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Course Organization

Lectures
» 12 Chapters, one chapter per week
» 13h15-15h on Friday
» The last lecture is on Dec. 13t
» No Lectures or exercises on Oct. 18" and 25t

Exercises
» Not mandatory but is recommended
» 15h15-17h on Friday- no lecture; the last exercise session is on Dec. 20t

» There will be 3 Electron Microscopy demonstrations/tours
(Today-September 22", November 1*tand the 29')

» First part — review and questions on lectures and solutions of previous week’s exercises
» Second part —is a discussion and questions on the current week’s exercise

» Schedule

» Course text and slides

» Additional reference materials for future studies and background information
» Exercises and solutions

» Group Communication- periodic emails and question forum
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Course Exam Information and Format

They will be individual Oral exams and a 5-10max page report on an article chosen for your exam

Report due on the day of oral exam (TBA)

Oral exams are in-person. Schedule: January, exact date TBA

30mins: 15-minute presentation and 15-minute questions on this article and other questions on the cours
You can choose the articles, or | can suggest one for you.

Articles must be submitted to me by Dec. 20t (last day of exercises)

The articles must be related to course content science ADVANCES | RESEARCH ARTICLE
The presentation should focus on applying MATERIALS S ClENCE

course theory to article data and Direct observation of individual dislocation interaction
interpretation, i.e. your slides should discuss  processes with grain boundaries

[ ] ’ .
the article’s content in the context of the Shun Kondo,"? Tasuku Mitsuma,’ Naoya Shibata,’ Yuichi Ikuhara’**>*
course mate r|a IS_ In deformation processes, the presence of grain boundaries has a crucial influence on dislocation behavior;
these boundaries drastically change the mechanical properties of polycrystalline materials. It has been
1 1 considered that grain boundaries act as effective barriers for dislocation glide, but the origin of this barrier-like
You can brl ng nOteS' The €Xxam s an Open behavior has been a matter of conjecture for many years. We directly observe how the motion of individual
bOOk dislocations is impeded at well-defined high-angle and low-angle grain boundaries in SrTiOs, via in situ nano-

indentation experiments inside a transmission electron microscope. Our in situ observations show that both the
high-angle and low-angle grain boundaries impede dislocation glide across them and that the impediment of

My exam q u eStiO NS are Stl I I N Ot h d CkEd by dislocation glide does not simply originate from the geometric effects; it arises as a result of the local structural
stabilization effects at grain boundary cores as well, especially for low-angle grain boundaries. The present
ChatG Pt findings indicate that simultaneous consideration of both the geometric effects and the stabilization effects

is necessary to quantitatively understand the dislocation impediment processes at grain boundaries.
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Historical Influence of Materials

Stone age

Chalcolithic
(copper) age
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Materials and Civilisations
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Bronze age

lron age
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Weaponary and Warfare

modern
Y15A

The Figiel blade purchased in Rajasthan India. +  Homogeneous structure

40 pm METAM PB-21-2

(b)
Writings found in Asia Minor said that to temper Damascus sword,

the blade must be heated until it glows "like the sun rising in the
desert. " It then should be cooled to the color of royal purple and

plunged "into the body of a muscular slave" so that his strength
would be transferred to the sword

thomas.lagrange@epfl.ch e www.epfl.che lumes.epfl.che moodle.epfl.che PHYS-307



Metals and 20™"-century science

dislocations

1956, JP Hirsch §
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COMMENTARY

The SCIenCe Of dm: Nature Materials(2002)

ROBERT W, CAHN 5.3t 9 bepartment of Materiats Sciorcs & Metalkingy, University of Cambrickgs, Pembroks Stroed, Cantbridgs CE2 302, UK.
sl e | 2P ac il

Economics is often called the dismal science, but to many
outsiders materials research is still the dirty science.
Robert Cahn explains why materials scientists should be
proud of their history.

