Chapter 6: Mechanical Properties

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 to dislocations
cause permanent deformation? What materials
are most resistant to permanent deformation?

. Toughness and ductility: What are they and how
do we measure them?
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PLASTIC DEFORMATION (METALS)

(at lower temperatures: T < Tmelt/3)

1. Initial 2. Large load 3. Unload

Plastic means permanent!
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ELASTIC DEFORMATION
1. Initial 2. Small load 3. Unload

return to
_initial
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elastic
on-Linear-
elastic

Elastic means reversible!
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ENGINEERING STRESS
Ft

Tensile Stress, s

R
S—Ao

\
original area

lFt before loading

Area, A

Shear Stress, t Fis—F

AN Fs
Area, A # t= Aio

stress has units:
N/m2 or Ib/in2
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COMMON STATESFOF STRESS

1 Ll v
Simple Simple
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STRESS-STRAIN TESTING
Typical tensile Typical tensile
snecimen test machine
- 7 load cell
H s _l
T I——
extensometer\l\"iﬂ-/p?mmen
Callist Callister E ‘_"" ;
Fig. 6. ; Fig. 6.3 3 =
R moving cross head |
N ] gauge _ (portion of sample with ?g |- _;
““; length ~ reduced cross section) y =é . -]
| Other types of tests:

e compression-brittle materials
(e.g., concrete)
* torsion-cylindrical tubes, shafts
Anderson 205-6-7 741

ENGINEERING STRAIN

Tensile Strain, e T '%/2 Lateral Strain, g
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LINEAR ELASTIC PROPERTIES

* Young’s modulus, E

Hooke’s Law:s =ge

e Poisson’s ratio, n

vF

metals: n~0.33 simple tension test

ceramics: n~0.25
polymers: n~0.4 UNITS:

E: [GPa] or [psi]

n: dimensionless :
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OTHER ELASTIC PROPERTIES

» Elastic shear modulus, G

t =G9

¢ Elastic bulk modulus, K

M
-

M<>

simple torsion test
.I,P
PH» <(—P
Tp
Pressure test:
initial vol. = Vg

o

* Special relations for isotropic materials: o change=pv

E
2(1+n)

G=

E
Kzsm-zm
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USEFUL LINEAR ELASTIC RELATIONS

Simple tension:

Simple torsion:

2ML,

a =
orac

TF

dr2
Ao ] T
\ """ ‘ |-o
Wo || )
12
\
du/2 i dp/2
M=moment

* Material, geometric, & loading

parameters all contribute to deflection.
eLarger elastic moduli minimize elastic deflection.

ax=angle of twist

] Lo

‘2"0!(—
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COMPARISON OF YOUNG’S MODULI

Eceramics > Emetals >> Epolymers

Ceramic:

Metals

Polymers Composites

Steel

Tungsten

Cermets

Jcrre

Lead

iGFRP

¢Woods
|l grain

Nylon
Woods

Ej

poxy ﬂ grain

Polypropylene

PVC

Foamed
polymers

103 Diamond
WC, SiC
102 glass
E (GPa) Concrete
/ 10 Ice
109 Pa
1
1071
102
Ashby, Fig. 3.5 103

PLASTIC (PERMANENT) DEFORMATION

(at lower temperatures: T < Tmelt/3)

Simple tension test:

. A
tensile stress, s

Elastict+Plastic
at larger stres

permanent (plastic)
after load is remove

>

>

Aep F engineering strain, e

Rplastic strain
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YIELD STRENGTH, sy

Stress at which noticeable plastic deformation

has occurred.
when €p = 0.002

astensile stress, s
Syl———

— k- engineering strain, e
ep =0.002
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TENSILE STRENGTH, TS

Maximum possible engineering stress in tension

TS — e

. iy

=

i H |
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Callister
Fig. 6.10

Typical response of a metal

engineering
stress

[

1

[

strain 1

metals: occurs when noticeable “necking” starts

ceramics: occurs when crack propagation starts

polymers: occurs when polymer backbones are
all aligned and about to break.

’
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COMPARISON OF YIELD STRENGTH

Sy(ceramics) >> Sy(metals) >> Sy(polymers)

Ceramics _Metals Polymers Composites

10
Sy (MPa) 104 | ¢
/ wc
lass
106 Pa 103 9 Low alloy steels m
) ¢c_FRP
fld Steq rawn P! :j::::free
lumi Kevlar GFRP
Room T 102 Lee e i .
Va'ues %Lead Pol‘ypropylene | grain
10 U 1Woods
slllt:: L grain
; metals 1523"’:‘?‘
Ashby, Fig. 8.12 %11
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DUCTILITY, %EL
* Plastic tensile strain at failure: %EL = ﬁm 00
) ) smaller %EL °
Engineering| //(brittle if %EL<5%)
tensile ' %eEL A
stress, s arger 7 Lo A
(ductile if / f
%EL>5%) //
Engineering tensile strain, e
« Another ductility measure: %AR = 7A°A- At %100
o

* Note: crystal slip does not change material volume.

=% AR and %EL are often comparable.
=>%AR > %EL may occur if internal voids form
in the necked region.

L
AT
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COMPARISON: sy, TS AND %EL

Material Sy(MPa) TS(MPa) %EL

Diamond 50,000 50,000 0
(ceramic)

Pure ductile 20 to 80 200t0400 50to150

metals

High density 19 to 36 33 to 36 100 to 600

polyethylene

¢ Often, when Sy and TS -, %EL

data from Ashby, Table 8.1 and Matthews, Table 5.3

HARDNESS
* Resistance to permanently indenting the surface

e Large hardess means...
-resistance to plastic deformation or cracking
in compression
-better wear properties

lappw known force measure size
e

€.9. of indent after

(1 to 1000g)

10mm spher . removing load
— ] Smaller indents
D d mean
larger hardness.
easily hard
. brasses, machined to cutting nitrided .
plastics diamond

Al aIIons stelels file tools steels

[
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TOUGHNESS

* Energy needed to break a unit volume of material
* Area under stress-strain curve

smaller toughness (ceramics)

Engineerin
larger toughness

tensile
metals, PMCs)
stress, s
Engineering tensile strain, e
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HARDENING
* Anincrease in sy due to plastic deformation.
S
large hardening
Sy, [ ——
Sy, small hardening

relog d

* e
* Curve fitting the stress-strain response
n<—hardening exponent:
“true” stress:—S 1 =CE; n=0.15 (some steels)
F to n=0.5 (some copper)

A “true” strain:In—
o
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DESIGN OR SAFETY FACTORS

* Design uncertainties mean we don’t push the limit.
* Factor of safety, N

S working = SNVA/;)f';en l\(l]| f between
.2an

* Ex: 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.

—> d —
S working = 3¥ 1045 plain [ 1f
/ N \5 carbon steel: Lo
220,000N sy=31 OMPa
D(d2/4) TS=565MPa

\ F =220,000N

'd=67.2mm
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