Advanced Tutorial in Materials Science and Engineering (2)

Summer 2015: Intensive Lectures (5 weeks : June 17-July 24)
At Tohoku University, Sendai, Japan

Course Objective: Z DEFHERIT MABEY v b RELEHHHEMBZER TIT
> TV WEMBRZERR (FBEFERVCRERNEEZENT) 2 LITLT
ELNTEbDTYT, DEMBREISREISAFFCRELENENLZ=—I R
RBRELIT TN ZEIXAMOBY TTR, T T CHEMRRFER2EEDL 5 —
ELbEta—LThE), TLRFERITIE-TCLHELIRY OMEMBRZEHEL T
HEHEBIPERBIZIOEPTRBIRICEISERVET, BBIRIEBETITVE
TR, SEOELRVEA TEEEBLRETORMERENCLET, FiX2 6K
TERLSETT AV IEELOFEIRVILEN, SETORORRIES A
DREPICBETIE LBV 0ETBESETVET, BoTBMLTLIEEN,

This is an advanced tutorial of Materials Science and Engineering at the senior and/or entry-
graduate levels. The course is specifically designed for those who did not major in the field of
Materials Science and Engineering (MSE) as undergraduates, yet whose research is closely related
to MSE discipline, and/or those who wish to re-examine their knowledge of Materials Science and
Engineering from a broader perspective. This course will focus on the nature of materials' physical
and chemical structures, and their relationship to mechanical, electrical, dielectric, optical, magnetic
and thermal properties. Emphasis will be on modern thinking about the materials principles and
practice together with their structure-property-performance relationship in a form that is readily
accessible to students in all disciplines.

Instructor: Professor Fumio S. Ohuchi
Department of Materials Science and Engineering
University of Washington
Seattle, WA 98195, USA
ohuchi@u.washington.edu  (206) 685-8272

Lectures: 4:20-5:50PM 3 times/week for 5 weeks (Monday, Wednesday and Friday)

Note: e First class on Wednesday, June 17, 2015.
¢ July 22(W)-lecture will be held on July 21(Tues).
* Last class on Friday, July 24, 2015.
* Tentative schedule sheet is attached.

Course Contents:
Lecture material samples (selected from the Lecture Note) are attached for your information.

[I] What’s Unique About Materials Science & Engineering?
* Thermodynamically versus kinetically controlled process and phenomena
* Imperfections in solids: Thermodynamics legitimate questions
* Driving forces of the material process

[II] Materials With metallic bonding
* Electron energy states and metallic bonding: relation to the properties
* Group I, II, III and transition metals; how are the electrons distributed?
* Significance of the Fermi energy



[IIT] An Atomic View of Materials
* Energy and packing: order vs. disorder
* Crystal structure and atomic packing
* Basics (Review) of the crystallography

[IV] Materials With lonic & Covalent Bonding
* lonic-covalent mixed bonding, and charge density
* Madelung constants
* Factor influencing the crystal structures
* Imperfections in materials; Hume-Rothey rules

[V] Phases & Equilibrirum
* What can you learn from the phase diagram?
* Materials processing

[VI] Materials Under Mechanical Stress
* Stress-strain relationship
* Processes involved in the plastic deformation
* What causes “material’s failure”?
* “Karate” as an example!

[VII] Electrical Conduction and Semiconductivity
* Visualization of electrical conduction in metals and semiconductors
» Semiconductor surfaces and junction properties
* Basic devices: metal-sc junctions, p-n junctions and MOSFET

[VII] Dielectric & Optical Properties of Materials
* Dielectric vs. optical: relationship through frequency
* Specific to the dielectric and optic
* Optical dispersion of materials
* Absorption and recombination processes in semiconductors

Grading: HW (self-grading) 5-times 10%
Midterm exam (in-class) 40%
Final exam (in-class) 50%
Pre-requisite: No prerequisite is required to take this course, but the students are asked to

prepare basic background by themselves.

Course pack: Available in PDF files provided in class
Lectures will follow the course pack.
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WHAT’S UNIQUE ABOUT
MATERIALS SCI. & ENG.?

Structure

Characterization

Properties
Processing
Performance

The concept of materials science tetrahedron (MST) concisely

depicts the inter-dependent relationship among the structure,
properties, performance, and processing of a material.

Thermodynamics vs. Kinetics

Example (1): Glass Transition

« Melting and Crystallization are
Thermodynamic Transitions
-Discontinuous changes in structure and —Structure and properties are continuous with
properties and T, temperature
—Structures and properties can be changed
continuously by changing the kinetics of the
cooling liquid “kinetically controlled”

—Continuous changes in structure and properties

-Structures are “thermodynamically controlled”
and described by the “Phase Diagram”

« The Glass Transition is a Kinetic Transition

QAiquid > >Aerystal

T,

a Thermodynamics of Crystal and Glass
tiquid Stable/Meta-stable versus Unstable

state

Temperature

g
2 Super cooled Crystal is “stable” or “meta-stable” Glass is “unstable”
o liquid
>
Stable
& &
Meta-stable 2
&
: Airystal
Ty Tn Un-stable Stable

Driving Forces Governing various Phenomena

Rate of transformation: Rate=gF

Process Driving Force Typ. values
F (J/Mole)
Fracture V,,02/(2Y) o: stress at failure
0.5 Y: Young’s modulus
Grain growth 2 T Yg: grain boundary energy
& ng/ 20 rf:; radius of a particle
Sintering 2y/r 100 y: surface energy
1: curvature

Cree oV, : appli

P m 1000 o: applied stress

V,,: molar volume

. AH : enthalpy of transf.
Crystallization AHAT/T,, 3000 AT :under cooling

T,, : melting point

Inter diffusion RT(x Inx,+x,Inx,) 5000

Ideal sulution

50,000~ Free energy of formation

Oxidation AGiorm
500,000 of oxide; a per-mole-of-O.

Assumptions : 1000K, molar volume: 105m3/moll, r ~1y, g=1J/m2. c=100MPa

We start with several examples to

illustrate the subjects unique to MSE

(1). Thermodynamically versus Kinetically controlled
processes and phenomena in materials

(2). Kinetic rate equations and driving force(s) in
materials, and the rate equations.

(3). Phase transformation and rate control

« Diffusional vs. Diffusionless(Martensitic) transformation
« Displacive vs. Reconstructive transformations

(4). Thermodynamic legitimate questions in materials

(5). Materials selection for specific needs

Material processing

Thermodynamics and Rate

Surroundings

Process of changg
==

Boundary

AGA: activation free energy barrier.

AG : driving force of transformation
/ from State-A to State-B

stat

Initial Activated Final
state state state

AG
How fast transformed from A to B?  Rate < exp (— RTH Arrhenius rate equation

Material processing

Thermodynamics, Rate and Kinetics

/
e

Surroundings

Kinetics controlled process
AGA: activation free energy barrier.

