

52 o internal strain energy <3Ea) yos gla 4ily JSES S ma (55
2L o« strained and unstrained <l

short-range diffusion_sl_» Sa S sla 4ua O sea 40 aa gl 4l
3,8 e IS

grain Ols= 53, 3sa s recrystalization das 3 ads o (pnia
A S ealdinl o)) ) 68« cold worked metals s » refinement
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RECOVERY, RECRYSTALLIZATION, AND GRAIN GROWTH U
RECRYSTALLIZATION <

more .5 —axa 5 s i3l Mechanical properties restored
2 N o ductile

ayla bad g glaj dale g0 40 43 recrystalization 2wl 4 extent 4s o




Jéoi'-worked (33%CW)

19 \
Ko v 0 “ L.‘ l \\i
Complete recrystallization rain growth Grain growth

(8 s at 580C). 15 min at 580C 10 min at 700C
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RECOVERY, RECRYSTALLIZATION, AND GRAIN GROWTH 1
Brass-1h heat treatment L. 4G RECRYSTALLIZATION <

Annealing temperature (°F)

600 400 B00 800 1000 1200
1l | | Lo | .
| | gaza & sl
I Tensile strength I \y )h JA " )-1 ¢
| | 50 18 gl glaa¥/y ) Y/ agaa
o | |
s o | .
B | | w0 2
g I I ‘_E-\I -” L] L]
= | | I 4l recrystalization sl
£ 400 30 .
k | | 4
| Ductility }
| i — 20 cold work s« S ) jwam
300 ! | | ! |
JRE:CD'M‘EF‘_,'!_’ Recry=tallization r! Grain growth Jﬁgj”é"jﬁw [. d/: -
Cold-worked [T - i - e 7
ind recovered ~-fe ]
grains * ] =l
s -
— 0.040 I |
E I I
= 0030 | !
£ 0020 | | Grain
© 0010 | | Structure
| | | I |
100 200 300 400 500 BO0 700

Annealing temperature (°C)
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RECOVERY, RECRYSTALLIZATION, AND GRAIN GROWTH U
RECRYSTALLIZATION <

» Increasing the percentage of cold work enhances the rate of
recrystallization, results in lowered recrystallization temperature
» Critical deformation: degree of cold work below which
recrystallization cannot be made to occur (2-20% cold work)

- A1) o AU LD ) e e ald
Sl b sl 0.3 Tm Y saxam
Wil sl w 0.7 TMmU ‘5§1§I

SsShy S8 s sHot working
4S recrystallization sl YL )2

% AL (soft&ductile) sy 5 5 a3k

YL deformation o8l dily aile o«

800

" \ | I < 31,3 recrystalization i 2

=
=)
&

700

— 120C

— 100 .
500

Recrystallization temperature (°C)
eqystallization temperature (°F)

00—

400

I I I I I I —1 600
0] ’I\ 10 20 30 40 50 B0 70
Critical Percent cold wark

300

(not strain harden)

deformation
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RECOVERY, RECRYSTALLIZATION, AND GRAIN GROWTH
GRAIN GROWTH <

DY A e 4alal Ad ) 4 strain free s 4l recrystallization ))ax
(Grain Growth) i s 41312 456 YU sled )2 4S 1) suaa

ail &3« recovery, recrystallization, grain growth cstail j 5 <SG s

boundary area 'S grain growth «!_» driving force 4S s« s 5
AR eSS 5 Sl dely as

s Ll short range diffusion 4l s
Liles 4S o0 S &S ja allis Slea 52 boundary
g5 e i 5R ) o sla 4l 4 S S sla

jbdﬁﬁJLﬂj&Q)}M@uﬁbjﬁu
154 o« &3 average grain size

]
Direction of grain
boundary mation
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RECOVERY, RECRYSTALLIZATION, AND GRAIN GROWTH U
GRAIN GROWTH <

aday) 5 el Lad b 4303 3l <l 318 J3S) jm gasah 5

o __ o __
d" —dj = Kt :grain size (Brass alloy) L ) 5 La adal

n and K constant b aday) )y (il sledyo

larger grains <wew 43 3550 (i iz e grain growth Les (il 8 L

| I —

_— ffg;,j:' Rapid diffusion in higher temp =
O/DC// ] . Grai i
/// : Grain Refinement =

f,f s plastic deformation 4l s
e
..'-"‘"" 500¢

1.0H—

-~ / —2  ol$ 4 recrystallization (s
- oal A Al a9 Ay 1) L Adla
~ / Ll Aoy |y (SilSa
0 e L S S Gl A ks ey il b )
Loghme i) coarse-grained <38 ) s 5L

(8L (s

=]

iLagarithmic scale)
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i Objective

Bl o investigate the effects of grain size and grain
poundaries on cell —substrate interactions




"
Methods

. Grain Refinement
» High Pressure III]:> o
Torsion (HPT) (Nano range grain size)

> Heat treatment/ Grain Growth

. I
Annealing (Micron range grain size)
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Methods

d

High Pressure Torsion (HPT)

Ti Disks with diameters of ~12
mm, thicknesses of ~0.3 mm

Pressure (P) of 6 GPa at room
temperature

The Rotation of lower holder
deforms the disk




" S
Methods

0 Grain Growth

> T1 Disks with diameters
of ~12 mm

> Tube furnace

> At 800°C for 12 hours

» Ultra pure argon
atmosphere

» Furnace cooled =—p

Microstructure
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Methods

> High Pressure torsion Polishing

(HPT) ||~ (Mechanically, Vibratory)
» Heat Treated (Annealed) —

> Untreated l

Characterization <« Cleaning

*AFM

=Contact Angle Measurement
*Grain Size Measurement

*Texture Measurement
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Metallography
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" Jd
XPS (X-ray Photoelectron spectroscopy)

Name Binding energy | Identification Atomic weight %
HPT processed Ti Untreated Ti Annealed Ti
Cls A 285.0 C-C 30.0 25.1 27.5
ClsB 286.7 C-O 24 3.1 1.9
ClsC 288.7 C=0 2.3 2.6 1.9
Ols A 5304 Ti-O 334 31.2 31.8
Ols B 532.1 C=0 11.7 8.8 9.1
Ols C 5334 C-O 3.4 2.3 1.9
Ti2p3 A 453.9 T1 metal 4.7 2.4 2.8
Ti2p3 B 458.8 T10, 12.7 235 22.6
Ti2p3 C 455.9 Intermediate 0.2 1.1 1.3
oxide
a, Nanostructured, b, untreated ¢, annealed

el b

274 4TI 4TI 4B LEE 4B BT ED 4ER iEE ML 22D A

Bndng Erergy ey

Tz

474 4TI 470 468 458 464 4EZ 460 456 456 454 452 &

Singing Enengy (2V)

Ti2p




a | [11-20]
[0001] [10-10]
b | [M1-20]
}
[0001] [10-10]
[11-20]
[0001] [10-10]

Max.=3.1
1.00
1.40
1.80
2.30

— 2.70

Max.=1.7
1.00
1.10
1.30
1.40

— 1.50



Low angle XRD

600
550_- (101\)Ti (J11) Rut
500 + ﬂ
450 J ‘
400 — ) ,
b (101) RuJ &‘
> 3504 a mww (211) Rut oy TR
2 i o TMMWMMN
C 300 (100) Ti
Q@ -
£ 2504 i
. b MoT (112) Ti
200 + (101) Ti
- (100) Ti »
150 (101) Ru
100 +
T 911) Rut (213) Anaor -
50 - Cc (2oninu| (311()1I:u| Ti(z )T
0 - 'WWMWW,M: M ES.JQ'E
v J ' T T T T T T T
30 40 50 60 70 80
a, Nanostructured,
26 (degree)

b, untreated
c, annealed
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Graln size measurements, EBSD

Annealed

Average grain size =10 um Average grain size =50 um



Grailn size measurement

> TEM; Thin section by FIB; 5-10 nm
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FABRICATION OF METALS U

refining el palla Jlae | (538 cladad caale sledi g 58 ) L
4 e G Heat treatment S0l s Sllee L alloying e b JU\

28w alail desired characteristics ki 2 se (al s
JSb ledsy Jald o 3l Ciladad il g fabrication methods

«Powder Metallurgy s 3,5\ «Casting s S 412y, forming 42

25L o welding s SSss
A3 gankad JS& 5l (18 al sd Ay Ay (g ) A
(2 or more methods)

Metal fabrication technigues

Forming operations Casting Miscellaneous

Faorging

| | ]

Rolling  Extrusion  Drawing Sand Die Investment Continuous Powder  Welding
metallurgy
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FABRICATION OF METALS U
FORMING OPERATIONS <

: sl plastic deformation 32 s 18 4adad JS& juas
Forging, Rolling, Extrusion, Drawing =
23L Yield strength J)_s¥h ab Sy JS jusd Giga 03 ) 9 (550
Hot and Cold working < s :(forming) 22 J5& slaayl
(Recrystalization J)_sYL sl 0) Hot working 2l i )
(Higher Ductility) < 2 oS« plastic deformation ) ¢ YL o) e =
b (deformation energy) JSi juss Gy 2 3Y (55 4 =
(materials loss — Poor surface finish) sl 1Sl JSis =
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FABRICATION OF METALS [

