Chapter 8: Mechanical Properties of Metals

O 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?
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8.1 Introduction

O Mechanical behavior of a material reflects its response or deformation in
relation to an applied load or force.

0 Key mechanical design properties: stiffness, strength, hardness, ductility and
toughness

0 ASTM (American Society for Testing and Materials) Standards
(http://www.astm.org)

0 Role of engineers
% Structural engineers: to determine stresses and stress distributions within members that
are subjected to well-defined loads.
< Materials and metallurgical engineers: to produce and to fabricate materials to meet
service requirements as predicted by these stress analyses.
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8.2 Concepts of Stress and Strain

O Shear and Torsional Tests
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O Tension Test (Tensile Test)

Gauge length

O Compression Test
O Geometric Considerations of the

4o F
T 1 Stress State
1 —r i % von Mises stress: a representative of
L general stress states
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Elastic Deformation

3. Unload

2. Small load

bonds
stretch
return to initial
6 F F Linear elastic
Elastic means reversible!
Nonlinear elastic

> 0
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Plastic Deformation (Metals)

3. Unload

2. Small load

1. Initial

planes

bonds stretch still sheared

& planes shear
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__5 (plastic)
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linear

) | linear
Plastic means permanent! elastic elastic
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8.3 Elastic Deformation

0 Elastic deformation (nonpermanent): When the applied load is released, the

piece returns to its original shape.

0 Linear elastic materials: o = E¢ (Hooke's Law)
Modulus of Elasticity, E (also known as Young's modulus)
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Mechanical Properties

0 The elastic modulus is proportional to the slope of the interatomic force-

separation curve at equilibrium spacing:
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Fig. 8.7, Callister & Rethwisch 9e.
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Adapted from K. M. Ralls, T. H. Courtney, and J. Wulff, Introduction to Materials
Science and Engineering. Copyright © 1976 by John Wiley & Sons, New York.
Reprinted by permission of John Wiley & Sons, Inc.

Fig. 8.8, Callister & Rethwisch 9e.
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Young’s Moduli: Comparison

Graphite .
Metals Al Composites
Ceramics Polymers .
Alloys . /fibers
Semicond
1300
800 — I Diamond
600 —
Si carbide
400 =—— ® Tungsten Al oxide ®Carbon fibers only
®Molybdenum #; nitride
Steel, Ni oC FRE(]|| fib *
E(Gpa) 200 — § Tantalum <111> () atoees)
Platinum ¢51 crystal o
ICu alloys <100> ®Aramid fibers only
100 = *Zinc, Ti
80 — 'Sillr‘l’%r’ lGOld ® Glass -soda 'AFRE(J)‘ fibers)*
60 — Aluminum Glass fibers only
40 — .%%gnesxum, oG FRE(]| fibers)*
® Concrete
20 — GFRE*
CFRE *
10 — G raphite oG FRE( fibers)*
8 — oC FRE( lfibers) *
6 estermn *ATRE( Xibers) *
4= $ ET
ES
2 — PC ®Epoxy only
opp
1 — SHDP E
0.8 —
0.6 = P ®Wood( lgrain)
0.4 —
0.2 oI DPE

Based on data in Table B.2,
Callister & Rethwisch Ye.
Composite data based on
reinforced epoxy with 60 vol%
of aligned

carbon (CFRE),

aramid (AFRE), or

glass (GFRE)

fibers.
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Poisson's ratio, v

0 The axial elongation is accompanied by lateral contraction.

O

Lateral strain is proportional to the axial strain.
a Poisson’s ratio: the ratio of the lateral strain to the axial strain

lateral strain &, g, AL
= 2
axial strain &, &, |
5 b
0O Most of materials: v = 0.25 ~0.35 TI - |
. ! | I
a Cork: v =0 (e.g. wine cap) b, | ! !
. . . [ ' '
0 Rubber: v = 0.5 (incompressible material) L: i i
|
O Limitation on Poisson’s ratio T -
<+ Homogeneous and isotropic materials v -
O Units:
<« E: [GPa] or [psi] & _ ALR Y
. . 2 g
% v: dimensionless
L& _ AL
0 Typical values of Poisson’s ratio 2"k, x
< metals: v~ 0.33 Fig. 8.9 Axial (z) elongation (positive strain) and lateral
& ceramics: v ~ 0.25 strain (x and y) contractions (negative strains) in response
' i to an imposed tensile stress. Callister & Rethwisch 9e.
< polymers: v ~ 0.40
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Other Elastic Properties

M
e Elastic shear modulus, G: AT EG <D
o simple
Y torsion
r=Gy > test
M
e Elastic bulk modulus, K: P p
A 'L
AV P P
P=—K— > AV 3 ¢
g . v,
KT\ T

Pressure test:
Initial volume =V,
E E Volume change = AV

e K=——
2(1+v) 3(1-2v)

« Special relations for isotropic materials:
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Basic Concepts in Mechanics of Materials

0 Three basic equations of linear elasticity
« Equations of equilibrium (E& 274 AN
« Strain-displacement relations (H & &-H 2| 2tA Al
« Stress-strain relations (S =-HYE & EFHI&D Generalized Hooke’s law

o

0 Terminologies

Linear (M) vs. nonlinear (H| M &)