"""" AG : driving force of transformation
from State-A to State-B

- Metastate B’

| : state B
Initjal Activated Final
state state state




Thermodynamics vs. Kinetics

Example (3): Al-Au Bulk vs Thin Film

Bulk couple Thin film couple
« Annealed at 460C for 100min: m )
All 5 compounds in correct order '™ g D St

« Annealed at 200C for 100min:
AuAl, and AuAl are missing, other present

19

Bulk sample
s o,

Temperature, time

Aual

P TR T TR R TR T ST
ALAU ot swiatean AIAU, o),

« Reaction depends on thickness
.l of each material

Thin film sample « Why are AlAu and Al,Au, not seen?

Kinetics versus Thermodynamics Process

Kinetic control Thermodynamic control

transition state

Transition state

act | st \ /

intermediate

intermediate |

so|  Starting
materials |
PR S |
Kinetic |
product |

Thermodynamic
product

Extent of Reaction
Kinetics Thermodynamics
Describes reaction speed, whether it is at Predicts distribution of chemical species and

equilibrium and what factors effect the speed phases if reactions get to equilibrium (or final
of the reaction state of a system)

Says nothing about speed of reaction, nor
predict what can happen, but predict what
cannot happen.

Tells you if it will get there in a reasonable
amount of time.

Defects and Materials Technology

Several Examples

Close Up View of Strain Engineering

The shrinking MOSFET

Gato

nMOS Epi SD
nMOS CHANNEL

AQ Huaanammm (@)
Y AR )

Gato

N/ I
SiGe epitaxial growth
(a)

«Channel strain can be enhanced by superposing process-induced strains!

o

g

' ] i

’E- 5 s e 5 TN & 3 - - c TENSILE STRAIN

5 | | | -
H Increased electron mobility

el
B0 conrar PSS() PSS(2)

PSS: Process Strained Si through ‘tensile strain

Thermodynamics vs. Kinetics
Example (5): Growth of Metastable phase

GA

KiheNc barrier

—d-AyB

AGrransformation

Imperfecti in Solids

« Properties profoundly influenced by the presence of imperfections.

« Knowledge about the types of imperfections that exist and the roles
they play in affecting the behavior of materials.

Atom Purity and Crystal Perfection
« There are no perfect crystals.

+  Material properties are “improved” by the presence of imperfections
and deliberately modified.

Why do we care about defects?
Examples

Mechanical properties:
« Metal alloys for improving strength.

Electrical properties:
« Control of conductivity and charge carrier mobilities.

Optical properties:
«  Wavelengths of light being absorbed and/or emitted by materials

« To melt materials, we need heat. “Melting is endothermic”.

« To form point defects, we need to remove atoms from solid (i.e. vacancy).
“Breaking bond” is endothermic.

“Melting” and “Vacancy” occurs even it costs energy.
WHY?
You may answer:

At the equilibrium, we must consider the “free-energy” rather than the
“enthalpy”, then minimize the free-energy. The “entropy” changes associated
with the formation of the melting and defect formation can reduce the free energy
of the “system”, since G=H-TS, For constant T

where H is always positive, so G
could become negative at some T.

OK, but HOW? !
é

. N e N
K g + N



MATERIALS WITH
METALLIC BONDING

» What promotes

metallic bonding?

» What properties are inferred from metallic bonding?
« Basis of the electronic structure of metals

UW courses

Background MSE 170 (Callister: Chapter 2, 12, 14)
General Chemistry 100 level
General Physics 100 level

UG course

MSE 351

Grad courses MSE 510, MSE 518
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Group-I metals

Half filled in s-orbital
Crystallizes into a BCC structure

8 nuclei as nearest neighbours (CN#=8)
and another second nearest (CN#6)

only 15 % further away.
This is why BCC is taken
Group I vs IT

Li : Be
Na : Mg
K : Ca
Rb : Sr
Cs : Ba

Group-II metals

Filled in s-orbital

Crystallizes into a closed packed (CN#=12)
Next nearest neighbours(CN#=6) occurs
41% further off.

This is why HEX or FCC is taken

Melting Temp (K

452 @ 1550
371 : 924
337 : 1120
312 : 1042
302 : 1000

Group II elements all have higher T,,. More rattle energy is
needed to break their bonds, therefore stronger bonding.

Quantum # Designation
— ea Number of Numberof Electrons 1y — principal (energy level-shell) K, L, M, N, O (1, =
Nombers_Dosaten_Shls__Ste__ersuhel__RrShl_| _ g ysiiary (orbitals) 50, f (01,2, 3y 1)
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/ 7 1
« Most elements: Electron configuration is not stable.
Element  Atomic# Electron configuration
Hydrogen 181
Helium (stable)
Lithium 3 15
Beryllium 4
Boron 5 2 |2p
Carbon 6 35| 3p3d|
Neon 10 (stable) 45| 4n4d| 4f
Sodium 11 5| 5p|5d 5f |58
Magnesium 12 63| 6p6d| 6f|6g
Aluminum 13
Argon 18 1s 225 22p 635 23p 6 (stable)
Krypton 36 1s 225 22p 635 23p 63d 1045246 (stable)
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Easy to give off electrons
(Low ionization potential)
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Covalent bonding

Metallic bonding

Easy to get electrons
(High Pauling electronegativity)

Explore how properties change w
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Metallic Bonding (An Intuitive Approach)

® O ®H o oo @' @ Isolated atom
ST008 | 90606 Lo
JORCRCNORO) © 00 o0 A
(cXc¥cXodo] ollollo o/o
energy ﬁ
Consider Al metal Emvis
Al=1s2 252 2p% 3s? 3] 3p K et
3s a
2p
2s En = 2; (% ] o n2
coordinate ‘ 1s W, = g.ﬂn (Iﬂ X)

Atom bonding: Bring two atoms from the distance  n-atoms bonding: Bring many atoms from the distance
Isolated Isolated

atom-1 atom-2 Isolated Isolated Isolated Isolated
atom-1 atom-2 atom-3 atom-n
o—> <=0 a
@ @ [ ] @
E n=2 n=2 ) ) .
n=2 n=2 N=2 eeeeneend n=2
n=1 ) n=1
i " H " E n=1 E| n=1 E n=1 E| n=1
a a a a

Electrons in the Periodic Potential
A Next Level Approach

V=V Y
Valence electrons
(mobile)

V=0 X

core levels
Core electrons
(does not move)
82W(x)

Schrodinger equation
Ix2

+(2—m( E- V(x:)) W(x) =0

1:‘2

A technique to solve this equation using this approximation is called:
Kronig-Penny potential model
« Isolate valence electrons from core electrons

« Simplified potential shape
« Impose the lattice periodicity on the wave function

What does this axis tell you?

k= wave numbers =

wEEE

ud _k_2n 21 21 k=2 I _g-2n
A a py a a
e 2).=2a 3h=2a ni=2a
1+A=2a°sin90° 2-A=2a'singo0  3-A=2a‘singo N-A=2a‘singo
It’s a Bragg condition!
lIJI Illpl ' I IIlpI -

m / u(X)elkX —III(X) wavefunction

n—><—><—-<—c-

Bragg’ s diffraction conditions are
satisfied at each k point.

