2019 Fall

Introduction to Materials Science and Engineering

10.08.2019

Eun Soo Park

Office: 33-313

Telephone: 880-7221

Email: espark@snu.ac.kr
Office hours: by appointment



Contents for previous class

CHAPTER 4 & 5 The Structure of Crystalline Solids

« Common metallic crystal structures are FCC, BCC, and
HCP. Coordination number and atomic packing factor
are the same for both FCC and HCP crystal structures.

 Interatomic bonding in ceramics is ionic and/or covalent.

« Ceramic crystal structures are based on:
-- maintaining charge neutrality
-- cation-anion radii ratios.

« Some materials can have more than one crystal structure.
This is referred to as polymorphism (or allotropy).

* Polymer (= many mer) is a substance composed of molecules
characterized by the multiple repetition of one or more species of
atoms or groups of atoms (constitutional repeating units) linked to
each other in amounts sufficient to provide a set of properties. Most
polymers are hydrocarbons — i.e., made up of H and C.

» X-ray diffraction is used for crystal structure and interplanar
spacing determinations. 2




Chapter 4.6
Coordination Number and lonic Radii

I'cation

Fanion

To form a stable structure, how many anions can
surround around a cation?

 Coordination Number increases with

- s

Fcation  Coord. &
F'anion  Number

<0.155 2 linear

ZnS
(zinc blende)

Adapted from Fig. 4.7,
Callister & Rethwisch 9e.

NaCl
(sodium

chloride)
Adapted from Fig. 4.5,

Callister & Rethwisch 9e.

CsCl
(cesium

chloride)
Adapted from Fig. 4.6,
Callister & Rethwisch 9e.

0.155-0.225 3 triangular

0.225-0.414 4 tetrahedral

0.414 - 0.732 6 octahedral

0.732-1.0 8 cubic

Adapted from Table 4.3,

Callister & Rethwisch 9e. 3



Chapter 5: Structures of Polymers
What is a Polymer?

Polymer (= many mer) : a substance composed of molecules
characterized by the multiple repetition of one or more species of atoms
or groups of atoms (constitutional repeating units) linked to each other in
amounts sufficient to provide a set of properties that do not vary markedly
with the addition of one or a few of the constitutional repeating units

Poly mer
many repeat unit
repeat repeat repeat
unit unit unit
H H HH{H H HHEHHHH H H HUHH H

C-C-C-C-C-C-  C-C-G-C-C-C:  -C—C—C—C—C—C-

HHHHHH HCIHGIHC H CHJH CHsH CH,
Polyethylene (PE) Poly(vinyl chloride) (PVC) Polypropylene (PP)

Adapted from Fig. 5.2, Callister & Rethwisch Ye. 4



Chapter 4.18

X-Ray Diffraction

Electromagnetic Spectrum

1Hz 1kHz 1MHz Frequency (Hz)

1.0 102 108 10° 1012 10" 108 107 10
N R

I b ]
In#rared Ultraviolet

: FM,TV
Long Radio Waves Microwaves Visible Light Gamma Rays
AM " Short Radio Waves X-Rays

10° 108 10° 1.0 10° 10°% 10 1012 1018
1 km 1 m T um 1 nm

Wavelength, .. (m)

 Diffraction gratings must have spacings comparable to the
wavelength of diffracted radiation.

« Can't resolve spacings < A
« Spacing is the distance between parallel planes of atoms.



X-Rays to Determine Crystal Structure

* Incoming X-rays diffract from Cryst%l planes.

%
< o
% "0 No-
+ |
s D, + reflections must
%, ¢V bein phase for
a detectable signal
extra /A
distance Adapted from Fig. 4.29,
iravelled 6 Callister & Rethwisch 9e.
by wave “2* . o — spacing
\ . d between
@- —@ planes
Measurement of X-ray A A
critical angle, 6, intensity SCTTY:
allows computation of grf[’mt C
planar spacing, d. etector)
, 6




Diffraction geometry: Bragg’s Law

plane normal ¥ la’, 2a’

ML+LN = 2*MN=2*d*sing =4

A =2dsind,




Structure Determination (X-Ray)