FORMING OPERATIONS <
strength <w slée (il 8 o) e 42 ductility JielS :Cold working il s

(strain hardening J:i)

higher quality of surface finish b g Cuise

variety of mechanical properties g siie 5 jigr (SwilSa (al sam

closer dimensional control of piece 4xkd jlu y3 yigx J iSs
38l A oA Glblee iat aadad Uled 5 aladl ) gl als o dia (o e

Forming operations

Forging Rolling  Extrusion  Drawing
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FABRICATION OF METALS U
FORMING OPERATIONS <

FORGING
compressive strength sl 55,0 bl s (usually hot) s Jsi s

AL ai il casting sk Kon B sledis )y Al o 48 Jladed Cala Ciga
R xR YA b

Outstanding grain structure ! 4xkd

Best combination of mechanical properties

Force

Metal Die

blank| “‘\\! Die

T T

- Die

T

Faorce
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/@\ FABRICATION OF METALS ()
— — FORMING OPERATIONS
@@ ROLLING

(most widely used technique) 4l siul 55 G 3 5 31 andad (10 o Jals
rolls 4l 5 o2l Jee ) (5 L8 (5 5 03 I )3 (s )ld dadal jo Cualin EaS

High quality surface L J:s 5 sheets G 258 < Cold rolling
finish

EXTRUSION

s )l 4xkad extrusion il b )
i 356 IS4 die)) Hse 5 L8 il

< s adas a5l
‘ Container L JJ‘)S h dm bLﬂA GL‘“ Sog A A
=

+—Die

rods and tube a5 Ciga

Force ]

£
—— Y Ram Billet Extrusion § —
| [

1

Dummy ——
block

s ol

Container Die holder
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FABRICATION OF METALS U
FORMING OPERATIONS <«

DRAWING
tensile strength on the exit site 58S (5 5 Ali g (5 18 dadad (0038
sk G 38 5 adia el a8

in a series sequence & sic die ol Jald 2l g (o IS Cililee
Rod, wire, and tubing products

Die
? e 'ﬁ Tensile
e = force

Die
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FABRICATION OF METALS [l
FABRICATION TECHNIQUES <«
CASTING

J5i L mold ld Jala 5 Molten «lae 3l of 2 a8 caal gledip ) 3l S
Q gaiila MAJJJL.\ ) ga

Gledis s i S50 3 5 onmy IS (5l 4S Hlaki (s om
(Complicated or large piece) il i ee Sa2

hot or 4S (s sk 0252 (b ductility s 12 4S (S S L 5 38 (gl jam
25h o JSGs cold working

2L o« economical sb=®l &5 casting®
;)b jbe casting «alisa sledig
sand, die, investment, and continuous casting =
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FABRICATION TECHNIQUES <
SANDCASTING
23 8 e ol ki 3 ) 0 Al idli Ciga sAN (S sare 4l s Gal o
30 R e gl 3 se K3 L sand ) saliiud L 4SS 5o lld
1 oadi alS 5 a3l 0 55 Jiend G gating system il cad st S

‘ azkd _1ala
Q | Sand-cast parts include automotive cylinder, fire hydrants,
and large pipe fittings
DIE CASTING

C'_\;JJCAQJML.\jJyLSAMMJJLSd;\JJJJUSQmu\M)huijJuJ\JJ
2 S« solidified xls HLaé

M Gy | Hlai 3 e JSE clamp oS 4l sy Steel uin )l 4535 50 Qe

F 1) (oo oy dadad 5 5L Q8 alead) )
(AR (oo DA 23ne aaldind 3 50 llE) 230 (0 oS ah i 5 YL e o

=



http://dictionary.reference.com/illustration.html/ahd4/clamped/clamp
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FABRICATION OF METALS U
FABRICATION TECHNIQUES <

INVESTMENT CASTING

aS Gd slad b wax b Saidly alus gyl pattern s IS8 Gigy gl o
2 8 Juala mold ld JSi U 2 5d e 433 ) Slurry <kl o 54

Al (e Gy QlE 5 03 pattern <ol s i
‘g slhae
high dimensional accuracy =
reproduction of fine detail =
excellent finish are required =

jngHJﬂjugg\}A 5 ea sa aﬁc&\&JGUcQ\ﬁ\ﬁ&uJJl
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FABRICATION OF METALS U
FABRICATION TECHNIQUES <

CONTINUOUS CASTING

4\50&&)4);\5\3 |ngotumujjm:‘ft€4djm§)5m)m‘)ﬂ‘)d
(sheet or slab) 3= =l _8 hot rolling s s Jal e )

il b By g ailg) akaii () sie 43 sheet or slabg i (Y gans
(forging, extrusion, drawing) 8 el a2 JS&

S i casting and rolling 41s < 52 continuous casting ~ul i
23 S

cross Jsi b Qllé )0 aiise O ) seas molten e 1 2l 8 Gl (o
4l 53 s 5 20 80 cast (circular or rectangular ) el 3l section
2 R = solidified <

2l 8 ol 2 (Cost) b 4u s 5 ((Quality) < ¢(efficiency) dlexil s
AL (4 3

More uniform chemical composition=

and mechanical properties throughout
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FABRICATION OF METALS [l
MISCELLANEOUS TECHNIQUES <

POWDER METALLURGY

loa Cllee Gt s 30 8 (o ey g0 pd8 Hlai 0 500 8 pa g gy cpl 0
R (o @

P/M

s Slles S50 ig) 0l L dense L s gla sl 1l 5

Al e Ll 1), dense sl 4isad a0 al (i ) e Clilee
(small deformation) < ductility b < 38 (a sad 2 Coulic

i g 2L e o) ped COSEL Ll casting s st 4SS YL @ gd slea b &l i
83 8 (oo 423 PIM G55,

e.g., bushings and gears) i,)a 38y s o 3100 b Cidli 4 3l a8  Sladad =
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FABRICATION OF METALS [l
MISCELLANEOUS TECHNIQUES <

WELDING

.J;UMJ_)M%o&od\dwﬁﬁd&ﬂwwbjduij‘)w\‘).l
(one part fabrication is inconvenient)

) gy oso e 5 Jlse & 3l joining Jusdl Sl

1)l a5 work pieces Cilaad Juail Ciga alida gledig )

A4S (5 sk oad sala <yl AL sl U filler s2i€ s work pieces 4xhi 5o =
axlad 52 fusion joint i solidification )l w5 ead csd (i 50 8

2 S salie weld 4ab 50 microstructure s gl s <l yuas i) ol 0
heat-affected zone (HAZ)

Glalad filler 4 Y o su 5 eddinl heat source O s )i ) aas Gigy o e
2 e 023 (hgn B 4yl 3 ) e

highly focused and intense laser beam



Chapter One:

Metals: Crystal Structures and Microstructures

FABRICATION OF METALS [l
MISCELLANEOUS TECHNIQUES <

WELDING

b e gy ol bl

mechanical 325 syl (Seilse s 5 035 nONCONtact 2l s
distortion of the workpieces

2L (oo @ ) 5201 255 O sl A Bl

energy input to the workpiece 23U (o« jal HAZ 4a3ii )3 5 S 2 )Y (55 il
Cal (383 sy Gl sy Aagli pd 5 4881 35a g ) Cladal (5 S s el m

2l Juadl g8l welding 4k 52 large variety of metals and alloys =

s YL il by CudS 4 Sl 48 daa il 5 S5 i a3 | aser welding
)10 At g S A1)l Gie ju rined
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THERMAL PROCESSING OF METALS U
ANNEALING PROCESSES <

The term annealing refers to a heat treatment in which a material
is exposed to an elevated temperature for an extended time period
and then slowly cooled

13 R e alail ) sl s 40 Annealing il
Stress relieve =
Increase ductility =
Produce specific microstructure =

g a ) pad bl e aS Gl il Sl annealing ) s 2wl jd g gl
2 S e Sl microstructure oo e 5 58 SailSa

ol assgannealing aws s 5 Ads e 4w

Heating to the desired temperature =
Holding at that temperature =
(e slea 43Y 5024) Cooling =
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THERMAL PROCESSING OF METALS U
ANNEALING PROCESSES <

2ilue annealing 2l A 5o (ege s dale e

3502 2 g g antad z oA 5 Jab om L Gda) cooling s heating (e 2 =
(Andad JSG 5 b 40 43i)

ouii liled s internal stress Guels il 55 (o 28l K 3 (led Sl st (ol S)
2 Razdad 0 Sy IS

transformation <l_nad cojlal A8 O e 4 A annealing ole)) (nines =
2y | reaction

123l (e agey 586 S0 annealing gles

(diffusion Uil 3315 52) 303 2 sa 5 Lea Gl 381 L anyl 8 4y (530 Cae ju (Sl
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THERMAL PROCESSING OF METALS U
PROCESS ANNEALING <«

strain 38 4S 4xkd jncrease ductility s 2y IS <l i) 0 )< B8 Cea
.J)..S = J\)S salai Q) 9a 028 harden