What do they represent?

wave numbers %

T T T I
2n)(3m).... (Ax
a a

o
INERa

How is the Energy Band Formed in Solid?
An Intuitive Approach
(1) What happen when the wall height becomes finite? (2) What happen if only one wall height become

finjite?
n=3|
n=2|
n=1]|

(3) What happen when two potentials are merged each other?

= ] e e

(4) How about another well added? (5) Keep adding the well one by one--- to many?

0 ok e

(6) How many atoms are lining up in 1D? .
Typical band width~3eV : Energy band formation

separation of each level ~ 5(eV)/107
or ~0.0000005eV << Thermal energy
~kT 0.026eV q

Can not resolve that many levels of energy

V:m Mﬁ ll'

E =contineous
Toward free e- ] ; k2

H a\nmc R

‘molocular o-fonding stato

E, = ‘2hz (n“)2 Toward bound e-

k=/a, 2n/a, 3n/a --- k= any number

Energy
7’52 K2

E-k relation in one-dimension E-k relation in two-dimension

Free electrons Energy
_ h% K2
Energy 2m

k
o +p/a
Bound electrons
Energy
<] K
p/a o  +p/a




(E, k) Relation in Crystal

* [

Reduced Zone Scheme
A convenient way of expressing (E, k) relationship

15
Free elgctrons E
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\ // Enerey Erer (in reduced form)
| | . [
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Then, what are the consequences? How many # of sites available for es?
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Significance of the Fermi Energy (1)

Temperature Effect
At T=0K E The Seebeck effect
372 . . . . .
2;=Y ( 2m ) “. JE A temperature gradient along a conductor gives rise to a potential difference
4m\ n? T AT
. > N Yl 7, Euv:E P SLE
\ Hot [ o® 7o 75 & <, % | Cold 12 \E,
\ More energetic| :‘ 2" <o % Less energetic
\ Conductor
\é £ £ S= Seebeck coefficient
Epyy p= EF€¥\
0 1 SE) 0 1 fE
DOS . Voltage, AV B
F(E) F(E) e © .8 .0 9 0|
T=0K + 0 © ¥
] ] Wl e e 8 .o e [
1.0 e e S & "6 B
. 5 T T
Paul Adren Mouri Dirac Application to “thermocouple” Vs = f (S, =S)dT = f SpdT
o o Nobel Prize 1933 (sheared Ty Ty
With Driwin Schrodinger).

E
¥ . e a1 e f
Fermi-Dirac Distribution



Significance of the Fermi Energy (2) [1] Property of Metallic Bonding : T,,

Thermionic Emission

« Bond energy, Eo « Melting Temperature, Tm

Energy Energy Applications
i unstretched length
« Lamp &
Plate or Anode « Electron gun g ller Ty
Vacuum — . > « Vacuum tube smaller Im
Vacuum level v, " “Bond energy” larger Tm
Cathode o T General Trend
Filament K Group Ia Ta Ma  |Va  |Va Vla  |[VIa [0 ForEf ,T, 1
Ey Elements Na Mg Al Si P S e Ar
However,
Atomic # il i) 3 [z} 5 16 7 8 f
I AS =
Outer shell e- 3sl 3s2 3s23pl | 3s23p2 | 3s23p3 | 3s23pt | 3s23pS | 3s23p6 Tm;)
A Saturation current
/ Crystal structure | bee hej fee diamond complex fec > i
w0 00 Ponulation Densi v v P ASy for most x tgllme
Fermi-Dirac opulation Density Electrical 52 145 (265 |25x105 |1x1017 |2x108 |— - solids, from solid Ar
Distribution resistivity at RT metal semicon | insulator | insulator | gas gas to MgO and Ta are
P (104 ohmem) e R
.y dk  mk3g o, 4 Bondswength | 113|153 |33 [462 |7 %6 2 0.08 10-12J/mol-K
J==q j v fk)— = % pi—— (ineV)
W e 4’ 2mcp kpT Melting point °C |98 650 660 [1400 |44 0 | 100 |18
Boiling point °C_|890 | 1100|2500  |2400 [280 |40 |35 186

[2] Property of Bonding: o

Polarization effects on melting temperature

PN . N
o \
© | )
D) ‘ @ .
. 7 ] ]
, v p
. Ny ,
Idealized ion pair
with no polarization

Chapter-9 Thermal Properties

« Coefficient of thermal expansion, a » How to measure?

Polarized ion pair Polarization sufficient
to form covalent bond

AL

— =a(T2-Tq)
(Ti0,) (cd1,) (c0,) Lo
e o ~ symmetry at ro
0,000 00,00 o o q o, o
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o In(eratomlcdistanceI | Interatomic distance |
©,0 0,0 0,000 ¢ o o o | A
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Idealized rutile Cdl, layered structure CO; molecular lattice U - l af EEL
M.P. = 1857°C M.P. = 387°C M.P. = —57°C " B =

Temperature dependence of Elastic Modulus
Chapter-6 Mechanical Properties Elastic modulus of solid (increases, remains,  unchanged),

[3] Property of Bonding: E

« Elastic modulus, Ecross Elastic modulus when temperature raises.
N sectional . .
\ length, Lo area Ao E_Xa Elastic modulus: EW>. Egea > Eq Potential
Ao Lo How does E change with temperature?
> V\fhy'p Temperature (°F)
—)F «Eisa slqpe atr, of the F-r curve o0 0 400  B00 1200 1600, Separation
S « E larger if Eo is larger. r S
» E ~ curvature at ro 00— \ -0
Tungsten -
Strongly g T —jo 2
bonded = 300(— Z
unstretched length dF' 2 | 40 2
5 T 8o Separation r g 200~ Stesl 1% s
= & i E
= — 20 ;S
aller Elastic Modult Weakly o Aluminurm PR —
bonded L ﬁ Separation
Larger Elastic Modulus ol g zgo ‘ 4[‘)0 ! 8(‘)0 0
Temperature (°C)




AN ATOMIC VIEW OF MATERIALS

« How do atoms assemble into solid structures?

« How does the density of a material depend on its structure?

« When do material properties vary with the sample (i.e., part) orientation?

« The properties of some materials are directly related to their crystal structure:

- Significant property differences exist between crystalline and noncrystalline
materials having the same composition.

Back ground  MSE 170 (Callister: Chapters 3, 12, 14)
UG course MSE 331 (Crystallography and XRD)
Grad courses MSE 510

MSE 518

Metallic Crystal Structures

(1) Tend to be densely packed.