Diffraction does not Diffraction
Crystal structure occur when occurs when
Body-centered cubic (bcc) h + k + ! = odd number h + k + 1 = even number
Face-centered cubic (fcc) h, k, l mixed (i.e., both even and h, k, l unmixed (i.e., are all even
odd numbers) numbers or all odd numbers)

Hexagonal close packed (hcp) (h 4+ 2k) = 3n,1 odd (n is an integer) All other cases

diffraction line h?+k?+1? (cubic)
SC bcc fce
100 | . B
110 5 5 2dsin@ = A
111 3 3 q a
200 4 4 4 —
210 5 \/ h2 + k2 + |2
211 6 6 (interplanar spacing)
220 8 8 8
221 9



Contents for today'’s class

Chapter 6: Imperfections in Solids
I. Point defects

- Point defects in metals/ceramics/polymers, impurities in solids
I1. Dislocations-Linear defects

- Edge/ Screw/ Mix dislocation

II1. Interfacial defects
- External surfaces/ Grain boundaries/ Phase boundaries
(stacking fault)/ Twin boundaries/ domain boundaries

IV. Bulk or Volume defects
- pores/ cracks/ foreign inclusions, and other phases

V. Microscopic Examination

- Basic concepts of microscopy

- Microscopic techniques : Optical microscopy (Grain-size determination)
/ Electron microscopy/ Scanning probe microscopy 9



Chapter 6: Imperfections in Solids

Perfect and extensive ordering does not exist.

Crystalline imperfections have a profound effect on
materials behavior

If we can control imperfections, it is possible to
produce

— stronger metals and alloys
— more powerful magnets
— improved transistors and solar cells

— glassware of striking colors

10



Types of Imperfections

Vacancy atoms
O-dimensional Point defects Interstitial atoms
Substitutional atoms

1-dimensional Line defects Dislocations

Surface
Grain boundary
Stacklng fault

Planar (Area)

2-dimensional defects




|. Point Defects

* \What is a point defect?

12



Point Defects in Metals

* \/acancies:
-vacant atomic sites in a structure.

A NI NINA NN

DR AN f ¢ Vacancy

distortion .1 I.K' £.I. B

of planes
Q
o Self-Interstitials:
-"extra" atoms positioned between atomic sites.
N X self-

f *.N *’ ~’ Interstitial

distortion @M _’( = "‘ = S *
of planes ~ Q ') .¢ .¢ *
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Point defect thermodynamically predictable!

Thermodynamic arguments not only suggest
that point defects may be present, but actually
demand their presence and imply that it 1s
impossible to create a stable single crystal
without point defects.

Cpuilibricun donc. of Uacaney

Es = Frcruntion everypy of @R Ut
Pui‘jkh # of aloug ' t

M = #H o-f Vactameieg

_ _ (Ntw) !
S=4 b =4 L. yiey
F: AH-TAS
)/
S g - AT

MSI""J Sﬁv!r‘ma-'s 'ﬁf-w\m.ga ,émfvg = N-\QV\A/"/\/
V' - . E]c —AT[ (NEw) Lo (Nt) ~ N DN - n b Wj
At ed,wxl. g‘%:’U = E:]L-,ﬁr;;[cﬂh)g,mm) —Nﬁu-uﬁj
Ef = AT 2 [N Cur) ndntslt) -NLA -7 ]
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ok

o njAl= 59 9

1.5.8. Equilibrium Vacancy Concentration AG =AH —TAS

G of the alloy will depend on the concentration of vacancies and Xf, will be
that which gives the minimum free energy.

a) g

1) Vacancies increase the internal energy of crystalline metal
due to broken bonds formation. (Here, vacancy-vacancy interactions are ignored.)

AH = AH, X,

2) Vacancies increase entropy because they change

Small change due to changes in the vibrational frequencies “Largest contribution”

 Total entropy change is thus

m) \With this information,
estimate the equilibrium vacancy concentration. 15



Equilibrium concentration X§ will be that which gives the minimum free energy.

at equilibrium (de 0
X, =X

dX,

AH, - TAS, +RTIn XS =0

A constant ~3, independent of T

RS ~AH
X? =iex Viex v
VPP TR IPTRT
putting AG,, = AH,, — TAS,,
.............................. T
X, =ex v
v =S

* In practice, AH, is of the order
of 1 eV per atom and X,°
reaches a value of about 10-4~10-3
at the melting point of the solid

Rapidly increases with ing

A

AHy Xy,

reasing T

~TAS=RT In Xy

Fig. 1.37 Equilibrium vacancy concentration.

