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Solidification

� Solidification- result of casting of molten material

• 2 steps
ÄNuclei form 
ÄNuclei grow to form crystals – grain structure

� Start with a molten material – all liquid

� Crystals grow until they meet each other

nuclei crystals growing grain structure
liquid

Single crystals

� Periodic and repeated arrangement of atoms is 
perfect or extends throughout the entirety of the 
specimen

� Unit cells interlock in the same way and have the 
same orientation

� Can be produced naturally and artificially

Single crystals of fluorite (CaF2)
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Polycrystalline materials

� A collection of 
many small 
crystals or grains

� Grain boundary: 
some atomic 
mismatch within 
the region where 
two grains meet

Anisotropy

� Anisotropy: materials properties dependent of 
direction

� Isotropic: materials properties independent of the 
direction
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• Atoms may assemble into crystalline or 
amorphous structures. 

• We can predict the density of a material, provided we 
know the atomic weight, atomic radius, and crystal 
geometry (e.g., FCC, BCC, HCP).

Summary of Chapter 3

• 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.

• Crystallographic points, directions and planes are 
specified in terms of indexing schemes. 
Crystallographic directions and planes are related 
to atomic linear densities and planar densities. 

Chapter 4: Imperfections in solids

 Outline
� Introduction
� Point defects 
� Impurities in solids
� Dislocations-linear defects
� Interfacial defects
� Bulk or volume defects
� Microscopy
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Types of imperfections

� Point defects
• Vacancy atoms
• Interstitial atoms
• Substitutional atoms

� Dislocations (linear defects)
� Grain boundaries (planar defects)
� Volume 

Point defects

� Vacancy: lack of an atom

� Self-interstitial: host atom in interstitial position

� Substitutional:
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Point defects: equilibrium concentration

� Equilibrium concentration varies with temperature

Boltzmann's constant
(1.38 x 10 -23 J/atom-K) 
(8.62 x 10-5 eV/atom-K)
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No. of defects

No. of potential 
defect sites.

Activation energy

Temperature

Each lattice site 
is a potential 
vacancy site

Measuring activation energy

• We can get Qv from
an experiment.
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• Measure this...

Nv

N

T

exponential 
dependence!

defect concentration

• Replot it...
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slope
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Estimating vacancy concentration

• Find the equil. # of vacancies in 1 m3 of Cu at 1000°C.
• Given:

ACu = 63.5 g/molρ = 8.4 g/cm3

Qv = 0.9 eV/atom NA = 6.02 x 1023 atoms/mol

For 1 m3 , N =
NA
ACu

ρ x x 1 m3= 8.0 x 1028 sites
8.62 x 10-5 eV/atom-K

0.9 eV/atom

1273K

⎜ ⎟Nv
N

= exp
−Qv
kT

⎛

⎝⎜
⎞

⎠⎟ = 2.7 x 10-4

• Answer:
Nv = (2.7 x 10-4)(8.0 x 1028) sites = 2.2 x 1025 vacancies

Impurities in solids

� Fundamental concepts
• alloy
• solute
• solvent
• solid solution

� Solute solutions
• substitution

Ä atomic size factor
Ä crystal structure
Ä electronegativity
Ä valences

• interstitial
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Impurities in solids (continue)

� Specification of composition
• composition of an alloy in weight percent

• composition of an alloy in atom percent
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• are line defects,
• slip between crystal planes result when dislocations move,
• produce permanent (plastic) deformation.

� Dislocations:

� Schematic of Zinc (HCP):
• before deformation • after tensile elongation

slip steps

Line defects
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Dislocations-linear defects

�Edge dislocation: dislocation line 
is perpendicular to Burgers 
vector 
• extra half-plane of atoms inserted in a 

crystal structure
• b ⊥ to dislocation line

�Dislocation line: boundary 
between the slipped and 
unslipped parts of a crystalBurger’s vector, b: measure of lattice distortion

Edge dislocation
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Screw dislocation

� Screw dislocation: the dislocation line is 

parallel to Burgers vector

� Slip plane: where slip occurs

� Slip plane contains both Burgers Vectors and dislocation line

Imperfections in Solids

Screw Dislocation

Adapted from Fig. 4.4, Callister 7e.

Burgers vector b

Dislocation
line

b

(a)
(b)

Screw Dislocation
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Edge, Screw, and Mixed Dislocations

Edge

Screw

Mixed

Mixed dislocation
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Burgers Circuit & Burgers Vector

� Burgers circuit: any close 
loop contain dislocations by 
an atom to atom path

� Burgers vectors: the vector 
required to complete the 
circuit in a perfect crystal; 
the direction of atom 
displacement

(a)

(b)

(a) Burgers circuit round an edge dislocation
(b) the same circuit in a perfect crystal

Dislocations-linear defects

� What cause dislocations?
• processing
• plastic deformation
• thermal stresses

� Observation of 
dislocations

A TEM micrograph of a 
titanium alloy
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Interfacial defects (two dimension)

� External surfaces
� Grain boundaries

Interfacial defects (continue)

� Twin boundary

� Stacking faults
• For FCC metals an error in ABCABC packing sequence
• Ex:  ABCABABC
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Bulk Defects (three dimension)

� Void
� Cracks 
� Inclusions

TEM image of voids

Microscopic examination

� Crystallites (grains) and grain boundaries.  Vary 
considerably in size. Can be quite large
• ex:  Large single crystal of quartz or diamond or Si
• ex:  Aluminum light post or garbage can - see the individual 

grains

� Crystallites (grains) can be quite small (mm or less) –
necessary to observe with a microscope.  
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Optical microscopy

� Useful up to 2000X magnification.
� Polishing removes surface features (e.g., scratches)
� Etching changes reflectance, depending on crystal

orientation.

Micrograph of
brass (a Cu-Zn alloy)

0.75mm

crystallographic planes

Optical microscopy

Grain boundaries...
• are imperfections,
• are more susceptible to etching,
• may be revealed as dark lines,
• change in crystal orientation 

across  boundary.
ASTM grain 
size number

N = 2n-1

number of grains/in2

at 100x 
magnification

Fe-Cr alloy
(b)

grain boundary
surface groove

polished surface

(a)
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Microscopy

� Optical resolution ca. 10-7 m = 0.1 μm = 100 nm

� For higher resolution need higher frequency
• X-Rays?  Difficult to focus.
• Electrons

wavelengths ca. 3 pm (0.003 nm) 
(Magnification - 1,000,000X)
Atomic resolution possible
Electron beam focused by magnetic lenses.

� Atoms can be arranged and imaged!

Carbon monoxide 
molecules arranged 
on a platinum (111) 

surface.

Photos produced from 
the work of C.P. Lutz, 
Zeppenfeld, and D.M. 
Eigler.  Reprinted with 
permission from 
International Business 
Machines Corporation, 
copyright 1995.

Iron atoms arranged 
on a copper (111) 

surface.  These Kanji 
characters represent 

the word “atom”.

Scanning Tunneling Microscopy (STM)
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• Point, Line, and Area defects exist in solids.

• The number and type of defects can be varied
and controlled (e.g., T controls vacancy conc.)

• Defects affect material properties (e.g., grain
boundaries control crystal slip).

• Defects may be desirable or undesirable
(e.g., dislocations may be good or bad, depending
on whether plastic deformation is desirable or not.)

Summary