(2) Reasons for dense packing:
- Typically, only one element is present, so all atomic radii are the same.
Metallic bonding is not directional.
Nearest neighbor distances tend to be small in order to lower bond energy.
- The “electron cloud” shields cores from each other

(3) Metals have the simplest crystal structures.

sC BCC FCC HCP \

CN#=6

8x1/8 +6x1/2

8 8 8x1/8+1
x1/ / =4 atoms/unit cell

=1 atoms/unit cell =2 atoms/unit cell

ex: Po(only known) ex: Cr, W, Fe (o), Ta, M ex: Al, Cu, Au, Pb, Ni, Pt, Ag ex: Mg, Ti, Zr, Hf, Zn

CLASSES

Graphite/ .
. Metals/ . C tes/
Pmetals Pceramics= Ppolymers ' Ceramics/ Polymers ~OTPOS!teS
Alloys N fibers
Semicond
Why? 30
y — Based on data in Table B1, Callister
20— e e mn *GFRE, CFRE, & AFRE are Glass,
Metals hav.e... o?;rl‘(:éxjvm Carbon, & Aramid Fiber-Reinforced
. Close—packlng Epoxy composites (values based on
(metallic bonding) y 60% volume fraction of aligned fibers|
« large atomic mass 10 — *Silver, Mo in an epoxy matrix).
—~
o —1°Tin, Zinc ST
Ceramics have... € s reoma
« less dense packing O a—{°TENm p oxide
(covalent bonding) a 3— *E#?.’.’:‘ﬁ&‘é
« often lighter elements < Aluminum 3 lass-soda oGlass fibers
Q 2 ilicon *PTFE .8FR;)E« -
©Magnesium «Graphite g&ar Eqn ibers
Polymeri'have... o8 l§one $Acamid fibers
) p?OfrtpElC hor hous) 1 EEDPE
) often amorphous — Hp! LD;E
« lighter elements (C,H,0) —
. 0.5— e,
Composites have... 0.4—] $Wood
« intermediate values 03—

Energy and Packing: Order vs. Dis

* Non dense, random packing « No periodic packing
-complex structures

AEnergy -rapid cooling
-amorphous
typical peighbor bond length
noncrystalline SiO2
typical neighbor—p»
bond energy o si
@ Oxygen
» Dense, ordered packing + Pack in periodic, 3D arrays
AEnergy « typical of:
-metals
-many ceramics
typicgl neighbor bond length  -some polymers
r
typical neighbor—b- crystalline SiO2

bond energy

Dense, ordered packed structures tend to have lower energies.

ATOMIC PACKING FACTORS

BCC and FCC

lose-packed directions:
length = 4R:Eg a

# atoms in the unit cell
1+ 8x1/8=2 atoms/unit cell

atoms
volume
unit cell 2 ';:" p (3a/93 ~— atom
APF =
a3 volume
unit cell

» APF(BCC)= 0.68 (68%)

“Octahedral” voids in BCC

Close-packed directions:
length = 4R
=J§ a
Unit cell contains:
6x1/2+8x1/8
=4 atoms/unit cell

atoms olume

atoms_ 4 v
unitcell ™4 = ([2a/4)3 +——
APF =

a3 volume
unit cell

« APF(FCC)=0.74 (74%)

“Octahedral” voids in FCC
07 230"

v
6 octahedral voids
in face center

12 octahedral voids
in edge center
« You see 12+6=18 octahedral sites.
Edge center Y4 share = 12x(1/4)=3
Face center 2 share = 6 x(1/2)=3
« S0, total of 6 octahedral voids (sites) per BCC cell
« Octahedral voids in BCC are asymmetric
« Each has a short parallel cube edge

“Tetrahedral” voids in BCC

« There are four tetrahedral sites on each of the six BCC cell faces

+ You see total 4 x 6 =24 tetrahedral voids

« Each face /2 shared, so 24 x (1/2)=12 tetrahedral voids (sites) per cell

« Tetrahedral voids in BCC are asymmetric

12 octahedral voids
in edge center

1 octahedral voids
in the center

* You see 1+12=13 octahedral sites.
Center =1
Edge center ¥4 share = 12 x(1/4)=3
« So, total of 1+3=4 octahedral voids (sites) per FCC cell
» Center octahedral void in FCC is symmetric
« Edge center octahedral voids are asymmetric

“Tetrahedral” voids in FCC
@,
1 -l

« Located at {1/4,1/4,1/4} - center of cell octet
« There are 8 tetrahedral voids per FCC cell
« All are symmetric

6



Advanced Tutorial in Materials Science and Engineering (2)

Summer 2015: Intensive Lectures (5 weeks : June 17-July 24)
At Tohoku University, Sendai, Japan

Course Objective:  This is an advanced tutorial of Materials Science and Engineering at the
senior and/or entry-graduate levels. The course is specifically designed for those who did not major
in the field of Materials Science and Engineering (MSE) as undergraduates, yet whose research is
closely related to MSE discipline, and/or those who wish to re-examine their knowledge of
Materials Science and Engineering from a broader perspective. This course will focus on the nature
of materials' physical and chemical structures, and their relationship to mechanical, electrical,
dielectric, optical, magnetic and thermal properties. Emphasis will be on modern thinking about the
materials principles and practice together with their structure-property-performance relationship in
a form that is readily accessible to students in all disciplines.

Instructor: Professor Fumio S. Ohuchi
Department of Materials Science and Engineering
University of Washington
Seattle, WA 98195, USA
ohuchi@u.washington.edu  (206) 685-8272

Lectures: 4:20-5:50PM 3 times/week for 5 weeks (Monday, Wednesday and Friday)

Note: e« First class on Wednesday, June 17, 2015.
¢ July 22(W)-lecture will be held on July 21(Tues).
* Last class on Friday, July 24, 2015.
* Tentative schedule sheet is attached.

Course Contents:

[I] What’s Unique About Materials Science & Engineering?
* Thermodynamically versus kinetically controlled process and phenomena
* Imperfections in solids: Thermodynamics legitimate questions
* Driving forces of the material process

[II] Materials With metallic bonding
* Electron energy states and metallic bonding: relation to the properties
* Group I, II, III and transition metals; how are the electrons distributed?
» Significance of the Fermi energy

[IIT] An Atomic View of Materials
* Energy and packing: order vs. disorder
* Crystal structure and atomic packing
* Basics (Review) of the crystallography

[IV] Materials With lonic & Covalent Bonding
* lonic-covalent mixed bonding, and charge density
* Madelung constants
* Factor influencing the crystal structures
* Imperfections in materials; Hume-Rothey rules



[V] Phases & Equilibrirum
* What can you learn from the phase diagram?
* Materials processing

[VI] Materials Under Mechanical Stress
* Stress-strain relationship
* Processes involved in the plastic deformation
» What causes “material’s failure”?
* “Karate” as an example!