L o) s 4S fabrication procedure 4xkhd cala (pa 50 Y gara 2iyl 3 ()l
d5me S Gl ol e plastic deformation s 58 Jid ) 3

(S5 5 sl O 9) A2 e 4zl Cali 3 | deformation 4«lal o s =

process annealing 2l s fine grained microstructure 4 ks Jdu
3 sd e a5l grain growth ) e 58 BB ol e ) J8

ol sles )2 annealing aul i (oab () selans) S L 5 6 8 sla g
2 8 . sl ponoxidizing ke 52 b s (recrystalization sles $YL)
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THERMAL PROCESSING OF METALS U
STRESS RELIEF

-0 % Ayl internal stress «alise Jal se il 5 5 <l 3l 5

machining 4L » Gal oo )3 plastic deformation Siwdy JSi juas =
grinding

non-uniform cooling of a piece that processed or fabricated in=
casting or welding
cooling 1wl ¥ ) 3L phase transformation )l &34asi =

(phase with different density than parent material)

m\ﬁbgo&.a\wd)jjd&&)ﬁﬁuStresso\_'a;\.g\céjeacujjmﬁ

2 4=k 4S stress relief annealing <ililee stress 43S ad ) G
Al 53850 G g L A8 adldie O 51 recommended temperature
2 8 e S gir s 50 5 Gl sled 4 (s 5028 &y ) 5 Azdadl )

cold 2w IS laay) 8 51 L3 &l i B ea g0 (il Y sz @nnealing e
2,85 ) 8,488 cad heat treatment ) > <blee S L s work




e
Exercise:

Two previously undeformed cylindrical specimens
of an alloy are to be strain hardened by reducing
their cross-sectional areas (while maintaining
their circular cross sections).

For one specimen, the initial and deformed radii
are 16 mm and 11 mm, respectively. The
second specimen, with an initial radius of 12
mm, must have the same deformed hardness as
the first specimen; compute the second
specimen’s radius after deformation.
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Biological assays

Characterization

»AFM

»Contact Angle Measurement |::>

»Grain Size Measurement

» Texture Measurement

+» Cell attachment: Pre-osteoblast vs.
Fibroblast

% Growth rate: DNA content
< Immunofluorescence of:
»Fibronectin

»Actin

»Vinculin

* Immunoblotting of :
» Fibronectin

» Actin

» Vinculin

*» SEM: cell morphology
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Cell Attachment (MC3T3-E1)

70000 - B Annealed I
O Untreated I

60000 - T
€ @ HPT processed 1'
% 50000 - O Plastic culture
I
© 40000 -
> T
@ 30000 - -
[¢}]
(=)
= 20000 -
(&)

10000 -

0

60 120 240

Time (min)
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Cell Attachment (Fibroblast)

60000 - 0O Annealed
B Untreated
~ 20000 7 B HPT processed
NG- O Plastic culture
W 40000 -
> 30000
g 20000 -
10000 -
0

60 120 240

Time (min)



MC3T3-E1 DNA Content (Growth)

DNA content (ng/ml/cn?)

I
1200 -
O Annealed 1;
1000 - O Untreated T
O HPT processed
800 - )
O Plastic culture
600 - .[ _|_
400 - T L
200 - *
=
0
2 5

Time ( Days)




lmmunofluorescence- Fibronectin

Monoclonal anti-fibronectin antibody, 48 hrs
HPT-Ti Untreated-Ti Annealed-Ti




=
Immunofluorescence; Actin & Vinculin

Primary anti-vinculine, goat-anti-mouse FITC conjugated secondary antibody in
combination with TRITC-conjugated phalloidin

HPT-Ti Untreated-Ti Annealed-Ti

Vinculin




Focal contact




"
Western blot

Vinculin
(~116kD)

Fibronectin |
(~240kD)

Actin
(~43kD)




Cell morphology-SEM

Untreated-Ti Annealed-Ti

MeGill 2.0kV 5. 7mm =800 SE(U) 50.0um MeGill 2.0kV 5.7mm x700 SE(U) 50.0um

I I
McGill 2.0kV 12.0mm x250 SE(U) McGill 2.0kV 12.0mm x250 SE(U)




Exercise:

1-Two previously undeformed cylindrical specimens of
an alloy are to be strain hardened by reducing their
cross-sectional areas (while maintaining their circular
cross sections). For one specimen, the initial and
deformed radii are 16 mm and 11 mm, respectively.
The second specimen, with an initial radius of 12 mm,
must have the same deformed hardness as the first
specimen; compute the second specimen’s radius
after deformation.

2-Compute the ductility (%EL) of a cylindrical copper rod
If it is cold worked such that the diameter is reduced
from 15.2 mm to 12.2 mm (0.60 in. to 0.48 in.).
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Introduction

> The biomaterials market has been ~ $9 billion for the year 2000,
with a growth rate of about 20% per year Only in USA

» 3.6 million orthopedic operations per year in the United States, four
of the 10 most frequent involve metallic implants:

»About 11 million Americans (about 4.6% of the civilian population)
have at least one implant (most of them Metallic)

FABRICATION OF IMPLANTS <

» Structure and properties of metallic implant materials need
understanding of the metallurgical processing and history of the
materials

Lsac J5 030 & liie metallic device ) g s o Cale szl A%l Gig ) S sy
15 e (S (e sae i)
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—& & . " || Mineral deposits (ore) I|

Mining

Alloying to specification

@ Metallic raw material
im bulk form {e.g. ingots)

Casting

Forging

Rialling

Powder prod ustion
Heat treating

(=) Stock shapes (e.g. bar wire
-
£

av) plate, sheet, tube, powdler)

Fabrication

Irvestrnent casting

Cad! Cam

Grirding

Poveder metallurgy
5

Praliminary implant device

Surface preparations

Parous coatings

Mitriding

Palizhing

Sand blasting
iﬁ Final implant device

Cleaning
Clual ity et
Packaging

Markat

»Metals exist in the in mineral form
and chemically combined with other

o ssparmieniconceraion. @l@MNENLS, lIke metal oxides.

Chemical estraction of rmetal
Refining of "pure® metal

» These minerals must be located
and separated and refined and
processes into pure metal or alloys:

= e.g. Titanium:
in mines of southeast of US
Sandy mixture of metal containing
of: rutile (TiO,) and ilmenite (FeTiO,)

Further processing specific for
each metal (Kroll process)

Depending to the purity grade for
final product, further refining (vacuum
furnace), and additional steps:
difference in O, content of Cp-Ti
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Mineral deposits (ore)

Mining

Ore ssparation/eoncsmtration
Cheamizal extraction of metal
Refinirg of "pure” metal
Allcying to specification

Meatallic raw material
irn bulk form {e.g. ingots)

(:"__—j Fialling

Powder prod ustion

Heat treating
Stock shapes (e.g. bar wire
plate, sheet, tube, powder)

Fabrization
Irvestrnent casting
Cad/ Cam

Girireding

Powder metallurgy

Preliminary implant device

Surface preparations
Parous coatings
Mitriding

Palizhing

Sand blasting

Final implant device

Cleaning
Cluality cortrol
Packaging

Market

»From extraction steps to resulting
raw metal product eventually results
in some type of bulk form: ingots,
and supplied to metal supplier

» A metal supplier further processes
the bulk raw metal into “stock” bulk
shapes, like: bars, wire, sheet, rods,
plates, tubes, or powders

»Manufacturers based on the final
shape of their product buy the
closest form (rod: dental implants)

»For specific metallic implant alloy
raw metal processed further by
remelting and adding elements and
controlled solidification (Ti-6Al-4V)
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Mineral deposits (ore)

Mining

Ore ssparation/eoncsmtration
Cheamizal extraction of metal
Refinirg of "pure” metal
Allcying to specification

Meatallic raw material
irn bulk form {e.g. ingots)

Casting

Fizrging

Rialling

Powder prod ustion
Heat treating

Stock shapes (e.g. bar wire
plate, sheet, tube, powder)

Fabrization
Irvestrnent casting
Cad/ Cam

Girireding

Powder metallurgy

Preliminary implant device

Surface preparations
Parous coatings
Mitriding

Palizhing

Sand blasting

Final implant device I

Cleaning
Cluality cortrol
Packaging

Market

»Normally an implant manufacturer
buy stock material and fabricate
preliminary and final forms of device

» Factors involve in specific steps:

*Final geometry of the implant

= Forming and machining properties
of the metal

=Costs of fabrication methods:
Investment casting
Conventional and computer based
machining
Forging
Power metallurgy (HIP)

»Not all implant alloy can be made
in a similar way (both method and
cost) e.g. cobalt-based alloy difficult
for machining in complicated shape
(investment casting or P/M)
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Rack of hip stems made by
investment casting by
ceramic molds

» Titanium is difficult to cast and
usually machined even though not

easily machinable

»Applying the Macro/ microporous
coating on the surface of the implant
(create surface roughness)

» Different forms and technologies:

= Can be applied to specific region of
the implant (proximal of femoral stem)

= Can be involved with high-tem
sintering (one half of the melting point
of the metal):

Diffusive mechanism forms necks
that join the beads to each other and
the metallic substrate

Such temperatures can change the
microstructure of underlying metals
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»Another method is plasma spraying:

b - the powder of desired coating particles
. are melted and sprayed onto the
desired region of the implant

=After solidification it forms rough
coating

. »Other surface treatments are possible:

= lon implantation, Nitriding, etc,...

