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ISSUES TO ADDRESS...

•  Stress and strain:  What are they and why are

they used instead of load and deformation?

•  Elastic behavior:  When loads are small, how much 

deformation occurs?  What materials deform least?

•  Plastic behavior:  At what point does permanent     

deformation occur?  What materials are most 

resistant to permanent deformation?

•  Toughness and ductility:  What are they and how

do we measure them?

Mechanical Properties of Metals 
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Elastic means reversible!

Elastic Deformation
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Plastic means permanent!

Plastic Deformation (Metals)
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 Stress has units:

Pa = N/m2

Engineering Stress

•  Shear stress, τ:

Area, Ao
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•  Tensile stress, σ:

original cross-sectional area 

before loading

σ =
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Ao m2

N=

Area, Ao
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•  Simple tension:  cable

Common States of Stress

o

σ =
F

A

o

τ =
Fs

A

σσ
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•  Torsion (a form of shear):  drive shaft

Ao = cross-sectional 

area (when unloaded)

FF
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o

σ =
F

A

•  Simple compression:

Note:  compressive

structure member

(σ < 0 here).

OTHER COMMON STRESS STATE

Ao

Balanced Rock, Arches 
National Park
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•  Tensile strain: •  Lateral strain:

Strain is always

dimensionless.

Engineering Strain

•  Shear strain:

θ
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x γ = Δx/y = tan θ
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Linear Elastic Properties

• Modulus of Elasticity, E:
(also known as Young's modulus)

• Hooke's Law:

σ = E e σ

Linear-

elastic

E

e

F

F
simple 
tension 
test
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Mechanical Properties

Slope of stress strain plot (which is proportional to the 

elastic modulus) depends on bond strength of metal
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Metals

Alloys

Graphite

Ceramics

Semicond

Polymers
Composites

/fibers
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Young’s Moduli:  Comparison
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See Example 6.1



Chapter 8 - 15

• Elastic Shear

modulus, G:

τ
G

γ

τ = G γ

Other Elastic Properties

simple

torsion

test

M

M

• Special relations for isotropic materials:

2(1 + ν)

E
G =

3(1 -2ν)

E
K =

• Elastic Bulk

modulus, K: pressure

test: Init.

vol =Vo.  

Vol chg.

= ΔV

P

P P
P = -K

ΔV
Vo

P

ΔV
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Poisson's ratio, ν

• Poisson's ratio, ν:

Units:

E:  [GPa] or [psi]

ν:  dimensionless

e
ν = - L

e

metals:    ν ~ 0.33

ceramics: ν ~ 0.25

polymers: ν ~ 0.40
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See Example 6.2
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Mechanical properties of metals

For Elastic Deformation
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Mechanical properties of metals

Anelasticity

Time-dependent elastic deformation

Viscoelastic deformation
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Plastic (Permanent)

Deformation



Chapter 8 - 21

Plastic (Permanent) Deformation

• Simple tension test:

engineering stress,σ

engineering strain, e

Elastic+Plastic 
at larger stress

ep

plastic strain

Elastic 
initially

permanent (plastic) 
after load is removed
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Mechanical properties of metals

 Permanent deformation

 Breaking bonds, moving 

atoms, & reforming bonds

 Elastic strain, ε ~ 0.5 % 

(0.005)

 Mechanism (metals):Slip

(1) Yield strength σy
0.2% strain offset can be 

used to find σy

Plastic deformation
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• Stress at which noticeable plastic deformation has

occurred.

Yield Strength, σy

y = yield strength
tensile stress, σ

engineering strain, e

σy

ep = 0.002
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Values at room 

temperature

a     = annealed

hr = hot rolled

ag  = aged

cd  = cold drawn

cw = cold worked

qt = quenched & tempered
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VMSE: Virtual Tensile Testing

25
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Tensile Strength, TS

•  Metals: occurs when noticeable necking starts.

y

strain

Typical response of  a metal

F = fracture or 

ultimate 

strength

Neck – acts 

as stress 

concentrator

e
n

g
in

e
e

ri
n

g
 

TS
s
tr

e
s
s

engineering strain 

• Maximum stress on engineering stress-strain curve.
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Mechanical properties of metals