[VII] Electrical Conduction and Semiconductivity
* Visualization of electrical conduction in metals and semiconductors
 Semiconductor surfaces and junction properties
* Basic devices: metal-sc junctions, p-n junctions and MOSFET

[VII] Dielectric & Optical Properties of Materials
* Dielectric vs. optical: relationship through frequency
* Specific to the dielectric and optic
* Optical dispersion of materials
* Absorption and recombination processes in semiconductors

NOTE: Samples (pick up several slides) from Lecture Note are attached for your information.

Grading: HW (self-grading) 5-times 10%
Midterm exam (in-class) 40%
Final exam (in-class) 50%
Pre-requisite: No prerequisite is required to take this course, but the students are asked to

prepare basic background by themselves.

Course pack: Available in PDF files provided in class
Lectures will follow the course pack.

Suggested reference books for background information: Any of the following comprehensive text
books introducing Materials Science and Engineering will serve as the reference for background.

» William D Callister, Jr. and David G. Rethwisch, Materials Science and Engineering: An Introduction,
6, 7 or 8" Editions, Wiley.

« James F. Shackelford, Introduction to Materials Science for Engineers, 6 or 7™ Edition, Macmillan.

» Donal R. Askeland and Pradeep P. Phule, The Science and Engineering of Materials, 5t/ Edition,
Thomson.

« L. H. Van Vlack, Elements of Materials Science and Engineering, 6™ Edition,

* Craig R. Barret, William D. Nix and Alan S. Teleman, The Principles of Engineering Materials,
Prentice-Hall, Inc. (classical book)

« Charles A. Wert and Robb M. Thomson, Physics of Solids, McGraw-Hill, 2™ edition (classic book)




Sn | Monday Tu | Wednesday Th | Friday St

14 | 15 16 17 #1 18 | 19 #2 20
Arrive Sendai Course Preparation [0] Introduction about this course |2] Materials with metallic

[1] What’s unique about MSE? bonding(1)

21 | 22 23 | 24 #3 25 | 26 #4 27
Tohoku University Anniversary [2] Materials with metallic [3] An atomic view of materials
No class bonding(2)

18 | 29 #5 30 | 1#6 2 3 #7 4
[4] Materials with ionic and [4] Materials with ionic and [5] Phase diagram and equilibrium
covalent bonding (1) covalent bonding (2) Adjustment

Takehome Midterm Examination

5 6 #8 7 8 #9 9 10 #10 11
[6] Materials under mech. stress (1) [6] Materials under mech. stress (2) [7] Electrical conduction and
Due for Takehome Midterm Semiconductors (1)

(10:00am)

12 | 13 #11 14 | 15 #12 16 | 17 #13 18
[7] Electrical conduction and [7] Electrical conduction and [8] Dielectric & Optical
Semiconductors (2) Semiconductors (3) Properties(1)
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[8] Dielectric & Optical properties Grand review/Course evaluation
?2) Takehome Final Examination

26 | 27 28 29 30 31 1
Due for Takhome Final-exam Grading Return back to Seattle
turn-in(10:00am) Course Administration




WHAT’S UNIQUE ABOUT
MATERIALS SCI. & ENG.?

Structure

Characterization

Properties
Processing
Performance

The concept of materials science tetrahedron (MST) concisely

depicts the inter-dependent relationship among the structure,
properties, performance, and processing of a material.

Thermodynamics vs. Kinetics

Example (1): Glass Transition

« Melting and Crystallization are
Thermodynamic Transitions
-Discontinuous changes in structure and —Structure and properties are continuous with
properties and T, temperature
—Structures and properties can be changed
continuously by changing the kinetics of the
cooling liquid “kinetically controlled”

—Continuous changes in structure and properties

-Structures are “thermodynamically controlled”
and described by the “Phase Diagram”

« The Glass Transition is a Kinetic Transition

QAiquid > >Aerystal

T,

a Thermodynamics of Crystal and Glass
tiquid Stable/Meta-stable versus Unstable

state

Temperature

g
2 Super cooled Crystal is “stable” or “meta-stable” Glass is “unstable”
o liquid
>
Stable
& &
Meta-stable 2
&
: Airystal
Ty Tn Un-stable Stable

Driving Forces Governing various Phenomena

Rate of transformation: Rate=gF

Process Driving Force Typ. values
F (J/Mole)
Fracture V,,02/(2Y) o: stress at failure
0.5 Y: Young’s modulus
Grain growth 2 T Yg: grain boundary energy
& ng/ 20 rf:; radius of a particle
Sintering 2y/r 100 y: surface energy
1: curvature

Cree oV, : appli

P m 1000 o: applied stress

V,,: molar volume

. AH : enthalpy of transf.
Crystallization AHAT/T,, 3000 AT :under cooling

T,, : melting point

Inter diffusion RT(x Inx,+x,Inx,) 5000

Ideal sulution

50,000~ Free energy of formation

Oxidation AGiorm
500,000 of oxide; a per-mole-of-O.

Assumptions : 1000K, molar volume: 105m3/moll, r ~1y, g=1J/m2. c=100MPa

We start with several examples to

illustrate the subjects unique to MSE

(1). Thermodynamically versus Kinetically controlled
processes and phenomena in materials

(2). Kinetic rate equations and driving force(s) in
materials, and the rate equations.

(3). Phase transformation and rate control

« Diffusional vs. Diffusionless(Martensitic) transformation
« Displacive vs. Reconstructive transformations

(4). Thermodynamic legitimate questions in materials

(5). Materials selection for specific needs

Material processing

Thermodynamics and Rate

Surroundings

Process of changg
==

Boundary

AGA: activation free energy barrier.

AG : driving force of transformation
/ from State-A to State-B

stat

Initial Activated Final
state state state

AG
How fast transformed from A to B?  Rate < exp (— RTH Arrhenius rate equation

Material processing

Thermodynamics, Rate and Kinetics

/
e

Surroundings

Kinetics controlled process
AGA: activation free energy barrier.

"""" AG : driving force of transformation
from State-A to State-B

- Metastate B’

| : state B
Initjal Activated Final
state state state




Thermodynamics vs. Kinetics

Example (3): Al-Au Bulk vs Thin Film

Bulk couple Thin film couple
« Annealed at 460C for 100min: m )
All 5 compounds in correct order '™ g D St

« Annealed at 200C for 100min:
AuAl, and AuAl are missing, other present

19

Bulk sample
s o,

Temperature, time

Aual

P TR T TR R TR T ST
ALAU ot swiatean AIAU, o),

« Reaction depends on thickness
.l of each material

Thin film sample « Why are AlAu and Al,Au, not seen?

