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CME 300 Properties of Materials

Monday, Wednesday, Friday 9:00 to 9:50
Swift 619

Dr. Greg Beaucage
492 Rhodes Hall (410 Rhodes Hall Lab)
beaucag@uc.edu
556-3063
Office Hours: Monday and Wednesday 10:00 to 11:00 or by 
arrangement

Suggested Texts:  
1) Materials Science and Engineering an Introduction, W. D. 
Callister (and D. G. Rethwisch) any edition
2) Understanding Materials Science, R. E. Hummel 
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Engineer in Training (EIT) or Fundamentals of Engineering (FE) Exam

Mathematics
Engineering Probability and Statistics
Chemistry
Computers
Ethics and Business Practices
Engineering Economics
Engineering Mechanics (Statics and Dynamics)
Strength of Materials
Material Properties
Fluid Mechanics
Electricity and Magnetism
Thermodynamics



3

Chemical Engineers will run into materials if they work in:

plastics (70% of Chemists and Chemical Engineers)
metals (5%)
consumer products
microelectronics
heterogeneous catalysts

AIChE Annual Meeting
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Course Logistics and Grading

Every three classes a quiz ~ 30 minutes
9-10 quizzes per quarter

Mandatory comprehensive final exam worth four quizzes

Drop three quiz grades

If you do not drop a quiz grade, you can skip the final

Homework will be assigned but not collected

Only whole grades and no grade scaling
A = 90 or above
B = 80 or above
C = 70 or above
D= 60 or above

F = below 60

Academic Honesty: 
If you cheat you receive an F for the course
Appeals are to the college academic standards committee
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We consider three types of materials
Metals

Ceramics, Semiconductors
Polymers, Gels, Rubbers, Plastics

Biomaterials, Nanomaterials, ...

The three types of materials parallel the three fundamental bonds:
Metallic, Ionic, Covalent
(Except for polymers.)

How did this develop historically?
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Hummel Chapter 1:  The first materials

Naturally occurring copper metal (Michigan)

But for the most part metals occur in nature as an oxide in rocks

Clay was used by early man ~ 12,000 years ago
Firing of clay in open fires occurred by accident

Later it was found that hotter flames lead to water resistant ceramics
Metal oxide and sulfide pigments were used in ceramics

In a high temperature (above the melting point) reducing (no oxygen) flame
We can smelt the oxide ore to produce a ground state metal

Addition of fluxing agent (iron ore) can enhance the metal produced

So metallurgy was developed naturally from ceramics in a variety of locations by 5,000 BC 

At the earliest stages of human civilization man had ceramics, metals and natural polymers/fibers
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What is a metal?

Readily lose electrons and form cations, and ionic bonds with non-metals NaCl
In the ground state metals lose electrons to form positive ions in a “sea of delocalized electrons”

Ground state metals are produced from oxide ore by reduction when a reducing agent exists 
(iron, copper)

or by electrolysis (aluminum, sodium)
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Mobility of positive ions

from Hummel Text p. 30

Disordered Liquid State
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from Hummel Text p. 34

Zn, Mg, Be, α-Ti , Cd, Zr

Brittle Metals

Hexagonal Closest Packed Metals (HCP)

Ordered Crystalline State
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from Hummel Text p. 36

FCC Crystals: Cu, Al, Pb, Ni, γ-Fe,  α-Brass
Ductile Metals
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h"p://en.wikipedia.org/wiki/Close-‐packing_of_spheres

Cannonball Packing
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Annealing Twins
Deformation Twins

One reason FCC metals are ductile.

Formation and Motion of Crystalline Defects are the Source
of Mechanical Properties in Many Metals

Hummel
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Crystallographic Structures
(14 Bravis Lattices)

Hummel P.  33
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In the FCC lattice where is the “closest-packed” hexagonal plane?

Miller Indicies are 1/intercept
(CURVED BRACKETS)
{FAMILY OF PLANES}

Directions are  the intercepts
[SQUARE BRACKETS]

<FAMILY OF DIRECTIONS>

So you don’t get infinity



15

In the FCC lattice where is the “closest-packed” hexagonal plane?