« Elastic (EF) vs. inelastic (H| EH4)

« Stiffness (&) vs. strength (& &)

+ Homogeneous (%) vs. inhomogeneous (H| &)

« Nominal stress (& %&-& &) vs. true stress (7S )

« Nominal strain (& 3& H¥ &) vs. true strain (R HH E)

« Ductile materials (¥ X &) vs. brittle materials (F| X £)

.
£
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8.4 Plastic Deformation

0 Plastic deformation: permanent or nonrecoverable deformation

O Simple tension test:
Elastic+plastic

engineering stress, o A lat larger stress

permanent (plastic)
after load is removed

>
—)l ) engineering strain, ¢
plastic strain Adapted from Fig. 8.10 (a),

. Callister & Rethwisch Ye.
(at lower temperatures, i.e. T < Theit/3)
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Tensile Test

O Tensile test to understand the mechanical behavior of materials
0 Standard: ASTM (American Society for Testing and Materials)

« Typical tensile specimen

I
Iié

n o
[— . =
e _’/,.
= — — — Ultimate—, b
= stress \
B Yieldstress._ | p ¢ Frocur®
Proportional—” | |4
———— limit
S 0 .
_-—— 1 Perfect Strain Necking
e Linear  plasticity  hardening
_— — region or yielding
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Stress-Strain Curve
O Typical stress-strain curve of mild O Region OB: linear elastic region
steel O Region BC: yielding (& =), the material deforms
without an increase in the applied load
7 E' => The material becomes perfectly plastic (The
______ --® elongation is typically 10 to 15 times larger than that
Ultimate—, | ____ :,,_/"D of region OA)
stress ? - O Region CD: strain hardening (¥ & & 3}) or work
Yield stress~_ | B C Fracture hardening (Jt&&3Hh
Proportional | J|A => The resistance of the material to further
limit deformation increases due to the change of its crystal
structures
o O  Stress at the point D: ultimate stress (S8t S &)
| € ; o5t
| Perfoct Strain Necking or ultimate strength (=8t& &)
Lincar  Pplasticity  hardening 0 Region DE: Necking; further stretching is
region  or yielding accompanied by a reduction in the load, and the

reduction of area becomes clearly visible
0 Point E: fracture
0 Region CE”: True stress-true strain curve = True
stress keeps increasing
Region CDE: Nominal stress starts to decrease
from the point D

© g

Load

Load
O

fracture
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Yield Strength and Yield Criteria

Yield strength: stress at which
noticeable plastic deformation
has occurred.

a

Atensile stress, o

= yield strength

>
N le— engineering strain, ¢

&, =0.002

Adapted from Fig. 8.10 (a),
Callister & Rethwisch 9e.

von Mises yield criterion: the yielding of
materials begins when the second
deviatoric stress invariant J, reaches a

critical value.
01

Von Mises
Yield Surface

o, = \/%Z}: ) O_"'O-"' = \/l[(o-l _0-2)2 +(o, _0-3)2 +(oy -0, )2:|

i= j=
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Yield Strength: Comparison

Graphite/ )
Metals/  Ceramics/ Polymers Composites/
2000 Alloys Semicond fibers
®Steel (4140)4t
1000 —
~ J— Ti 2. a
T o0 MBI u
= 600 — 8 Cu (71500) W 2 £ <
& 500 —{ o fpure) = 2
— ®Steel (4140)2 ] L=
00— Coteel tozped < £ s Room temperature
> 300 Steel (1020) = 2 £
—_— ..Q Q=
© 0 Al (6061)28 o B g g ‘E values
200 — *Steel (020  =-.3 2 x5
R E2 i .
= 'Cu (71500) =R g E:% Based on data in Table B.4,
o 100 — I S ¥z Callister & Rethwisch Ye.
8 — ° g W '('% E - a =annealed
5 70 — =3 e T £ 3 hr =hotrolled
17} gg e a1 (evena = $ Nylon 6,6 :5 £ ag = aged
o 0 2 $pyc humid g2 cd = cold drawn
Q 1 § op 2 G cw = cold worked
> 30 — g HDPE § g qt =quenched & tempered
20 — £ E
10 o Tin (pure) I LDPE
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Work Hardening or Strain Hardening

e Anincrease in 0, due to plastic deformation.

large hardening

small hardening

g

\ 4

e Curve fit to the stress-strain response:

hardening exponent:
/n = (.15 (some steels)

n
or = K\&r _
7 ( Y)\ ton = 0.5 (some coppers)

“true” stress (F/A) “true” strain: In(1/1,))
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Tensile Strength (Ultimate Strength)

e Maximum stress on engineering stress-strain curve.