Kinetics versus Thermodynamics Process

Kinetic control Thermodynamic control

transition state

Transition state

act | st \ /

intermediate

intermediate |

so|  Starting
materials |
PR S |
Kinetic |
product |

Thermodynamic
product

Extent of Reaction
Kinetics Thermodynamics
Describes reaction speed, whether it is at Predicts distribution of chemical species and

equilibrium and what factors effect the speed phases if reactions get to equilibrium (or final
of the reaction state of a system)

Says nothing about speed of reaction, nor
predict what can happen, but predict what
cannot happen.

Tells you if it will get there in a reasonable
amount of time.

Defects and Materials Technology

Several Examples

Close Up View of Strain Engineering

The shrinking MOSFET

Gato

nMOS Epi SD
nMOS CHANNEL

AQ Huaanammm (@)
Y AR )

Gato

N/ I
SiGe epitaxial growth
(a)

«Channel strain can be enhanced by superposing process-induced strains!

o

g

' ] i

’E- 5 s e 5 TN & 3 - - c TENSILE STRAIN

5 | | | -
H Increased electron mobility

el
B0 conrar PSS() PSS(2)

PSS: Process Strained Si through ‘tensile strain

Thermodynamics vs. Kinetics
Example (5): Growth of Metastable phase

GA

KiheNc barrier

—d-AyB

AGrransformation

Imperfecti in Solids

« Properties profoundly influenced by the presence of imperfections.

« Knowledge about the types of imperfections that exist and the roles
they play in affecting the behavior of materials.

Atom Purity and Crystal Perfection
« There are no perfect crystals.

+  Material properties are “improved” by the presence of imperfections
and deliberately modified.

Why do we care about defects?
Examples

Mechanical properties:
« Metal alloys for improving strength.

Electrical properties:
« Control of conductivity and charge carrier mobilities.

Optical properties:
«  Wavelengths of light being absorbed and/or emitted by materials

« To melt materials, we need heat. “Melting is endothermic”.

« To form point defects, we need to remove atoms from solid (i.e. vacancy).
“Breaking bond” is endothermic.

“Melting” and “Vacancy” occurs even it costs energy.
WHY?
You may answer:

At the equilibrium, we must consider the “free-energy” rather than the
“enthalpy”, then minimize the free-energy. The “entropy” changes associated
with the formation of the melting and defect formation can reduce the free energy
of the “system”, since G=H-TS, For constant T

where H is always positive, so G
could become negative at some T.

OK, but HOW? !
é

. N e N
K g + N



MATERIALS WITH
METALLIC BONDING

» What promotes

metallic bonding?

» What properties are inferred from metallic bonding?
« Basis of the electronic structure of metals

UW courses

Background MSE 170 (Callister: Chapter 2, 12, 14)
General Chemistry 100 level
General Physics 100 level

UG course

MSE 351

Grad courses MSE 510, MSE 518

G_j 2s 2p
z=1  H J—
z=» He £l %/ﬂ%
z=3 L 1 ik
z=a  Be ] i} H ’
und’ s law:
z= B ) i} [ E b ) 't
7z C m ] ] O [ ‘ﬁergfhecl""ies owes
i i ) When the electron in
CT] [EL IO [Irin the same energy level
have parallel spins.
1s 2s 3p
1o ] il — =L P}xling’s electronegativity
78 O W) il Py = = = A l | Forming O~ion (S, Se)
Z=9 F ] il o 117 | Forming F-ion (Cl, Br, I)
Z=10 Ne () [l 5 X7
; Forming Na*ion
Zw Nao [ i RN (Li, K, Rb, Cs)
e Mg [ £ EEN
Z=13 Al (] i} o
zu si @ ] )
s @ 15Vs. 25 orbital
VN ¥ Secondary peak near the nucleus:
" * e - e-penetrates fairly deeply in the atom
SN/ from time to time. Similar way that
2 @ N Halley’s comet nips quickly round the
o 7 = part of its orbit close to the sun (but
TN { N\ &4 ) takes 75 years). For 2s electron, it
N \ T ] repeats about 2MM times every nano-
\® ) LT xomul - seconds.

Group-I metals

Half filled in s-orbital
Crystallizes into a BCC structure

8 nuclei as nearest neighbours (CN#=8)
and another second nearest (CN#6)

only 15 % further away.
This is why BCC is taken
Group I vs IT

Li : Be
Na : Mg
K : Ca
Rb : Sr
Cs : Ba

Group-II metals

Filled in s-orbital

Crystallizes into a closed packed (CN#=12)
Next nearest neighbours(CN#=6) occurs
41% further off.

This is why HEX or FCC is taken

Melting Temp (K

452 @ 1550
371 : 924
337 : 1120
312 : 1042
302 : 1000

Group II elements all have higher T,,. More rattle energy is
needed to break their bonds, therefore stronger bonding.

Quantum # Designation
— ea Number of Numberof Electrons 1y — principal (energy level-shell) K, L, M, N, O (1, =
Nombers_Dosaten_Shls__Ste__ersuhel__RrShl_| _ g ysiiary (orbitals) 50, f (01,2, 3y 1)
2 N s 1 2 " m; = magnetic 1,3,5,7 (-1to +1)
C : 3 my = spin Y2, -Y2
" » 3 6 i
‘/ 5 10
s 1 2
4 N » 3 6 2
1 s 10
/ 7 1
« Most elements: Electron configuration is not stable.
Element  Atomic# Electron configuration
Hydrogen 181
Helium (stable)
Lithium 3 15
Beryllium 4
Boron 5 2 |2p
Carbon 6 35| 3p3d|
Neon 10 (stable) 45| 4n4d| 4f
Sodium 11 5| 5p|5d 5f |58
Magnesium 12 63| 6p6d| 6f|6g
Aluminum 13
Argon 18 1s 225 22p 635 23p 6 (stable)
Krypton 36 1s 225 22p 635 23p 63d 1045246 (stable)
IA TIA IITA IVA VA VIAVIIAVIIT TA TIATITA IVA VAVIAVIIAVIIT
[ 1] Boundary between 1 2
H Metals and Non-metals H
3 5§ 3[4 5|
Transition metal elements | CN "15 “l Bl‘; Bu
[IBIVBVBVIBVIIB VI 1B IIBlar|si |p Na |Mg| A1
2|20 2] B 24| 25| 6] 2| 28| 2> 3 Ez] EEEE
Ca|Sc |Ti |V OrMnF!CDNiCI]hGnGeASSE K |Ca|Ga
W @ 41| @ &8 M| 5| a6 47 RS
Sr | Y Z’NbMoTcRnRthMCdlnSnS‘hTe Rb|$ (In

51| 72| m| 74| 35| 16| 71| 78 3]
La Hf [Ta W |Re [Os |Ir |Pt [Au Hg| T
T04| 105] 106| 107] 1C8| 105] 110]

;

-
Easy to give off electrons
(Low ionization potential)