: adjust so as to reduce G to a minimum

16




Equilibrium Concentration: Point Defects

 Equilibrium concentration varies with temperature!

No. of defects Activation ener
No. of potential Ny = exp =V
O P —> N k
defect sites v

Boltzmann's constant
33333333 (1:38 x 107 JatomK)
QOO (8.62 x 10°° eViatom-K)
Each lattice site

IS a potential
vacancy site

17



Measuring Activation Energy

« We can get Q, from N, - Wy
an experiment N - SXp
: N K
 Measure this... * Replot it...
Ny A N, 4 slope
N In W
exponential
dependence!
> >
1/

defect concentration

18



Estimating Vacancy Concentration

« Find the equil. # of vacancies in 1 m3 of Cu at 1000°C.
« Given:
p=84glcm3 A, =63.5g/mol

Q, =0.9 eV/atom Np =6.02 x 102 atoms/mol
4 0.9 eV/atom

Nv — - Qv
—- = exp =2.7x10%
N { K
'\ N\8.62 x 10 eV/atom-K
Fori1m3, N=p x —A_ x1m3=8.0 x 10?8 sites
ACu
 Answer:

Ny =(2.7 x 104)(8.0 x 1028) sites = 2.2 x 10%° vacancies

T of Cu= 1085 °C 25°C 2] N, =4.9 x 103 vacancies 19



Observing Equilibrium Vacancy Concentration

* Low energy electron
microscope view of a (110)
surface of NiAl

* Increasing T causes surface
island of atoms to grow

« Why? The equil. vacancy conc.
iIncreases via atom motion
from the crystal to the surface,
where they join the island

Island grows/shrinks to maintain
equil. vancancy conc. in the bulk.

.A.A.A.A.A.A.A.A.A.A.A.A.A.
c .'.'.'.'.'.'.'.'.'.'.'.V.'.V. ’
& O O O O . . V.. A DDA DD

20




Imperfections in Metals (i)
Two outcomes if impurity (B) added to host (A):

« Solid solution of B in A (i.e., random dist. of point defects)

o
900000

00000 90000
0080000

0000 DOE
Substitutional solid soln. Interstitial solid soln.

(e.g., Cuin Ni) (e.g., CinFe)

« Solid solution of B in A plus particles of a new
phase (usually for a larger amount of B) _ Precipitation!

Second phase particle
2e -- different composition
g -- often different structure.

21



Solubility

« Unlimited Solubility

— Hume Rothery’ Conditions

« Similar Size

« Same Crystal Structure
« Same Valance

 Similar Electronegativity

— Implies single phase

« Limited Solubility
— Implies multiple phases

« No Solubility

- oil and water region

Temperature

T, b

.

Alcohol

Liquid solution

Mixing on the

% O Dy
A . molecular scale

System
composition

Composition

Alliquid (Lgysiem)

Crystallites of SS,
in matrix of L,

Polycrystalhine solid
( SS\\\IL‘IH )

22



Hume-Rothery Rules for Mixing

Empirical rules for substitutional solid-solution formation were identified
from experiment that are not exact, but give an expectation of formation.
Briefly,

1) Atomic Size Factor The 15% Rule
If "size difference” of elements are greater than +15%, the lattice distortions
(i.e. local lattice strain) are too big and solid-solution will not be favored.

DR%= lsolute ~Tsolvent y 1000, < +15% will not disallow formation.

Tsolvent

2) Crystal Structure Like elemental crystal structures are better
For appreciable solubility, the crystal structure for metals must be the same.

3) Electronegativity AE ~ 0 favors solid-solution.
The more electropositive one element and the more electronegative the other,
then "intermetallic compounds™ (order alloys) are more likely.

4) Valences Higher in lower alright. Lower in higher, it’s a fight.
A metal will dissolve another metal of higher valency more than one of lower
valency.