»Finally manufacturer do some
| finishing steps (different with company
and metals)

Usually include the chemical cleaning
(to remove impurities) and passivation
(in a appropriate acid or other methods)

According to Good Manufacturing
Practice (GMP) or ASTM

N0 10 B SUn ate.

Scanning electron micrograph
of a titanium plasma spray
coating on an oral implant.
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» Overall, these steps are extremely important to biological performance of
the implant because they can affect the surface properties of the medical

device, which is in direct contact with the blood and other tissues at the body

3 se 48 Hha 3 ) se Gl pal 52 L Sl s 50 b 0 sa g pal A (S sk B
25l anily Saalea 3l B ka2

25 A s« the primary material & 38 JUs o) sic 2 Bone Tissue (= s=as )2 5>
(Load bearing <ials Jily) a3 483y ) 8 ase 3 53 saldial

ailisi 5 «Co S (Fe ¢l Jols primary elements b <l ) aiss 4w Jae 3 3
i) i 8 Sl 58 (5308 ) ga g &) g3l a5 saldial 3 ) ge (T

alloys s 53 S i 25L e 3l 356 strength e slie 48 sy IS 5o5
JAMALJMML"_\\)SSLASJJL.\ M}Iwé\:\ﬂ)g)b.\‘)d

Stainless steels -

Co-based alloys -

Ti -based alloys -
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Stainless Steel (SS)L!

250 (oo CF pS 3 jidn b dapa Vo [0 (gla a8 28l e ol 3L Ll o3 By aY 8 5

| ) stainless L;de@&gm&ckudjﬁﬂvznm Aﬁ;&m&zqeﬁ LS WSS
w3 e Sl ol 4

0.03-1% s 3 () () e 4S 0353 SS_aLu )3 pga yaic K3 (S >

) Biomedical <ilas @i (f ~1% 253 03 K3 Y 85555 5 ol jwe IS5 5

38

Sa) aY 583 non-implant medical devices S& sl 5 alsa Qs sdee (25 3
2 £ = 43¢5 commercially grade o
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M STAINLESS STEEL CLASSIFICATIONS L

174 Martensitic Stainless Steel
78 213l o« Fe-Cr-C sl 54l »

,,/ 5 2l < Body centered tetragonal (A S jbala ) jlaj

Mildly corrosion resistant b sie as ;0 (8353 yil )3 Caa slaa ylai j>
Cr:10.5-18%, C: 2 1.2% «'))a (Shard S 535

|, martensitic structure (Jiw S ALl B 4id& 53155 (S 50 S dea 30 Ol Jae>
plai Bds 5 ) 8 5

Body Centered Tetragonal
a=b#c

a=pg=y=90°
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STAINLESS STEEL CLASSIFICATIONS [
Ferritic Stainless Steel «*

23k« Fe-Cr sla 34l >

213k « Body Centered Cubic (BCC) Al S jbalu gl jlaj

Cr:11-30% ' )s (Al S i 35

Nylai ) 2 S L 5 (Sl s clblee 4l g Strengthening s b e B a 50 ol
(208 Ll Bl st L) ductility s (liew S MR Casi yi 40)

Body Centered Cubic (BCC)
a=b=c

G=B=y=900
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STAINLESS STEEL CLASSIFICATIONS L1
Austenitic Stainless Steel (316L) <«

283 e JiS | 0 ) sl Y s ) At 0 R 5
2L« Face Centered Cubic (FCC) (A S Uals ) jlaj

Fe:60-65%, Cr:17-19%, Ni: 12-14%, C: <0.03% 'l Sl S 5 jap>

Face Centered Cubic (FCC)
a=b=c

q=B=V=90°
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STAINLESS STEEL CLASSIFICATIONS [}
Austenitic Stainless Steel (316L) <«

ciely ¥ sz 48 Corrosion resistance 2n¢ 5 Cr,0,5 Jsis Cga Cr il A >
(FCC) over (BCC) ¢ \ub

2L o« Austenitic phase (FCC) c_lub Ca Ni JSes (il 38 g cp

P Cr,;Cq nbia S laan IS Jsii &el € > 0.03% >

Cr depleted

Prone to fracture assisted by layer

intergranular corrosion at

weakened grain boundaries
Cr carbides
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CRYSYALLOGRAPHY OF COBALT U

High Tem >419°C Low tem <419°C
FCC HCP
Isothermal
transformation

—

Strain-induced
transformation
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COBALT- BASED ALLOY Ul

Haynes-Stellite 21 or ASTM F75 <
Haynes-Stellite 25 or ASTM F90 <

Forged Co-Cr-Mo; ASTM F799 <

Multiphase (MP) alloy MP35N; ASTM F562 <

As cast and wrought




ASTM Composition
Material designation Common/trade names {wt %) Notes
Co—Cr—Mo F7§ Vitallium 58.9-69.5 Co Vitallium is a trademark of
Haynes-Stellite 21 27.0-30.0 Cr Howmedica, Inc.
Protasul-2 5.0-7.0 Mo Haynes-Stellite 21 (HS 21) is
Micrograin-Zimaloy max 1.0 Mn a trademark of Cabot Corp.
max 1.0 Si Protasul-2 is a trademark of
max 1.0 Ni Sulzer AG, Switzerland.
max (.75 Fe Zimaloy is a trademark of
max 0.35 C Zimmer USA.
Co—Cr—Mo F799 Forged Co—-Cr-Mo 58-59 Co FHS means “forged high
Thermomechanical Co—Cr—Mo 26.0-30.0 Cr strength” and is a trade-
FHS 5.0-7.00 Mo mark of Howmedica, Inc.
max 1.00 Mn
max 1.00 Si
max 1.00 Ni
max 1.5 Fe
max 0.35 C
max 0.25 N
Co—Cr—W-Ni F90 Haynes-Stellite 25 45.5-56.2 Co Haynes-Stellite 25 (HS25) is
Wrought Co~Cr 19.0--21.0 Cr a trademark of Cabot Corp.
14.0-16.0 W
9.0-11.0 Ni
max 3.00 Fe
1.00-2.00 Mn
0.05-0.15 C
max 0.04 P
max 0.40 Si
max 0.03 §
Co—Ni—Cr—Mo-Ti F562 MP 35 N 29-38.8 Co MP3S5 N is a trademark of
Biophase 33.0-37.0 Ni SPS Technologies, Inc.
Protasul-10 19.0-21.0 Cr Biophase is a trademark of
9.0-10.5 Mo Richards Medical Co.
max 1.0 Ti Protasul-10 is a trademark
max 0.15 Si of Sulzer AG, Switzerland
max 0.010 S
max 1.0 Fe

max 0.15 Mn
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ASTM F75; Co-Cr-Mo Cast |

Microstructure and Properties <«
2 0 Gaaslie 3D ) sl Cunals
(Cry05 osas i) 2l oo (R34

265 (Sl Al H Qe 18 Casting 4w 2 >
(melt at 1350-1450°C) 22 8

» Cr-depleted regions

»Interdendritic carbides
> Relatively large grain size
Decrease yield strength

. HALL-PETCH EQN 5
As-cast Grain size (diameter) in pm
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ASTM F75; Co-Cr-Mo Cast L

Microstructure and Properties «*

Al 58 a5 Kl o Al gla 4SS Al adals)
axdad JA13 50 6 ) Xl

Inclusion of ceramic mold
during solidification

Contribute in fatigue fracture
In Vivo
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ASTM F75; Co-Cr-Mo Cast |
Hot Isostatic Pressing (HIP) <

L 5 HIP G5l IS 0al 3 558 sl aga )
39 o= odliiul powder metallurgy oles

Crulie glad 5 )Ll it 5 4363 F75 5Ll 050>
(100 MPa at 1100°C for 1 h) 225 - sinter
forge (le IS5 40 Wil ond 4peh 45 gai >

2K e

A3l e iy adla e ) W HIP sl 4 i
Higher yield and fatigue 'l Gasiip>
properties

(both for finer grain size and
distribution of carbides )
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ASTM F799 [
2 R o« hot forge 800° sslea 2 a S IS casting ) uw 4S F75 340 >

25b («Shear s 51 4 90 FCC ) Jiad Juals a8 236 0 HCP ) )l >
shear induced transformation of FCC to HCP platelets

yield, fatigue and ultimate tensile strength _sbi 5L () (So o8 (al & 5
UL < F75 ) n 9o
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ASTM F90- Wrought [}
234 o« Co-Cr-W-Ni Jl s34 FO0 3Ll »
2L 3 Wrought >

machinability and (=l s 3 s Cga 258 e 035380 W Gl 5 Ni dSai_palic >
fabrication properties