Thermal sxpansion cosfficient at 300K (ustrain’C)

give up 3¢ | o

“jonic” bondin; 2

Pb |Bi

[ 35 36| el
C:IB- b

Atomic Size

ccept 2€]
accept 1e”

a

|

Covalent bonding

Metallic bonding

Easy to get electrons
(High Pauling electronegativity)

Explore how properties change w

h temperature

gty
Bt "

-~ ___areime) | Expansion coefficient and melting point - 7. Siiver (Ag)
N 1000
- £ 3. Aluminun (&)
N s s
Oxygen (0} ~ N 54 Xenon- 135 (Xe-135) S 4. Tungsten (W)
X e
s N Pussmio g (o comoron % &t Ruthonium )
~ o Lt © (X 4. Chi 1)
- i < o
NS et 2 20. Alpha calcium (Ca) s . Gallium (G3)
o« o meam ; -
o — ST e H )
. or () 27, Cobalt (Co)
[ X N 28 e s 25. Manganese (W)
. o 3 26. Alpha ‘oh (Fe) A H
© Tt 1) wmon) g S~
. Vanadium
s ) >,5 ¥, K]
g £
o @) O \wem H 66. Dysprosium (Dy)
2
N F
E Ea T 0 7 i 00 oo
Melting temperature (K) Log scale Electrical resistivity at 300K (nohm.cm)Log scale
= [Expansion coefficient and melting point,
e T Enginesting ol o CERAMICS.
, 5 e O g .
= s ™
’ - - o 2 Vmgon s
5
= < camaen ¢
/ / v S, ™ cabonseet
Zo mm" z | L. Cast iron, gray
e 2 cammaton - @
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o \o\ N 0 5 st
g
i ~ £
() ~.~ z Stanies seel v
Simninte / Titanium alloys

i
Meling point )

" Linear scale

Electical resistivity (uohm.cm) Lo scale



Metallic Bonding (An Intuitive Approach)

® O ®H o oo @' @ Isolated atom
ST008 | 90606 Lo
JORCRCNORO) © 00 o0 A
(cXc¥cXodo] ollollo o/o
energy ﬁ
Consider Al metal Emvis
Al=1s2 252 2p% 3s? 3] 3p K et
3s a
2p
2s En = 2; (% ] o n2
coordinate ‘ 1s W, = g.ﬂn (Iﬂ X)

Atom bonding: Bring two atoms from the distance  n-atoms bonding: Bring many atoms from the distance
Isolated Isolated

atom-1 atom-2 Isolated Isolated Isolated Isolated
atom-1 atom-2 atom-3 atom-n
o—> <=0 a
@ @ [ ] @
E n=2 n=2 ) ) .
n=2 n=2 N=2 eeeeneend n=2
n=1 ) n=1
i " H " E n=1 E| n=1 E n=1 E| n=1
a a a a

Electrons in the Periodic Potential
A Next Level Approach

V=V Y
Valence electrons
(mobile)

V=0 X

core levels
Core electrons
(does not move)
82W(x)

Schrodinger equation
Ix2

+(2—m( E- V(x:)) W(x) =0

1:‘2

A technique to solve this equation using this approximation is called:
Kronig-Penny potential model
« Isolate valence electrons from core electrons

« Simplified potential shape
« Impose the lattice periodicity on the wave function

What does this axis tell you?

k= wave numbers =

wEEE

ud _k_2n 21 21 k=2 I _g-2n
A a py a a
e 2).=2a 3h=2a ni=2a
1+A=2a°sin90° 2-A=2a'singo0  3-A=2a‘singo N-A=2a‘singo
It’s a Bragg condition!
lIJI Illpl ' I IIlpI -

m / u(X)elkX —III(X) wavefunction

n—><—><—-<—c-

Bragg’ s diffraction conditions are
satisfied at each k point.

What do they represent?

wave numbers %

T T T I
2n)(3m).... (Ax
a a

o
INERa

How is the Energy Band Formed in Solid?
An Intuitive Approach
(1) What happen when the wall height becomes finite? (2) What happen if only one wall height become

finjite?
n=3|
n=2|
n=1]|

(3) What happen when two potentials are merged each other?

= ] e e

(4) How about another well added? (5) Keep adding the well one by one--- to many?

0 ok e

(6) How many atoms are lining up in 1D? .
Typical band width~3eV : Energy band formation

separation of each level ~ 5(eV)/107
or ~0.0000005eV << Thermal energy
~kT 0.026eV q

Can not resolve that many levels of energy

V:m Mﬁ ll'

E =contineous
Toward free e- ] ; k2

H a\nmc R

‘molocular o-fonding stato

E, = ‘2hz (n“)2 Toward bound e-

k=/a, 2n/a, 3n/a --- k= any number

Energy
7’52 K2

E-k relation in one-dimension E-k relation in two-dimension

Free electrons Energy
_ h% K2
Energy 2m

k
o +p/a
Bound electrons
Energy
<] K
p/a o  +p/a




(E, k) Relation in Crystal

* [

Reduced Zone Scheme
A convenient way of expressing (E, k) relationship

15
Free elgctrons E
E= ’2hf K2 % S
| m 27"
“ A™M
\ e k<lo> k<1 ﬁn/‘a 0 w/a
\ / X M 1 X
\ . Electron energy diagram
\ // Enerey Erer (in reduced form)
| | . [
-3T/a —fn/aL—rr/a ° n/a LG/a 3n/a o x/a @ N e (A) (8)
R Z5 ] r Reduced zone scheme ," |
3rd’, g st B2 2nd3rd" / - -
Bound}eﬁ‘trons - / |:>
A X opf "
| \ s
)
1 Il l
0 a/a J2n/a 0 w/a J27/a 0
r X M r r X M r

Then, what are the consequences? How many # of sites available for es?
Weak V(x) Strong V(x) ® O loyc) GEEEE Electron moves in x, y and z directions
®' @O & o Uncertainty of momentum in
y x-direction: Ap,~h/a

V(x)=0
Energy Energy , . @ @ @ @ @
6 JORONORCEC) o000 o A
. 2 -direction: Ap,~h/a
w4 @l . . yreirech ¥
24 i 4l /- 2 e-OH &Y Qo O{Q ® x-direction: Ap,~h/a
T I
¢ A, 5 & q o] The uncertainty in the volume will be
) | i
1 | W ﬁ (/ Apx * Apy * Ap, = (h/a)3
0 ala an/a Tavay | P
< . ARRAAD
: g eight
idth
coordinate "
cmfmn Emy 4
B Empty band oHEL LY T 1] v,
ban band
Band gap Ef Band gop Band gop
Emptystetss | AL e} '%:LE. extent of the x” tal is Ax = a 3
Filled states bero Heisenberg' s uncertainty principle : Axe Ap~ h Total # of “events” contained
Metals Semimetals Insulators Semiconductors Uncertainty in momentum Ap ~ h/a in the total momentum space [=]

Significance of the Fermi Energy (1)

Temperature Effect
At T=0K E The Seebeck effect
372 . . . . .
2;=Y ( 2m ) “. JE A temperature gradient along a conductor gives rise to a potential difference
4m\ n? T AT
. > N Yl 7, Euv:E P SLE
\ Hot [ o® 7o 75 & <, % | Cold 12 \E,
\ More energetic| :‘ 2" <o % Less energetic
\ Conductor
\é £ £ S= Seebeck coefficient
Epyy p= EF€¥\
0 1 SE) 0 1 fE
DOS . Voltage, AV B
F(E) F(E) e © .8 .0 9 0|
T=0K + 0 © ¥
] ] Wl e e 8 .o e [
1.0 e e S & "6 B
. 5 T T
Paul Adren Mouri Dirac Application to “thermocouple” Vs = f (S, =S)dT = f SpdT
o o Nobel Prize 1933 (sheared Ty Ty
With Driwin Schrodinger).