racing theroots of materials soence is, much
as for any other dusciphne, an undertaking
fraught with pitfalls, Those who rescarch the
originsof scientific disaplines areinclined to
search for the foursders” of those dusiplines,
Mewton asthe fether of phvacs savor Lvorsser asthe
father of chemistry. Despite this tendency, in reality all
disciplines have mvultipls foanders it 3 just a question
o which aspectiof a disciphine are judged 10 be the most
central. The histonan of 'materials soience’ need only
kook back tothe lute 19505, when the borm first entensd
o COmon uiage, bo encounter Morris Fine of
Morthwestern University, Chicago, who fought sucoess-
fully to mtroduce the concept into thw universty
teaching there in 1958
Ini LIS pmadepstry, a2 about the same Tame,
hvpetactive nedearch manasger for Gaeneral Electric
Corporate Research Centor i Mow York Seate —
Herbwert Hollommon —— ongatred abwillianthy i ool
research group based on the broad concept of materials
science. In 1958, Hollomon wrote: “Out of metallurgy,
b plvwsses, comed minteriaks schence” Hewas not alone.
Wil Baler of Bell Laboratonies i Murray Hifl,
Mew lersey, another early protagennt of mterub
sorene, liad leamnt avaluable lesson from the
developmentof the transistor at the mstitutea decade
carkor-—without the cose coliaboration of phiviacsis,
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Quantum materials

Defects in 2-D

materials
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Additive Manufacturing (3-D printing)

Micro Level

6.0KV  X9,000 WD212mm  1um
T/

SED 20.0kVWD11mm HV  x130 100pum  —
TU Delft

10
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Materials by Design

Create Useful
Materials

natuge”
malterials

Compare with Theory

ders\a“d\

Theoretical correlations between defects
(Dislocations) and mechanical behavior

11
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Course Outline

1. Atomic bonds and crystals
lonic bond. Van der Waals bond. The diatomic molecule: covalent bond. Metal
bond. Characterizing bonds with Electron Energy Loss Spectroscopy (EELS)

2. Refresher on crystallography
Periodic lattice, crystalline structures, coordination number

3. Theory of elasticity
Phenomenology, the thermodynamic basis of elasticity, generalized Hooke’s law

4. Defects in crystals
Point, linear, bi and tri-dimensional, amorphous and quasicrystals, fractal
defects, concentration of vacancies

5. Diffusion
Fick’s laws, Einstein equation, Boltzman-Matano couple, Kirkendall effect

6. Dislocations’ model
Introduction, Burgers vector, Orowan equation, and EM characterization of
dislocations

12
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Course Outline

7. Elastic theory of dislocations
Stress field, energy of a dislocation, force between dislocations, line
tension, Frank-Reed sources

8. Kinetics of dislocations
Interaction of dislocations with: lattice, dislocations, other defects

9. Movement of dislocations activated thermally
Activation energy, measurements of activation parameters

10. Electron Microscopy techniques for characterizing dislocations
and their dynamics

Contrast theory, methods for determining dislocation type, in-situ
observation of dynamics

11. Transformations of phases I: solidification
Thermodynamics of solidification, phase diagrams

12. Transformations of phases Il: solid-solid
Nucleation, precipitation, martensitic transformations

13
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Physics of Materials

=PFL

Dr. Thomas LaGrange

Chapter 1: Atomic bonding

‘ Masters Course PHYS-307

Fall 2024
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Families of materials

(1111 1
1 il 1 L

edi

n Rajasthan India.

Composites

Diamond

15
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Atomic bond

(H+H,)) - yv=(E,+AE) -y

Perturbation

17
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lonic bond

Lanthanides:
Actinides:

Electronegativity

18
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lonic bond

ionization potential (eV) electron affinity (eV) 1
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() rare gas
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lonic bond

9

2
q
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2k Reoulsi
1k €pulision energy o
ol (2.4-104)exp(_i) v p compressibility constant
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aF el .
_ sl €, permittivity
50 e . di ' i - i
3 R T T S S S T distance between ions1 - j
T vy z atomic number
L e N/~ Fnersie de Coulomb R average radial spacing of ions
Energy (per molecule) of the KCl ~10F Coulgél;b Snetsy A is constant
crystal, showing the Madelung =12} (T) eV
and repulsion contributions _14L

Z/’Lexp((—;;.j) / p)=Azexp(—R/ p) Repulsion term
j

Coulombic term

1 o :
Yt—=— o is the Madelung constant
;o R
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lonic bond