Co: 45.5-56.2 Cr: 19.0-21.0 W: 14.0-16.0 Ni: 9.0-11.0 >
2L e F75 L alin SoilSs =l A 1)1 Annealed <l a3

352 30 52 40 100 Gl (Sl pal A ()55 (0 44% cold work 2w S Al s
P



Chapter Two:

Metallic Biomaterials

ASTM F562- MP35N; Wrought LI

23 o Co-Ni-Cr-Mo-Ti ) w3l F562 Wi

(precipitation like Co;Mo) 8L (o« s xia 541 5 Wrought >

WU e sl 3T 43 J_iS Q8 microstructure iolos Sllee 50 s )\S alu 505

23w high-strength

(s xS iy 49) 23 o« HCP 4 FCC Jiasi &g driving force 2 S5

2l strength il 8) dele 5004 a3l g 1S 1) dislocations << _~ HCP platelets >

Co—Ni—-Cr—Mo-Ti F562 MP 35 N 29-38.8 Co
, , Biophase 33.0-37.0 Ni
Protasul-10 19.0-21.0 Cr
9.0-10.5 Mo
max 1.0 Ti

max 0.15 Si
> Strongest alloy because  max 0.010s

of presence of both FCC max 1.0 Fe
and HCP max 0.15 Mn
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TITANIUM - BASED ALLOY LI
Commercially pure Titanium (CP-Ti) ASTM F67 >
Ti-6Al-4V ASTM F136 >

Equilibrium phases

PURE Ti

—_—
882.5°C

o Quench: Martensite (HCP) B

HCP BCC
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TITANIUM - BASED ALLOY LI

Microstructure and Properties «*

o Stabilizers: increase the  transus temperature
(i.e. stabilize the o to higher temperatures)....

xygen and nitrogen

B Stabilizers:generally transition metals that are similar to Ti

molybdenum, iron chromium and manganese.

3 types of alloy « B a+f Ti-6-4:Ti-6Al1-4V
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TITANIUM - BASED ALLOY L]

Phase Diagram«

Temperature

martensite start temp (M,)

martensite finish
temp (M,)

B stabilizer concentration




Equiaxed o
MILL ANNEALED

(Cooled down from
the 3 phase slowly )

B ¥ 94221000 U <)) a

B ANNEALED

(Quench: cooled
from single phase 3)

Transformed 3
(o plates with
B interplate)




Equiaxed o

Transformed [3
(o plates with
B interplate)

Bimodal or duplex

(heat treat mill annealed... or hot work high in 2 phase region)
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TITANIUM - BASED ALLOY Ul

Microstructure and Properties >

strength < stia 3 53k 5,80 Ti sl 3L s microstructure <l s S ) shay >
.JJ\.J.'\

AL o« 252 grain refinement L &2 Ductility >

Materials | Elastic modulus Ultimate
(Gpa) strength
(MPa)
Bone 10-30 | 90-140 or 150- .. .
4002 |[Modulus of elasticity of Ti ~>
cp-Ti (pure 105 785 100 GPa
eI (Co and SS ~ 200 GPa)
Co-Cr alloys 210-253 600-1795
TI-6ALAY 110 960-970 | Advantage in minimizing >
bone resorption
Stainless steel 200 465-950 P
316L Bone ~20 GPa
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pf - Effect of microstructure on fatigue life of Ti-6-4 <
800

3
>
S 700 bi-modal
%_ \ fine-equiaxed
5 6001 fine-lamellar
2 coarse equiaxed
S 500} o
5 | coarse lanllellar

I | .

104 10° 106 107
Cycles to Failure

L{tjering, G. and Gysler, A., 5 International Conf. on Ti, Munich, Germany, 1984, p.2065

Equiaxed structure Prevents initiation

lamellar structure  Resists propagation
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TITANIUM - BASED ALLOY (I
(Wear ‘inferior’) to Co-Cr-Mo ) i< Ti sl 3L wear resistance S sk >
Cr,0y 2L (2 Co W 3Ll (550 02d JS8 2| i yiiaia il 2SI

215L o« Co-Cr-Mo sl 31 ) s sie Fatigue ) la aslis sl 3001 Jilia jop

21l YU Fatigue 4 5 48 gl 50 2 S anilis sl 5L Fatigue o2 YU il

23l o Fatigue Limit o) _la s>
theoretical fatigue limit below which there is no failure under cyclic loads)
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TITANIUM - BASED ALLOY L]

GO oy 5 (Sa)a 0 Geslia pal s Jsie TIO, ailiss (oadaw 2 3>
2 R on pne paili gl 5L

g ‘Q] Water molecules |

~—@ Adsorption of biomolecules

Desorption {or replacement)

\ of biomolecules

Fr-ms

Fragmentation

_<-_ ..... > or modification

of biomolecules
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Cast VS Wrought

Used when high
strength needed

Y

0

S

S
|

N

S

S
|

N
—
=)

Cast Forged Cast Forged Ti-6-4

316L 316L Co-Cr Co-Cr Co-Cr
Hot Isostatic Pressing (cost)

Fatigue strength in air (MPa)
=
=)
I




7~
=
©
<
o
~
N
N’
>
s
—
©
~
)
=)
=

1 10 100

Tensile Strength (MPa)




316 Stainless
steel

Ductility (strain)

Ti alloys

ﬁ__/“_E_L ]I

200 400 Al a00 1.0E+3 2 [E+3

Tensile Strength (MPa)




(NI -- - - ------------------ e e ________________ .

'AVOID USE IN TENSION

1 [}
EEninlis 1 1 1 rc 7] - 1 = E -
0.005 0.01 00s 01 0.2 ] 0
SR S L . L, [,

Fracture Toughness (MPa.m"1/2)




Ti alloys

316 Stainless
steel

200 4] 4]l ol

" Fracture Toughness (MPa.m*/2)




Chapter Three:

Corrosion

CORROSION OF METALS U

Y gare 48 230 e 8 JSland 5 i) ynintentional 4wl Al cu a5 g ales 3
2 8 g 58 surface

Lru_u.au\)a %% a;aédpmaaygaw\)b)\ UMUJ).\SJJJJ\>
omend) (B3, 58 ) (AU OIS 53 S Gk ¢ S 53 ) 6 8 sl B (e
20 e (4 o)) sledidn g

(L okl 2 5 cetehing) 212 sa s D (Sa)sa 2 A5 (51 n 0 e (Sl
ELECTROCHEMICAL CONSIDERATIONS [l

o B e m e Sl i) Ul (B ) (BS) 5 <l 3l G sead 25
Electron transfer from one to anotherxil

S yd Oxidation (S gy aisila e sl Galy G 4 Jalad Bla <l Hlay
%

4

M —— M™ + ne 03 S S yd i€l 553 n valence Lk
Fe ——= Fe?t + 2¢

Al — s AP + 3e
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ELECTROCHEMICAL CONSIDERATIONS (]

2y o« #yanodic reaction 4w s s Anode L O sl (S| g3
ay K reduction JiS) s cuely ¢4l Ja) il ja sad el L g i) 3
2H* + 26 —— H, sl Jama )y JUe () s

283 2l 5 e LSl g Kan 2l )8 0 Sl aS dolaa g 5 4y adua

O, + 4H™ + 467 — 2H,0 d)h.« UJé"'“S\ Jel ATy .L:.\M

O, + 2H,0 + 46 —— 4(0OH7) O3S Jald o b neutral Juss

Ly 08l s b jieS valence 42 20l asa 5 3 Ik reduction gl
B 4 JalS gl

M* + e —— M"™U*  ailue cathode ) reduction ¢ sy J~s)>

M** + nee —s M
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ELECTROCHEMICAL CONSIDERATIONS 0l

sl 5 sleds S AS i & (gt 4 BalS 5 LS slediS) 5 Y sara

3 ph a Ch e S GLedN 5 50 ) (Sl 5
dMJJDJ}.\u\JJALS.JLQ uﬁjom (J.\...AS\) oAJP&M\LAMJJdJJ)h >

L OS50 leis G sla S
,:' - Zn—— 7Zn*t + 2e”

_3..In21-

2H™ + 267 —— H: [gHS}

Zn—-s7Zn*t + 26
2H* + 2¢- —— H, (gas)

H
() Zn + 2H* — Zn?* + H, (gas)

Zinc Acid solution

0% Jstae (530S0 Jals (ol Jisbae o 0l rusting b osselans) (05 K35
123 R e aladl als a0
Fe2* 4 () sl

2Fe(OH), + 10, + H,O — 2Fe(0OH); rust dgi_.;'u} Fe3+ 4 Oj:h.n\dé.u\S\

Fe + 10, + H,0 — Fe?* + 20H- — Fe(OH),
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ELECTRODE POTENTIALS [
121l et S JluSo da o Ll 3l i

JJJ.\SJ\M1MJ}).\5J\J}SMJJCUw.ﬁj).\ﬁ\é.\).\ﬁ\dha.\\u‘)jm)d>
o SalS g oal o pd ) alia Jglaa 0 Fe oal