(2) Tensile 

strength, TS

(3) Fracture

strength
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Tensile Strength: Comparison
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Mechanical properties of metals

(4) Ductility: 
A measure of degree of plastic deformation without fracture

Ductility 

measure:
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•  Plastic tensile strain at failure:

Ductility

•  Another ductility measure: 100x
A

AA
RA%

o

fo
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=
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Engineering tensile strain, e

Engineering 

tensile 
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smaller %EL

larger %EL
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Mechanical properties of metals

(5) Toughness

A measure of the ability of a material to absorb energy 

up to fracture
Approximate by the area under the stress-strain curve

Metals: Tough =>  High strength + Good ductility

smaller toughness-
unreinforced
polymers

Engineering tensile strain, e

Engineering

tensile

stress, s

smaller toughness (ceramics)

larger toughness
(metals, PMCs)
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•  Energy to break a unit volume of material

Toughness

Brittle fracture: elastic energy

Ductile fracture: elastic + plastic energy

very small toughness 
(unreinforced polymers) 

Engineering tensile strain, e

Engineering 

tensile 

stress, σ

small toughness (ceramics)

large toughness (metals) 
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Mechanical properties of metals

(6) Resilience:

It is the capacity of a material 

to absorb energy when it is 

deformed elastically

Modulus of resilience, Ur
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Resilience, Ur

• Ability of a material to store energy 

– Energy stored best in elastic region

If we assume a linear 

stress-strain curve this 

simplifies to

yyr
2

1
U eσ≅

ey
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Elastic Strain Recovery

S
tr

e
s
s

Strain

3. Reapply
load

2. Unload

D

Elastic strain

recovery

1. Load

σyo

σyi
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Hardness

Method:

A small indenter is forced into the 

surface of a material to be tested, 

under controlled conditions of load 

and rate of application. The size of 

the resulting indentation is measured, 

which in turn is related to a hardness 

number.

Softer material >> larger indentation

> lower hardness index number

A measure of a material’s resistance to 

localized plastic deformation (e.g., a small 

dent or a scratch)
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Hardness

•  Resistance to permanently indenting the surface.

•  Large hardness means:
-- resistance to plastic deformation or cracking in

compression.

-- better wear properties.

e.g.,  
10 mm sphere

apply known force measure size 
of indent after 
removing load

dD
Smaller indents 
mean larger 
hardness.

increasing hardness

most 
plastics

brasses 
Al alloys

easy to machine 
steels file hard

cutting 
tools

nitrided 
steels diamond



Chapter 8 - 38

Hardness: Measurement
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Hardness: Measurement

• Rockwell

– No major sample damage

– Each scale runs to 130 but only useful in range 

20-100.  

– Minor load     10 kg

– Major load     60 (A), 100 (B) & 150 (C) kg

• A = diamond,  B = 1/16 in. ball,  C = diamond

• HB = Brinell Hardness

– TS (psia) = 500 x HB

– TS (MPa) = 3.45 x HB
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Correlation Between Hardness and Tensile Strength 

(empirical)
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True Stress and 

True Strain
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Mechanical properties of metals

True stress: The load F  divided by the 

instantaneous cross-sectional area

True strain: The natural logarithm

of the ratio of instantaneous gauge length to 

original gauge length of a specimen

It is obtained by integrating

the incremental strain

Constant volume:   

>>>

Valid only to the onset of necking
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Mechanical properties of metals
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Hardening

•  Curve fit to the stress-strain response:

σT = K eT( )n

“true” stress (F/A) “true” strain:  ln(l/lo)

hardening exponent:
n = 0.15 (some steels) 
to n = 0.5 (some coppers) 

•  An increase in σy due to plastic deformation.
σ

e

large hardening

small hardeningσy
0

σy
1
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Mechanical properties of metals

The region of the true stress–strain curve from the

onset of plastic deformation to the point at which necking 

begins may be approximated by

K and n are 

constant.

n:  strain hardening 

exponent
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Mechanical properties of metals

See Example 6.5
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Problems

6.4, 6.8, 6.9, 6.16, 6.21, 6.24, 

6.25, 6.26, 6.27, 6.28, 6.30, 

6.37, 6.38, 6.39, 6.40, 6.41, 

6.44, 6.45