E
¥ . e a1 e f
Fermi-Dirac Distribution



Significance of the Fermi Energy (2) [1] Property of Metallic Bonding : T,,

Thermionic Emission

« Bond energy, Eo « Melting Temperature, Tm

Energy Energy Applications
i unstretched length
« Lamp &
Plate or Anode « Electron gun g ller Ty
Vacuum — . > « Vacuum tube smaller Im
Vacuum level v, " “Bond energy” larger Tm
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[2] Property of Bonding: o

Polarization effects on melting temperature
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Chapter-9 Thermal Properties

« Coefficient of thermal expansion, a » How to measure?

Polarized ion pair Polarization sufficient
to form covalent bond
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Temperature dependence of Elastic Modulus
Chapter-6 Mechanical Properties Elastic modulus of solid (increases, remains,  unchanged),

[3] Property of Bonding: E

« Elastic modulus, Ecross Elastic modulus when temperature raises.
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AN ATOMIC VIEW OF MATERIALS

« How do atoms assemble into solid structures?

« How does the density of a material depend on its structure?

« When do material properties vary with the sample (i.e., part) orientation?

« The properties of some materials are directly related to their crystal structure:

- Significant property differences exist between crystalline and noncrystalline
materials having the same composition.

Back ground  MSE 170 (Callister: Chapters 3, 12, 14)
UG course MSE 331 (Crystallography and XRD)
Grad courses MSE 510

MSE 518

Metallic Crystal Structures

(1) Tend to be densely packed.

(2) Reasons for dense packing:
- Typically, only one element is present, so all atomic radii are the same.
Metallic bonding is not directional.
Nearest neighbor distances tend to be small in order to lower bond energy.
- The “electron cloud” shields cores from each other

(3) Metals have the simplest crystal structures.

sC BCC FCC HCP \

CN#=6

8x1/8 +6x1/2

8 8 8x1/8+1
x1/ / =4 atoms/unit cell

=1 atoms/unit cell =2 atoms/unit cell

ex: Po(only known) ex: Cr, W, Fe (o), Ta, M ex: Al, Cu, Au, Pb, Ni, Pt, Ag ex: Mg, Ti, Zr, Hf, Zn

CLASSES

Graphite/ .
. Metals/ . C tes/
Pmetals Pceramics= Ppolymers ' Ceramics/ Polymers ~OTPOS!teS
Alloys N fibers
Semicond
Why? 30
y — Based on data in Table B1, Callister
20— e e mn *GFRE, CFRE, & AFRE are Glass,
Metals hav.e... o?;rl‘(:éxjvm Carbon, & Aramid Fiber-Reinforced
. Close—packlng Epoxy composites (values based on
(metallic bonding) y 60% volume fraction of aligned fibers|
« large atomic mass 10 — *Silver, Mo in an epoxy matrix).
—~
o —1°Tin, Zinc ST
Ceramics have... € s reoma
« less dense packing O a—{°TENm p oxide
(covalent bonding) a 3— *E#?.’.’:‘ﬁ&‘é
« often lighter elements < Aluminum 3 lass-soda oGlass fibers
Q 2 ilicon *PTFE .8FR;)E« -
©Magnesium «Graphite g&ar Eqn ibers
Polymeri'have... o8 l§one $Acamid fibers
) p?OfrtpElC hor hous) 1 EEDPE
) often amorphous — Hp! LD;E
« lighter elements (C,H,0) —
. 0.5— e,
Composites have... 0.4—] $Wood
« intermediate values 03—

Energy and Packing: Order vs. Dis

* Non dense, random packing « No periodic packing
-complex structures

AEnergy -rapid cooling
-amorphous
typical peighbor bond length
noncrystalline SiO2
typical neighbor—p»
bond energy o si
@ Oxygen
» Dense, ordered packing + Pack in periodic, 3D arrays
AEnergy « typical of:
-metals
-many ceramics
typicgl neighbor bond length  -some polymers
r
typical neighbor—b- crystalline SiO2

bond energy

Dense, ordered packed structures tend to have lower energies.

ATOMIC PACKING FACTORS

BCC and FCC

lose-packed directions:
length = 4R:Eg a

# atoms in the unit cell
1+ 8x1/8=2 atoms/unit cell

atoms
volume
unit cell 2 ';:" p (3a/93 ~— atom
APF =
a3 volume
unit cell

» APF(BCC)= 0.68 (68%)

“Octahedral” voids in BCC

Close-packed directions:
length = 4R
=J§ a
Unit cell contains:
6x1/2+8x1/8
=4 atoms/unit cell

atoms olume

atoms_ 4 v
unitcell ™4 = ([2a/4)3 +——
APF =

a3 volume
unit cell

« APF(FCC)=0.74 (74%)

“Octahedral” voids in FCC
07 230"

v
6 octahedral voids
in face center

12 octahedral voids
in edge center
« You see 12+6=18 octahedral sites.
Edge center Y4 share = 12x(1/4)=3
Face center 2 share = 6 x(1/2)=3
« S0, total of 6 octahedral voids (sites) per BCC cell
« Octahedral voids in BCC are asymmetric
« Each has a short parallel cube edge

“Tetrahedral” voids in BCC

« There are four tetrahedral sites on each of the six BCC cell faces

+ You see total 4 x 6 =24 tetrahedral voids

« Each face /2 shared, so 24 x (1/2)=12 tetrahedral voids (sites) per cell

« Tetrahedral voids in BCC are asymmetric

12 octahedral voids
in edge center

1 octahedral voids
in the center

* You see 1+12=13 octahedral sites.
Center =1
Edge center ¥4 share = 12 x(1/4)=3
« So, total of 1+3=4 octahedral voids (sites) per FCC cell
» Center octahedral void in FCC is symmetric
« Edge center octahedral voids are asymmetric

“Tetrahedral” voids in FCC
@,
1 -l

« Located at {1/4,1/4,1/4} - center of cell octet
« There are 8 tetrahedral voids per FCC cell
« All are symmetric
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