TS
| — F = fracture
strength

Neck - acts
as stress concentrator

engineering
stress

engineering strain

e Metals: occurs when noticeable necking starts. Adapted from Fig. 8.11,
 Polymers: occurs when polymer backbone chains are Callister & Rethwisch e.
aligned and about to break.
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Tensile Strength: Comparison

Metals/ Graphite/ Polvmers Composites/
Alloys Ceramics/ y fibers
Semicond
5000 ] C fibers
8Aramid fib
3000 — E-glass fib I
~~ 1
s 2000 oSteel (4140)4t
[ ® AFRE (|| fiber)
E 1000 = -\T/\( (pure) ®Diamond ®GFERE (|| fiber)
— G ®CFRE (|| fiber
— — 52 ‘ﬁ(’j\?f Si nitride e
—]eCu (71500) 2 [ A} (vide
300 —{ *Al {60611 48 Room temperature
.Tl{ ure) a
200 —|*1a [pure) values
100 — Al (6061)3 ¢Si<c1r8/05>tal Fviemggry *oodll fiben) Based on data in Table B4,
E e PP;‘%//Con &b, e e Callister & Rletézwisch 9e.
40 — iber) | a =anneale
i PP :C FRE (J_ﬁber] hr — hOt rolled
— AFRE( Lfiber) B
Graphite . ag =aged
20— B LDPE cd = cold drawn

cw = cold worked

qt =quenched & tempered
AFRE, GFRE, & CFRE =
aramid, glass, & carbon
fiber-reinforced epoxy
composites, with 60 vol%
fibers.

ewood (L fiber)

Tensile strength, TS
1

\ o
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Ductility

e Percent elongation: Plastic tensile strain at failure:

%EL = M x 100

Ly

A smaller %EL
Engineering
tensile
stress, o

Adapted from Fig.
8.13, Callister &

Rethwisch 9e. ; B ] —>
Engineering tensile strain, e

e Percent reduction in area: Another ductility measure:

%RA = uf_x 100
0
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Toughness

0 Energy to break a unit volume of material
O Approximate by the area under the stress-strain curve.

small toughness (ceramics)

Engineering A
tensile

stress, o large toughness (metals)

Adapted from Fig. 8.13,
Callister & Rethwisch 9e.

>
Engineering tensile strain, e
Brittle fracture: elastic energy
Ductile fracture: elastic + plastic energy
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Elastic Energy Density & True Stress & Strain
0 Elastic Energy Density (Resilience) O True Stress & Strain
+ Ability of a material to store energy < Sample area changes when sample

+ Energy stored best in elastic region stretched.
£, + Truestress: o, =F/4,
U = IO ods /4

. . % True strain: & =ln(f‘ V4 )
< If we assume a linear stress-strain r ’/ o

curve this simplifies to

| o; = J(l + 5)
U=—0,., g =In(l+¢)
Oy (-=-=-=-==--
il
11
/ol
i
i
w . @
P> y ! n Engineering
!
;o
Fig. 8.15, Callister ;;' }
& Rethwisch Ye. :f i Strain
/ l Adapted from Fig. 8.16,

—{ (0002 &y Strain Callister & Rethwisch 9e.
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Hardness

0 Resistance to permanently indenting the surface.
0 Hardness measurement: simple, inexpensive, nondestructive
0 Large hardness means:

% resistance to plastic deformation or cracking in compression.
+ better wear properties.

apply known force measure size

e.g. of indent after
10 mm sphere removing load

— | ] Smaller indents
D d mean larger
hardness.
most brasses easy to machine cutting  nitrided
plastics Al alloys  steels file hard tools steels diamond

— i S — .

increasing hardness
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Hardness Measurement

Table 8.5 Hardness-Testing Techniques

Shape of Indentation Formula for
Test Indenter Side View Top View  Load Hardness Number®
Brinell 10-mm sphere 4)‘ D i J P >p
of steel or [ 44 i e HB = s
tungsten carbide Jd wD[D = VD"~ d
136

Vickers Diamond E dasd p HV = 1.854P/d}
microhardness pyramid \(.V> ‘

. ¢
Knoop Diamond .J_
microhardness pyramid I _E

b

r

T

b =711 f L ﬁg)j
bit = 4.00 .

120°
R(:lkvg:fli];id Diamond cone: 60 kg
2 1.588, 3.175, 6.350, and 12.70 mm 100 kg p Rockwell
Rockwell
diameter steel spheres ’ 150 kg

15kg
30kg ¢ Superficial Rockwell

@ o

“For the hardness formulas given, P (the applied load) is in kg, and D, d, d;, and / are all in millimeters.

Source: Adapted from H. W. Hayden, W. G. Moffatt, and J. Wulff, The Structure and Properties of Materials, Vol. 111, Mechanical Behavior. Copyright © 1965 by
John Wiley & Sons, New York.

P HK = 14.2P/*
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Design or Safety Factors

0 Design uncertainties mean we do not push the limit.
0 Factor of safety, N

%,

o, = W — Often N is between 1.2 and 4

0 Example: Calculate a diameter, d, to ensure that yield does not occur in the
1045 carbon steel rod below. Use a factor of safety of 5.

y
O-workin |
€ N \ 1045 plain
/ / carbon steel:

Ul

201N oy =310 MPa
\
TS = 565 MP
ﬂid2/4i ’
S.d=0.067m=6.7 cm F=220KkN
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