23



Hume-Rothery Empirical Rules in Action
Is solid-solution favorable, or not?
e Cu-Ni Alloys

Rule 1: ro, = 0.128 nm and r,= 0.125 nm.
I I

solute

DR%= rsowe:towem x100%  =2.3% favorable
Rule 2: Ni and Cu have the FCC crystal structure. favorable
Rule 3: E., = 1.90 and E,;= 1.80. Thus, AE%= -5.2% favorable
Rule 4: Valency of Ni and Cu are both +2. favorable

Expect Ni and Cu forms S.S. over wide composition range.

At high T, it does (helpful processing info), but actually phase
separates at low T due to energetics (quantum mechanics).

24



Hume-Rothery Empirical Rules in Action

Is solid-solution favorable, or not?
e Cu-Ag Alloys

Rule 1: rg, =0.128 nm and r,,= 0.144 nm.
I I

DR%= SOIUt;S;ve:tOIVem x100% = 9.4% favorable
Rule 2: Ag and Cu have the FCC crystal structure. favorable
Rule 3: E;, =1.90 and Ey= 1.80. Thus, DE%= -5.2% favorable
Rule 4: Valency of Cu is +2 and Ag is +1. NOT favorable

Expect Ag and Cu have limited solubility.

In fact, the Cu-Ag phase diagram (T vs. ¢) shows that a solubility of
only 18% Ag can be achieved at high T in the Cu-rich alloys.

25



Cu-Ni Alloys Cu-Ag Alloys

[Cu] / % k.B.

100 80 60 40 20 0 1200 1 . !
1600 ' ' : : | | |
1455°C °c f l .
1200- - |
o : 800 ——N\*%
\IOOO-WSSC L N 00 7 .
|
800 - S (Cu,Ni) - © sool
600 - | a+Ey CEusp
400 - a, 67.3% 355¢ Q2 | =
a0y | |
200 T T T : : T 200 5 |
0 20 40 60 80 100 0 20 40 60 80 At.°/, 100
[Ni] / % x.B. Ag Konzentration Cu
complete solid solution limited solid solution
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Alloying: atoms mixed on a lattice = solid solution and ordered compound

Solid Solution vs. Intermetallic Compound

Crystal structure

ruthenium £Hl5 83 ; , 27



Solid Solution vs. Intermetallic Compounds

Temperature, °C

Ru, wt.%
0 10 20 30 40 50 70 100
2400 p A 3 o R
..--]2334°C
22004 Liquid
18004 70 / \?9
1769.0°C l
1600+
(Pt) (Ru)
/
12007 J
1000 P — - T— 8,
0 10 20 30 40 50 60 70 80 90 100
Ru, at.%

Pt, :Ru,: — Pt structure (fcc)

Temperature (L)

900
1700
1500

1300

]
T

Z00-

1004

200
700

500

Liguid

915

17649

Jag

S60

Atormic Percent Pt

PbPt — NiAS structure

Assumption: a simple physical model for “binary solid solutions”

: in order to introduce some of the basic concepts of the thermodynamics of alloys

28



Composition
» Definition: Amount of impurity (B) and host (A) in the system

» Two descriptions:

> Weight % > Atom %
__mass of B C'R = # atoms of B 100
Cg = total mass. 100 total # atoms
> Conversion between wt % and at% in an A-B alloy:
C'BA Cp/A
cg= 2B 4400 cg=—0 B
C'AAA + C'BAB CA/AA + Cp/AB

> Basis for conversion: atomic weight of B
mass of B = moles of B x A‘B/atomic weight of A

mass of A =moles of A x AA



Particles of New Phase in Solid-Solution Alloys

 Solid solution of B in A plus particles of a new phase

(usually for a larger amount of B)
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* Microstructure control : Secondary phase control

Mechanism of Precipitation

Solution heat
treatment

(1)

TD e e

e— Quench

Precipitation
heat traatment

Temperature

Temperature

B
'F Time
C.B

Matrix : Atomic diffusion

2
| | A—
1] | f ’ \
|
™ 1(3) T,
&
PreC|p|tate
ooooootuoooooo

BET; B

.
.ooun'ooo llll"”l"l
. eseeeeao g EO
0 RRNT o S
L%, DO 'o:g
eSS sesssns .g.egmumm
AR EEEE .o.oo .