Fe —— Fe’t 4+ 2¢

., Cu?*+2ec-——=Cu

- V —:--1I _
o Volt_mér o 41\....:}.1 L)A\ Jj).\ﬁ‘ JJ oL J\AJ\ LSL@J}).\SJ\>

| UAMSUAJS\je\A.\\ugAUAAJj)-\ﬁ\‘UWII’e
2 Sa Jiiia

.| Cu** + Fe — Cu + Fe*

|
|
|
| Jslas ;» 38 53: Galvanic Couple>
| JJ\SJJJML\MLJJJALS\AMJ).\SJ\
I

Cu®* solution, OJ\JJ\ d.\‘ﬁ d—sA\A Ju} L\ L;AJJﬁ\ d.\.w.\\.\.i}

Fe2* cu

Fe?* solution,
1.0 M

q o M )(0.78 mh@voltmeter)-m CAPPLNRPRTS
| (o) 5 om 2V

Membrang
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ELECTRODE POTENTIALS [l
Zn s 4 Al 25 58 Juail &y geaya

Feusd.l‘j)ﬁ\‘u'”\/l d)la.q‘).lzn5}JJJQN\@)N\JM\QJMJJ>
1) s (Sl 5 20 e ] S SIS cal 5 il JSUES (55 aldie Jslas o

Feit + 7Zn —— Fe 4+ Zn?*

0.323V » The potential associated with this cell
\ /\“/\ _ reaction is 0.323 V.
— Gl O glata gl Ul g 0 g IS calina slea g )0

Voltmeter

| driving Jilai saian (L o (S50 48 2iaa
| Wil (oo palS-(alS) (81 ol e force
| Ol insS) 40 Ll LS sl 0 1 <l 35
| L 4< )2 tendency to oxidation
| 2 gilisa (52 Auad g e m gy B <l 3l
BT VAR B 25550 43 Standard Half-Cell sk 2>
* (51) Jaseye s KU AM Jslae o (58
Membrane J},& (A é).k‘ 25 C LSLAJ Do (‘)ls L

I
|
I
|
|
I
|
I
|
1
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THE STANDARD EMF SERIES [
2L (e 2 lailind J gl SG Can a4 5l 503G b half cells Lol sla ai aulie Ciga )

(an inert platinum electrode in a 1M H ions {5538 3 laulial 3 i)
alailivl o) sie 43 saturated with H, gas at 1 atm and 25° C)

G 5 ) s ) gie 4 LB o e O s ek g i) (ST a DL 2 9 3N
et e Jae 5o slal 5 aus) sla

electron flow: metal plates, H, dissolves
<

> —_— H2
Me electron flow:
immersed metal disssolves Pt (H,)
in 1 M soln H, generated immersed in 1
of Me* M soln of H*
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THE STANDARD EMF SERIES U

Cl 3l ead (5,8 b lail 5l KiLis Electromotive force (emf) series >
AL e 5 2 lailiu a9 S Jilea o Calida

Standard Electrode

Electrode Reaction Potential, V* (V)
Au*t + 30— Au +1.420
O, + 4H* + 4e- —— 2H,0 +1.229

Pt?* + 2e- —— Pt ~+1.2

Agt + e —— Ag +0.800
Increasingly inert Fe’* + e —— Fe?" +0.771
(cathodic) 0, + 2H,0O + 4~ —— 4(OH") +0.401
Cu*t + 2e-—— Cu +0.340
2H" + 26— H, 0.000
Pb** + 26— Fb —0.126
Sn®t + 2e- —— Sn —0.136
Ni‘* + 2e” — Ni —0.250
Co®** 4+ 2 —— Co —0.277
Cd?* + 2e-—— Cd —0.403
Fe?t + 26~ —— Fe —0.440
Increasingly active Cri*t + 3¢ —— Cr —0.744
(anodic) Zn*t + 2ec——7Zn —0.763
APt + 3e- —— Al —1.662
Mg?* + 26— Mg —2.363
Na* 4+ ee—— Na —2.714

Kr+e—K —2.924
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(electron on left) 2l .« reduction Uials (a5 Silis emf sla 35Ul 55>
dh.ou\jmm&)sgawjim‘)ujt_m)s}WS\}LA.@AU)M\LMS\ L5‘,)-’

M, — M§* + ne -V

Mg+ 4+ nee — M, + VY

(emf series )28 (o (usSaa iy aadle 20 8 e 2SI M1 3B G520

M, + M5t —— M+ + M;
AV =V3 - 1 S5 I iy

Cafia V0 4S ) gem 33 39 e i SpONtaneously s2sinsa ) shy (i€ 55
35 A S A e Sl (a5 (e D g )

2 g e sl 5 ol &3 emf Jsas )2 Gl o S g ) g
AL e S (5 0 YL 5B 5 (Corrosion)
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CELL POTENTIAL

sled 2 IM sledslas 5 palla @l 3l) 22l o JV e Iyl )i )2 emf series >
Ll 5 i) Jslae ubale jass 5 a 5L 5 palla e slaa s i1 5 )8 S 25°C
10 R S 5 Sl STy 53 5h8 358 g s ol oy i e s 3 i

RT M) s Al
N

T— (10 _ /0y
av=(z-1) n%
R is the gas constant, n is the number of
electrons participating in either of the

half-cell reactions, and F is the Faraday
constant, 96,500 C/mol

0.0592

l [NHH] 25°C 38Ul ke y
1 o ME

AV= (V9= V9 —

AL Cuie AL AV 2530 3 Ll g )
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bt Gald o ja W 3Ll gl 8 s SN w.\S\j Galvanic Series 2>
2 K« ol sea water L <

25 e sl Jsaa il &I g inert ul J s YL S

Jslae )48 ey 3 3B 50 (5 0 JiiS) #8150 Galvanic Series >
dmydm)h)&dwu\.uut_\u\J\)&}:;iA pﬁ\d@\jMJSJ\)ﬂt_\Jj ).\SJ\
(255 oa Saa

J\Lbd\)\duﬁodj.\uw\M\jéd)ﬁwﬂjju\)h)ﬁ\JSJ)h>
(A\J\&J}\M\S@Abdﬁf)mhw(m&\)@y;ﬂhjdd)m

oxides, hydroxides, carbonates, silicates, =S 5 &) sas | iS) &) Hla5
2l 352 5 sulfates

£ e e Ui o_ii i)

Al o318 @ guay | S

Metal anode Metal cathode

(corroding) (inert)
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Increasingly inert (cathodic)

Increasingly active (anodic)

Platinum

Gaold

Graphite

Titanium

Silver

[316 Stainless steel (passive)
| 304 Stainless steel (passive)
[ Inconel (80Ni-13Cr-T7Fe) (passive)
| Nickel (passive)

[ Monel (T0Ni-30Cu)
Copper-nickel alloys
Bronzes (Cu-5n alloys)
Copper

| Brasses (Cu-Zn alloys)
[Inconel (active)

| Mickel (active)

Tin

Lead

[316 Stainless steel (active)
| 204 Stainless steel (active)
[Cast iron

LIren and steel

Aluminum alloys

Cadmium

Commercially pure aluminum
Zinc

Magnesium and magnesium alloys
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inert s oaa s ) 15 268 (5l GES) 5 Gald el p5 Caad &) 3l 51 A )
1 8 e
chromium, iron, nickel, titanium, ... 4l 5 passivity <l

(thin and adherent) <SJU 5 edia jlun adau 2SN JSE8 ) o )
Dl (S ) Ladlas () iy 518 55

DY asle b o Sl s b 38 S 11% JBlas (3310 L Stainless steel >
Wl (o0 (S A

L lass ) sl 52 230 < passive s Al >
3 8 e S e 4y 5 aame adh 2l Al 4 deda O sa 3

duxd cilla 4 1) passive B il 5 e oni)d hama g gi g QGBI o ki)
alai (Rajsa sl 5 il 8
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Metals and alloys in seawater
INCREASINGLY

Stainless steel (active) ACTIVE
Cast iron (ANODIC)
Steel or Iron
Al alloys

Cadmium (Cd)
Al pure (commercially)
Zinc (Zn)
Magnesium -Mg alloys
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Metals and alloys in seawater

Bronzes (Cu-Sn)
Copper (Cu)
Brasses (Cu-Zn)
Inconel (active)
Ni (active)
Tin (Sn)
Lead (Pb)

“"NEUTRAL”
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Cu-Ni alloys
_ INCREASINGLY
Monel (70 Ni-30 Cu) INERT
Nickel (passive) (CATHODIC)

Inconel (80 Ni-13Cr-7 Fe) (passive)
QO’E Stainless steel (passi\tiD
6 Stainless steel (passive)
Silver (AQ)

Grap;ite

Gold (Au)
Platinum (Pt)
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driving force, or the tendency US| 5 aladl 4y Jilad Led shus s (sleluniliy)>
mgwwmw\)w\em\wyjua)s;j@b&\jmq@uu )
corrosion rate

DJMQS\JJJL\}JQEA‘;JJP)U)M\M\L)AAS\}‘LSJ)JJL_\.\MAVJPJ\A>
slow rate 3,8 sl a8 5 Y sh Al