9
...... @G@@@@@e

2
U, = [zle'”‘" _ X ] N bonds
47e, R
i(;i =0 g Ro Equilibrium ion spacing
2
E =U  =-— Nag _ﬂ £z0.1 For solids
c tot 47[80R0 Ro Ro

E_=coulombic energy
Egp =E.+E +E, E,= ionization energy
E ,= electron affinity
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Van der Waals interaction

Electron dipole interactions

X
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Van der Waals interaction

Example of Van der Waals

bonds: H0
g .—) r Q ? “/\ r O g I@}ﬁﬂ)lﬁ)oks%ole Publishing / Thomson
Force ——p

© 2003 Brooks/Cole Publishing / Thomson

Learning™
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Covalent bond

0,6 I r

Antlbondlng (A), asymmetric
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Why do covalently bonded compounds tend to have
low densities?

(f)

hydrogen

carbon dioxide

hexane gasoline

= Atomic packing is low due to
directional bonding

= Unit cell dimensions are larger
= Thus, densities tend to be lower

Molecule Bond Type Molecular Shape Molecular Type
o+ o+
5- &+
Water Polar
Polar Covalent i
Bent
Methane o m -.0 Non-Polar
NMon-Polar Covalent
Tetrahedral
'ﬁ" — 'ﬁ'+ —_— —_—
Carbon o o o e o Non-Polar
Dioxide
Polar Covalent Linear

25
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Covalent bond

Energy ——

Value of n Value of | Values of m, Subshell Number of Number of
Orbitals Electrons
1 0 0 1s 1 2
5 0 0 2s 1 2
1 -1,0,+1 2p 3 6
0 0 3s 1 2
3 1 -1,0,+1 3p 3 6
2 -2,-1,0,+1,+2 3d 5 10
0 0 4s 1 2
A 1 -1,0,+1 4p 3 6
2 -2,-1,0,+1,+2 4d 5 10
3 -3,-2,-1,0,+1,+2,+3 af 7 14
l l l !
fi d—- < b4
f—d—2P—
T, S e
S N
d—P py
d—p— -l
X e

I | l l | l

2 3 4 5 6 7

Principal quantum number, n —

(b)
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Covalent bond : sp hybridization

r t acetylene

AZ
|

¥ L Y7
e \ . _ ¢
—_ —_— —E O _j: x
7 S 1D
1 + B
'|

E
b
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Covalent bond: sp2 hybridization

ethylene

28



Covalent bond: sp2 hybridization Graphite

29
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Covalent bond: examples

Carbon nanotube

sp?

Bucky balls

30
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Covalent bond: sp3 hybridization

'+_ '+— 2p
%‘7 2s
'H' ls

promotion
of election

A
I
Energy + 2s
5

e | Methane




examples

Covalent bond

Poly-ethylene

sp3

™
Q
)
O
-
o
&
0
O
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Electron Energy Loss Spectroscopy (EELS)

Counts

Low loss spectrum: plasmon

| Low-loss relgion High-lolss region and Interband tranSItlonS
R - < » Optical properties
Zero-loss ! ! ' ! ! ! ! ! ! ! ! .
) N cdge fine structure: | » Band gap (semiconductors
Information_ ELNES EXELFS o Flemental » Angular resolved: plasmon
Thickness B Bondi Coordinati C iti ] . .
: T teratomic dist T dispersions
| v Oxygen K-edge _ » <leV: phonons —
i 5 | Inner shell elecrons Niokel L-edge | ] vibrational spectroscopy
O ) inner shell electrons
i Phonons | Hi h L .
| gh Loss spectrum:
] Background d\""\ ] » Chemical composition
=Y » Electronic structure (DOS)
L 450 500 550 600 650 700 750 800 850 900 950 1000 > Magnetic properties- angle
Plasmon peak
) L—Jter s!'lell electrons reSOIVEd core |OSS
0 50 100 150 200 250 300 350 400 > Nearest neighbor bonding

Energy loss [eV] correlations
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Electron Energy Loss Spectroscopy (EELS)

ETmoccupied DOS

TEnergy
ZLP

Fermi
Energy

e YEnergy loss

Core electron transitions from a localized core state to an unoccupied
state. An onset energy Is needed to reach the Fermi level, and
transitions above the onset energy are possible.