Callister P. 63

(111) Plane 
or 

{111} Family of Planes

For the Hexagonal CP
(0001)
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Callister P. 42

For the most part we have HCP, FCC, and BCC crystals in metals
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Hummel P. 34
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For Cubic Crystals (FCC, BCC)
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From Hummel

Slip Planes
Critically Resolved Shear Stress



20

Hummel P. 14

Hummel P. 13
Stress = σij = dFi/dAj

For Shear the symbol is often τij

Strain = εij = dli/dlj
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Stress/Strain: Vectors and Tensors

A vector has magnitude and direction

Force is a vector: 

Area can be described as a vector with 
magnitude of the area and direction of the normal: 

Length is a vector: 

Direction is a vector:

A tensor relates two (or more) vectors (and scalars)

Stress is a two-dimensional tensor (9 components):

Strain is a two-dimensional tensor (9 components):

Due to symmetry only 6 components are independent
(There are other simplifying rules)
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Stress/Strain Plots (Solids)

Stress/Rate of Strain Plots (Fluids)

Tensile

Shear G = Shear Modulus

E = Tensile (Young’s) 
Modulus

At high strains non-linear behavior is seen
This (usually) indicates permanent deformation or yielding

This occurs at the yield point (yield stress/yield strain

Fluids can not hold a stress
they instantly (or quickly) “relax”

Hence:  E = G = 0
Fluids resist stress through viscosity, η

This is measured in a dynamic measurement

Strain rate is the same as the velocity gradient

Newton’s Law:
Linear Response

At high strain rates non-linear behavior is seen
This indicates changes in the fluid structure under strain

Viscosity is usually 
measured in shear:

Hooke’s Law:
Linear Response
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Why 45°?

Planes on which shear might occur

F

F

F

Like a sail in the wind.

No component of force in shear direction
Maximum Area in shear direction

Maximum force in shear direction
No Area in shear directionF

F
Some force in shear direction: F sin θ
Some Area in shear direction:  A cos θ

θ
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Hummel P. 60

Schmidt’s Law

Maximum occurs at 45° for both angles
σ/2
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Hummel P. 48
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FCC  {111} <110>        four (111) planes and three [110] directions for each plane
                  FCC slip system has 12 preferred slip systems

Trapped Dislocations
lead to Strain Hardening
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http://www.exo.net/~jillj/activities/mechanical.pdf
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Precipitation Hardening

http://www.exo.net/~jillj/activities/mechanical.pdf
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FCC  {111} <110>        four (111) planes and three [110] directions for each plane
                  FCC slip system has 12 preferred slip systems

HCP  {0001} <1000>        One (0001) planes and three [1000] directions for each plane
                  HCP slip system has 3 preferred slip systems

Twinning can easily occur in HCP

Generally HCP is brittle due to too few slip systems
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Hummel P. 53

BCC has no closest-packed planes
Slip occurs on “nearly” closest packed planes
48 near slip systems 
        (slip direction is closest packed <111>)
Extensive “locking-in” of slip systems
Somewhat ductile and strong
Screw Dislocations are more important
         than edge dislocations

Thermally Activated
Screw Dislocations

BCC
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Hummel 54
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Polymer Crystals

Nylon 66, from Alexander, "X-Ray Diffraction Methods in Polymer Science"
Poly(ethylene adipate), a polyester, from Alexander, "X-Ray Diffraction Methods in Polymer Science"
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From B. Lotz paper
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Polybutadiene (PBD), from Alexander, "X-Ray Diffraction Methods in Polymer Science"

Polyethylene and alkane waxes
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Alkanes and Polyethylene
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Hoffman-Lauritzen Equation
(a form of the Gibbs-Thompson Equation)

Consider a crystal where t =>∞

Consider a crystal where t is finite crystallized at Tm,t   (Gibbs Pseudo-Equilibrium Assumption)
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Hoffman-Lauritzen Equation (a form of the Gibbs-Thompson Equation)

The further crystallization occurs from equilibrium (deeper the quench)
The smaller the nano-crystal

This is the basic rule of nanomaterials (could be called “Gibb’s Law”)
Nanoparticles are formed far from equilibrium.

Good sources of nanoparticles are bursts of concentration, explosions, jet engine exhaust, diesel/
gasoline engine exhaust, high temperature flames, 

conditions were you find rapid supersaturation of a condensing species.
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Bassett Polymer Crystals
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Crystallization

Locally we see that atoms must overcome energy barriers to move both in the crystalline (solid) and 
in the amorphous (liquid) state.

E* = 3kT/2from Hummel Text p. 104

As temperature drops E* drops until atoms can not easily move beyond their crystalline positions 
due to a coordinated organization of all of the atoms at the crystallization point.  Similarly, on 
heating E* rises and overcomes the energy barrier allowing for motion of atoms at the melting 
point.  Since crystallization and melting require coordinated motion of all of the atoms in a self 
enhancing manner (the more atoms move the easier it is for other atoms to move) we observe a 
discrete, first order transition (an abrupt change in order, volume, density, heat content).

Rate of
Motion
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Callister

Grains
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Galvanized steel (hot dip zinc coating or electrochemically)

Control Grain size with number of seeds for nucleation
manipulation of growth rate vs nucleation rate with temperature/additives

Generally grains are too small to see ~ 1 µm



46

Different mechanical behavior is expected from high and low angle grain boundaries
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Drawn Aluminum Sheet
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Hall-Petch Relationship for Multigrain Metals

Hummel P. 58

Callister P. 189 
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Callister, P. 213