&LA)M\JM&\)JL\JJJ\JL_}M\éd‘)ﬁwﬁ\ju&yﬁwwwuj‘)\}
predicting the rate system corrode xS ) 8 4a 553 se 3L K0

sl )b Ol sie 4 rate of material removal ébﬁ)—\\ﬁ PRSP uuj>
15 e S0 (S e (el g

> Sl Cwldus ad oS ol sie 43 Corrosion Penetration Rate (CPR)
2 K e cagat ey aal g

(mpy). mils/ly «ws » CPR 2l 5>
(where 1 mil 0.001 in.)mm/yr L s

KW
p At
W weight loss after exposure

time t; p density and A exposed
specimen area, K is a constant,

CPR =
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1S3 8A (a sad ) environment variables chiss sl paia
ard 5 g ctemperature W fluid velocity sl cie yu
dlue HIX LG 38 Sy )4 65 2 4S composition

3% rate of corrosion Uil 33 el fluid velocity il 58 SIS sk

el 48 iy dial i ooy il 30 Lad (il 380 L alaasd sleiiS)y JSIB

N R (o ¥ S A e

¥ sa2s (H ions in acids) e sa ks corrosive species Cble (il 3815
2 S .« rate of corrosion (il % &l

passivity «Lgljlé aS Sl ad passive 8wl sai)sa o se calale (i) 5 L)
(Sss JalS: gctive-to-passive transition)a_)y a5 2 )l

8 SR G ma ) il (Salie Gl 8 (5) 0) o8 cold work <) 3l
heat treated <! 3 3l more susceptible to corrosion b

cold aqﬁwcﬁ\joal.é;m\ JJ}AOMJJ&&\A%MJJ&)EMAS@LAJJJ}
2 S a8l g aa 53 e 1L working




Chapter Three:

Corrosion

FORMS OF CORROSION [}

130 8 (oo puanall i Cadin 43 ¢ By eo g 4y A <l (Ko ) 030
Uniform=

Galvanic=

Crevice=

Pitting=

Intergranular=

Selective leaching=

Erosion-Corrosion=

Stress corrosion=
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Uniform Attack +

Equivalent il 5iSy 5 glasy b b 4S o2 5 Shaasd sy (Ko ) ¢ 50 SG >
3R e la 2 ga ) sailaly 2] 5280 e ) b sl )2 intensity

.2 random &) sa: reduction s oxidation (iS) s (S s sSae yki 31>
x| e (3l eda

silverware S sl 5 3 5 5 cal (35 Ko Jsane sledlia)

2L (oo SR £ s G Jglaied

Galvanic Corrosion <

Gl 5 A J slaa 53 235 )l Juail (S S &) say 48 alida 18 93 (a sad )25

Brass L (slai )2 52V 8 slean (Sasa 1) 25 0353 |ess noble )

(LE:\QSJJ
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Galvanic Corrosion <

cathode—to anode surface area S 5 xil mh 4 4t Ko )& () jwe >
JJ\A\A).QUAMJJSJALS\} JJ\JGS\_\MJ.\J\JJ\)EMJJ.\SJ\LAJJ\AAJJA\S
Mubﬁwumssd)j;é_\m\j)dy&\ﬁ PR U‘GSJJPJ"S‘AJS
current density per unit area
JJ)SGAJ\‘)Q‘)J(UMJJISLQ‘JJ))JS\A)SM\ cbu)d&}\yuuhﬁw\d>

:Galvanic S JialS Cga

B S L 3B 3 S i 4 3L g
238 AT (5 g 2 age S0 i 3l 50
4 30 8 ol & Sl 2 B il mdae
B o saliind 3 5 cpe (S S e i
third, ass gl ag58dl (S il &) gayn
| Jate 800 05580 504415 anodic metal
: 2 K

;".'""_".:- .
P magnesium
cast around a steel
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Crevice Corrosion <

ods s o JE L 5 Lgi gy clale CaBA Sl 5048 handig S (Ra)sa o g8
two regions of the 23 e F ) M o alidg Jas 50 )3 by Sl gy J slas )
same metal piece

L s edlirt @ Jae o0 e (K35 58 (gdlSs 5 50 0 (S5 g g cnl
O3S a5 5 stagnant 1) d slae 48 (S ) S5 DY pana
M3 o F2 R .« depletion

5SS 0l XS sl 5 s Jslae 3580 g (AS o il 4y by GG 00
23L narrow

D SR g ) i)
M —— M™ + ne” 2 8 e 2us) 3l 5S) depletion das a5
u.uAlS U“""S\) JJ&JJ.».AA} u_u\lds adjacenth‘\_a)hd.i)Ja J\ oL J\J‘ LSLGJJJ-‘S‘J\>
aiy K
0, + 2H.0 + 46 —— 4(OH")

o2y 52 4S 2 R o Cl 5 H sleis 3sl crevice Jo0 das 2 5 A sled slaa JiS) a5
ail wcorrosive
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Crevice Corrosion <

2 yla g2k passive culld as ) 3l
g (e (SR £ i Gl e Y sena
Il g2 (oaans 20081 5 ol (85 G 31 il
Cl s H sles

:Crevice corrosion gal\s sled gy
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wlm N LA e A
"'-"L--—g i o g £

9 G_u SE L;\A; We|d|ng J\ saldaiclm
b g

nonabsorbing O} Sl &) sua s
a3 K saléia) il
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) Ko S sl Alla s #1)sm angis 3 4S Jocalized mase S255 o5 >
small pits and holes 23 5

failure cuss U Qle) 53y S materials loss S5 ¢ 5 ool >
undetected 23 8 i paiia

Pit F s 2 OsmlansS) 123l o« crevice b 4lis S A & 5 u.m\f.w.‘LS\A>
surface gdaw o Lal 520 8 < aladl

2%y downward (b G 44 pit Gl 4 YL ) 348 gravity wsos S >
Alad (e

1 I - £ e - L
S geine gl S S s (S Gl sl b s scratch

o i s yiS pitting 25 polish z sk >

Q1A

S £ s (ol a e 0 Stainless Steel >
(Caeslia il 5 Gand 50 2% (a5 58)) Sl

314 SS in HCI
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sl Lo 50 W 3L A 5 e sad )3 grain boundaries sl Ko, a >
ald 02i ) 55

L;o‘_;u)\.\.qjamua%\)\é\ab)‘).qdu)\M}A.ié&)};&ﬁ&\).\\)&}
disintegrate 22_%

<l 500-800°C ke 2 48 (Sl )0 0 3 52 stainless steel (= s )35
Sy A & 5 O e a K« sensitize 2 s sal

G_M .A.\JJ\.SA.\jj.ajo_‘usd|ffuseM\JJJAMA\.J‘\.J?)SJL).\)S&AJ\P}‘JJ>
J.\LA.\LS.A Cr23 SJJLA

4l ) e G glaw )y chromium-depleted zone 4l alay) Gely 5 S 3835
3RS (e

- Cra3Cg precipitate particle

= this grain boundary region
is now highly susceptible to
corrosion

Grain boundary

/)
— Zone depleted of chromium
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- Intergranutar corrosion INTERGRANULAR CORROSION <
Fimid

weld SS e pad j0 o his da JSia)
(Weld Decay)

1SS 2 (Saysa g 8 ol el Gl >

S A iYL Pl )3 (Sl e Sl
2308 Ja laxae o S IS G gas
redissolved

0.03 Wt% ) S 4 (S (e GialS m

s »aic L stainless steel ¢l 54 =
G YL Bl aS an i ND L Ti _pdas
Weld Decay in SS Lionslh 5 4153 0 JS AT 5 S L S S
sl AL solid solution M J daw a8 S
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SELECTIVE LEACHING <

U@ ra ) preferen“a”y ua\;)m‘..& J‘ LSS\.\ aS Lfl.AJJJ \AJ\_\]\ éd)j; >
2R e @l (Sa)5s

Cnl (a2 48 284 o« dezincification of brass (Sa s Jbie ¢ i Jseral>
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4l )3 (ue O3le (b 5 550 028z B didy (Sl el A (55 0 e Bl
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(A o i e K5)) Hafag 3, ) eale K5

4< aluminum, iron, cobalt, chromium, Jali Sa sla 5Ll a gead ja3
W3 F 83l e g preferential removal Juis)

EROSION-CORROSION <

chemical (e alea 033 58 5 )3 0315 A e S a1 50 Sa)a ¢ 5 ol
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VA (Saj5a Gajaa 501 5 ea g 31 ab oLé Abrasive action >
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COrTosive 355 huss s tensile stress S i 4agi 48 Ja)sa o5 >
AL < environment

SR Gamad Stress Caad 3 e sledaaa ) (A inert 58>
g e @

5838 propagate < ki stress » 2see gpae )3 5 el S S S
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ductile <318 o 43 0a ¢ 33 Al IS Drittle <) 38 a a3
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1 S (L) )l pald s