34
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Electron Energy Loss Spectroscopy (EELS)

Parallel illumination (TEM)
200 KeV electrons

Parallel
iHlumination TEM

M u« disperses the electrons
J‘ according to their energy

Sample

Magnetic I
Priem &'ﬂg
l
— Spectrometer

_ E
electron optics

The post-column electron
spectrometer in the TEM

Spectra captured on
CMOS/CCD detector
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Covalent bond: EELS

(a) o*
Graphite sp?
a.u. o} 2]
1 7 bonds
3 o bonds

energ;'-lnss |e\1

270 280 290 300 310 320 330

(b) 0%

Diamond sp?3

da.u.

No i bonds
4 ¢ bonds

Energ;-lﬂss leV]
1 | | I I

270 280 290 300 310 320 330

Electron Energy Loss Spectroscopy can measure the bond energy
and ratios of T and ¢ bonds on ionization edges
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EELS of twisted graphene bilayers

Low loss

Valence loss

E_peak
observed in
twisted bilayer

Counts {arb, unit)
— m
(

J e BLG|
Ll Foaag

i a i 2 i = i . i . §
2 3 b b i T

A ,-_;'-_ .::;ﬂ:‘-._"; ‘ En'rgr e I:'U'
o ___Highloss
o Carbon K-edge 27
ADF detector _ 2x the counts
2 , Nﬁ_ observed in
I the bilayer as
8| i k_#_,f = expected
AN
' !
284 ZF86 288 Z2BD 282 284 2896
Endrgy boss e\

Only Low loss Spectrum shows difference between single layer
graphene (SLG) and 9.8 degree twisted bilayer graphene
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Exercise: DEMO on EELS Today!
Chemistry Building CH HO 604
2 groups of 6-7 people

38
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Metallic bonds

Metal bands Energy
E -
Unfilled ./ Conduction _
bands o~ band
Er i - Large energy
---------- [ - 5
I"-q_ Vale .
Filled ot Fermi level Small gap, 1-5eV
bands

Insulators semiconductors metals

Metals have incomplete bands

39

thomas.lagrange@epfl.ch e www.epfl.che lumes.epfl.che moodle.epfl.che PHYS-307



Metallic bond

» Metal bonds have available states = =

(incomplete valance band) with

wave vector k. w .

» The momentum of the electrons can "
be changed. it

Electron cloud that
doesn’t belong to
any one metal ion

» Electrons in metal bonds have a net i =
velocity component along the 3

electric field directions, i.e., why 2t
metals are good conductors.

fand Sens, Ine. All rights reserved,

Bloch wave functions

Boundary conditions -
the size of the crystal

v, (x+L)=y, (x)

w(x)= ZC(k)e”""" Fourier decomposition
k




Wave equation in a periodic potential

Ux)=U(x+a) U(x) is real

Fourier (periodic potential) ~ U@®) =D Uge™  U@)= 3 Ug(e™ +e"*)=22 Ug;cos Gx
G

1 1 .
(Hy+H,)) - w=(E,+AE)-y [%pz +U(x))l//(x)= [%pz +2UGe‘Gx]l//(x)= Ey(x)

Fourier (wave function)  y(x)=) C(k)e®
k Time-independent
Schrodinger equation

L 1 1( .. dY nt dy R ;-
Kinetic energy %pzvf(xh%[—lha] y)=-— dxy; = 2m§k2C(k)e'“

POtentiaI energy [EUGeti]w(x) — XEUGetiC(k)eikx
G G &
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Central equation

Eigenvalue Solution to

A —E)C(k)+ ) U C(k—G)=0 C(k)?
Schrédinger’s equation (4, = E)C(k) ; C( ) (k)

Lets suppose U,=U,=Uand U, ,=0 n>1

U(x)=Ue™ +Ue™ = 2U cos(kx)

A.—E U 0 0 0
u AN _.-E U 0 0
lk=h2k2/2m 0 u MNM-E U 0 =0
0 0 Uu A..,-E U
0 0 0 u A_,.—E

too1r o1 11

C(k-2G) C(k—G) Ck) Ck+G) Clk+2G)
solutions

E(k)
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Chemical bonds and materials

Covalent
Bonding Polymers
{Covalent)

Semiconductors

Covalent-

Metallic Ceramics

Sermi-metals
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