Alloying atom



* Microstructure control : Secondary phase control

Effect of Second Phase Particle
on Mechanical Property

Second phase particle
in matrix material

'Y

8

Obstacle of
dislocation slip
& grain growth

. 3

High strength

Dislocations

Ium

Ni,Si particles in Ni-6%Si single crystal
32



Point Defects in Ceramics (i)

 \acancies

-- vacancies exist in ceramics for both cations and anions
* Interstitials

-- interstitials exist for cations

-- interstitials are not normally observed for anions because anions
are large relative to the interstitial sites

338385858385
9:9°0:9°059° o

Cation
< )J. )J )J. i o 1 Vacancy
' ) ' ' ~— ‘ Fig. 6.2, Callister & Rethwisch 9e.
J O J 0 JQ‘J "') J J J 0 (From W.G. Moffatt, G.W. Pearsall, and J.
/ “\ _ ' Wulff, The Structure and Properties of
~) ) \) \ ) J\ y.) ) l.) , ) '..) ) gfé%Zatl)s, 3/0}:. 1\,N\.S|tru%t“usre, p.7'\£13. C(:(pyrli(ght
. o - 54 by John Wiley & Sons, New York.
0 Q o Q a Reprinted by permission of John Wiley and
1‘) \.‘) J J Sons, Inc.)
Anion

33
Vacancy



Point Defects in Ceramics (ii)

Should consider : Electrical charge neutrality
 Frenkel Defect

-- a cation vacancy-cation interstitial pair.

« Shottky Defect

-- a paired set of cation and anion vacancies.

°QP°D°D°D° J‘*T){’ J Shottky

J = J = J -~ J s J - J . Defect: g 6.3, caiister & Rethwisch e.

« Equilibrium concentration of defects «< e

Q| QLo DO 9 QL 9 (From W.G. Moffatt, G.W. Pearsall, and J.

_ J“‘a)jf jo)_ Jb)jf".? jf T St o et
) ! 1 ] h . ' : ©1964 by John Wiley & Sons, New York.

J J ) J \J/;j\)\) ) J J J > J geprinlted )by permission of John Wiley and

JJJJWJJ\JJJQ‘)Q F

oldoldoll W renkel

| j,a) Jb) J‘gjo D°D° ‘)3 delet

Q,/kT
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Imperfections in Ceramics

 Electroneutrality (charge balance) must be maintained
when impurities are present

- Ex: NaCl Na*® CI" )
cation
« Substitutional cation impurity ;vacancy

< @@
\Tmﬁ ® '@
Na'* ®-9-0
Ca?
without impurity ~ CaZ2* impurity with impurity
« Substitutional anion impurity

2 anion\vacancy
000 "g 000
o

X
Q099 < < 9.9

without impurity 02- impurity with impurity
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The value of seeing nothing

Jochen Mannhart and Darrell G. Schlom

Figure now you see it, now you don’t. These micrographs of a SrTiO; crystal show the effect
of removing oxygen atoms, leaving vacancies in the crystal lattice: the glistening oxidized gem (left)

is transformed into a dull blue, conductive crystal (right).

Oxygen vacancy V, + 2e’

NATURE| VOL430|5 AUGUST 2004 | www.nature.com/nature 36



Point Defects in Polymers

 Defects due in part to chain packing errors and impurities such

as chain ends and side chains

Crystallite ___
boundary

Dangling ---""r

chain

A
Screw dislocation
Adapted from Fig. 6.8,

Callister & Rethwisch 9e ISV.

Vacancy
Impurity

Branch

Noncrystalline Edge dislocation
region Chain (extra plane)

ends
/!

Loose chain

37



Contents for today'’s class

Chapter 6: Imperfections in Solids
I. Point defects

- Point defects in metals/ceramics/polymers, impurities in solids

N -Q
V "4

* Equilibrium concentration varies with temperature!

« Two outcomes if impurity (B) added to host (A):
« Solid solution of B in A (i.e., random dist.) _ Hume-Rothery Rules

« Solid solution of B in A plus particles of a new phase
(usually for a larger amount of B) _ Precipitation!

_ mass of Bx 100

. o o . # atoms of B
> Welgh'l' /o C total mass > ATom /o CB x 100

total # atoms

» Imperfection in Ceramics: Electroneutrality (charge balance) must be
maintained when impurities are present.

« Point defects in polymer: defects due in part to chain packing errors
and impurities such as chain ends and side chains 38