52 IS sl s s sl Jana y2 Stainless steel=
S sal s 30 Brass

Stress corrosion
cracking in Brass
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STRESS CORROSION -+

o 523k i external Ll ylai (o 1) (B2, ¢ 55 04l 534S Stress >

: Jalse 3 residual eailedly &) g
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S dalha H Ll 358 i) tensile strength s ductility (salS>

Al &l 4S gpplied or residual tensile stress 4 failure = 5>
NN (o S

a5 b 5 28 crystal lattice (ssh 45l Jaks 4y il IS )0 s >
2 8 e crack Sialag) Cely oSl ihale

interference of dislocation motion (w2 | A1 saleidn sleansilin)
a3k -« dissolved hydrogen 4l s

OISl it 5 05548 e 4 Ol hydrogen embrittlement ¢ 585 Cga >
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«s0ils S& ¢ o sla Jslas catmosphere s Jals sai ) & sl Jans >
WL e Gl a9 dly (Kl ¢ Sare sl

2 sl 1 S5 ol (YL atmosphere | s» tonnage sbis >
2l e S0 Jlal ggent s dale moisture Lo Jstae ¢ 5mS) >

2L o Ll yie (pinad 5 Jslas o 50S) Juls Fresh water »

Y gara) A sa 5 Ll yie (pines 230 0 3.5% salt JLs Sea water »

( pitting and crevice &=l fresh water J) s )5a

» Cast iron, steel, aluminum, copper, brass, and some stainless
steels are generally suitable for freshwater use

» Titanium, brass, some bronzes, copper-nickel alloys, and nickel—
chromium—molybdenum alloys are highly corrosion resistant in

seawater T30 e 021 ) 9A 3 ga ) a0 il o 58 0 SIA

(Sad ¢ 5auS) ey ol ) Juls compositional variables <S5 52 &l it
Lo S caliag JICE) 5 ol 5 sasal 3 g
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General issues and concerns <

=23 noble or passivated ) ae) &Il Sa 56l sn sla Jama 25
P NS B PESSTR

aqi 4 S,k 50 Corrosion resistance Ol sie 4 (xS Sa Sl )
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variations in oxygen content ¢S () je =

availability of free radicals and s 53 @ledlSaal ) Gas G s ) =
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cellular activity (o sls sleillad =

mm\y@h\yum}a@u steady-state ox )2 (S auf jiom
2 8 Jas passive L s active dlxé cills 44 1aaas 5 quiescent
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General issues and concerns ¢

Jal s 40 il 5 23L o« biomaterial s ) a5l Blocompatlblllty>

JSl5_s «degradation of implant S5 dqmplant culiels al k)
a3 K failure implant 4 s 2 58« implant Lk 3 se by s

Gl 4 il a8 e g a))s (Sa)sa Andil 5 o A eale SG a8 il
e QLS S0 5 ) 4 Alis

Biocompatiblity

Li v

Biclgical reaction Corrosion reaction Compatible design
with implants with biomatenals of implant

T S E—
Biodegradation of Toxic effect to Reduce [fe Painful
materials the system of implarts aniul surgery
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R Decreased Life -
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General issues and concerns ¢

inflammation and or Cel 2l 5i (e 503 52 4l AL L S) 5 ()
xix X hypersensitivity

«l 3l b (ula 43 immediate or delayed &4 Hypersensitivity >
25k o« metallic salts s 3 sleSai by (S 3 Y piana

cytotoxicity, genotoxicity, el a8 o 5318 sled s>
a3 K carcinogenicity

anlal Jae ) S OOISUEL ) Sensitizers o) sz 2 g6 oo 58 alic
gy Al B madiia aa ) als oyl il

Biocompatiblity
i ' 1 »Most metal ions have ability
Biolagical reaction Corrosion reaction Compatible design to form Complexes Wlth
with implants with biomaterials of implant 0
proteins, such metallo-
v vy vy Y organic complexes can induce
| e irpicuivn raniuisuery | AllErgy in the body.
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a5 Ni IS sensitizer (e 5 s A5 Be, Ta, Ti, V, Jdeli &l 3 ol
2L e Cr s Co iy 4

1adlue saldiul 3 ) se pals s 3 biomedical alloys s &l 36 ol Qlel )
stainless steel, Ni: 13-15%, Cr: 17-19%, and Mo: 2—4%:;

Co—Cr alloy, Ni~1%, Co: 62—-67%, Cr: 27-30%, and Mo: 57 %;
Ti alloys: Ti: 89-91%, Al: 5.5-6.5%, and V: 3.5-4.5%

Gl p2d 45ALL gllergies sl 4 B g toxicity ) s Ni Jswi>

et ¢ (ol K e b4 il oy djlmtgj).awu\f\ Cytotoxicity »
Jsbu il sla 2l 3 ) s 8 s 5« membrane L )

Sely 48yl e S5 sl Ui Al Gentic toxicity (genotoxicity) >
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oxidation state, 4 Xiw: il Carcinogenic Cuwals <l i (a sad y35
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General iIssues and concerns <

Gl wea foreign elements with tissue JiS)s awilSa 5 & 5331 ¢ Ual >
La8y LS g iS) annilSa) 230 e < N biomaterials c_x;\.u ) A\?A

25 (2ol il

» Electrochemical wear, fatigue,
pitting/ crevice and galvanic
Females under 30 corrosion are the most observed
forms of corrosion in the body.

15+

10+

Nickel sensitization in the population, [%]
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e & sledaaa ) S0 Ol s physiological solution (body fluid) >
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Corrosion of metallic material in physiological environment <

S A il s e 8 B ) s 0050 biomaterials 2 S ee >
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et o« calcium (Ca), and magnesium (Mg)
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.5 electron carrying roles O Jala (s a2l 5 e Lt g y)>
3,185 ,40 electrode potential 2558 Jaily

leiiS) y Gauh ) a8 I, pH (550 (A ge S 21l 5 e Ly SL
JJLAJL;ALSJM\ Y gaana J.\SJSA.SG.;\_J}MA

MUM\UJJJWJMJJJJU\)MMUML.i\Jh@L:MLMS\@J\LM}
O3S fusion o 2 s:se caely biomaterial o SR W Gafis p da 13l
i« oxygen-deficient areas 2
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Noble metals (Au, Ag, Pt, Pd, Ir, Rh) ) salaiul}>
Passivated metals: Cr containing metal ) salsiul)>

(stainless steels, Co-Cr alloys), Ti and Ti alloy
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Liss 2 Y sexs Orthopedic implants o= sas 2 (S a clallas)
Hank’s, Ringer’s solution, and artificial saliva

»Hank’s solution is a salt solution that is made from CaCl,,
MgSO,.7H,0, KCI, KH,PO,, NaHCO,, NaCl,
Na,HPO,.2H,0, and glucose

»Ringer’s solution contains NaCl, CaCl,, KCI, and NaHCO,

In de-ionized water
sl p 5 B3 3 ) 5 synthetic saliva ) S8 (51 3 e pa pad 53 5>

3,8 e 1A Sasa
;) as ke grtificial saliva e Ll o >
Ca?*, CO,, P, Mg?*, Na*, SCN~ CI-, NH4*, and the pH is
near neutral ]
viscosity L ;3 (48 4S glucoproteins, ki organic A 2 s« o Sl
ala
O alide sl (i85 5 biomaterials S5 awilSa S sk
il (ol padie ual 5 O ) s




Charactenstics Stainless steels Cobalt-base alloys Ti and Ti-base alloys

Designation ASTM F-138 (316 LDVMO)  ASTMF-75 ASTM F-799 ASTM F- ASTM F-67 (ISO 5832/11) ASTM F-136 (ISO
1537 (cast and wrought) S832/11) ASTM F-1295 (cast and wrought)
Principal Fe (balance) Cr (17-20) Ni Co (balance) Cr (19-30) Mo (0-10) Ti (balance) Al (6) V (4) Nb (7)
alloying (10-14) Mo (2-4) Ni (0-37)
elements
(wt %)
Advantages cost, availability, processing wear resistance, corrosion Biocompatibility corrosion resistance minimum
resistance, fatigue strength modulus fatigue strength
Disadvantages long-term behavior, high high modulus low wear resistance, low shear resistance
modulus
Application temporary devices ([racture dentistry casting, prostheses stems in THRs (with modular Co-Cr-Mo or ceramic)
plates, screws, hip nails) used  load-bearing components in TJR  femoral heads, long-term permanent devices
for THRs stems (wrought alloys) (nails, pacemakers)
Artificial Saliva  besd s 5
Ca™ COy Mg™ K~ Na” 1 SCN P N pll
5.80 LI e 58.60 14.64 32.19 (U 16.79 L b/
(M 7.10 () (W) 27.14 29.80 25 4.70 4.10 6.8
LI [y LK 25.74 28.16 20,54 224 4.7 4.1 -
L 17.85 LK 21.48 33.49 28.07 34 2,098 L 0./
1.43 6.45 () 2005 11.55 232 23 5.1 435 -
1.5 15.00) () (0 375 3.00 (0 15.00) (0 -
1.0 17.86 LK L 5114 37.08 (U 1.0 L -
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