LECTURE 1.
ELASTIC BEHAVIOR & PROPERTIES OF
MATERIALS

Learning Outcomes:
You should be able to:

« Describe how a material responds to an applied load
« Define elastic modulus

« List examples of applications in which elastic modulus is a
design criterion.

« Calculate from a given selection the best material for elastic-
limited design
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Brief Introduction

« Materials are subjected to forces or loads.

e.g. Al alloy in airplane wing; steel in automobile axle

« Mechanical behavior of materials reflects the relationship between its
response or deformation to an applied load or force

« Factor to consider in design — nature of applied load, duration, environmental
conditions

« Stress states — tensile, compressive, bending or shear — constant or
fluctuate continuously with time
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Mechanical Properties: Definition

* Ductility — ability to deform without fracture

» Malleability — ability to withstand deformation under compression without rupture
« Toughness — resistance to crack propagation

« Hardness — resistance to indentation

« Stiffness — resistance of bonds to deform

« Strength — resistance to permanent deformation

Definition of Stress and Strain

(a) Tensile stress produces an elongation and +ve linear strain

(b) Compressive strain produces contraction and —ve linear strain

Lecture 1 -3



Stress-Strain Testing

* Typical tensile specimen

gauge
length =
(Lo)

portion of sample that
will be evaluated

Load cell

« Geometry of a typical tensile test machine

 Other types of tests:
— Compression: brittle
materials (e.g., concrete)

— Torsion: cylindrical tubes,
shafts, etc.

‘ Jaw

Extensometer

Specimen

GRIP

Moving crosshead

constant rate

Pull in tension at a ‘= ——=
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Universal Tensile Machine (UTM)

Extensometer

SAEiO45 I—'Ilbtﬁrolled s:tee'l '
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Elastic Deformation

1. Initial o 2. Small load 3. Unload

(within the elastic limit)

bonds
stretch

return to

bonds L
unstretch i initial
______________ SY - __________IHm
F FA Linear-elastic
Elastic means reversible!
Non-Linear-elastic

>» O
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Plastic Deformation

~ 1. Initial

bonds
unstretch

£

~~ 2.Large load

(exceed elastic limit)

Plastic means permanent!

3. Unload

rYvy Y

QW planes
bonds W | sheared
stretch & , o *‘ (permanent
planes @@ dcformation)
shear 1 8
/PN
—————————————————————— 8___-___-__
plastic
8elastic + 8plastic T___'
! F4
linear linear
elastic—T, elastic

>l

8plastic
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Nominal (or Engineering) Stress

* Tensile stress, o: e Shear stress, r:
P

P is acting
perpendicular
(i.e. 90°) to A,

A,

\

\/
¢ ° F. is acting
o _ Fs parallel to A,
_ L original area : A— P
A g)/ before loading 0

_ Stress and strain (rather than force
Stress has units of N/m2 or Pa and extension) are generally used
Note: when describing the deformation of

1 N/m? =1 Pascal (Pa) solids because it is necessary to take
1 N/mm?2 =1 MPa into account the geometry and size of
the sample.
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Common States of Stress

e Simple tension: Cable

F < //. (>F

A, = original CSA
(when unloaded)

Tensile stress = +ve

e Simple shear: Drive shaft

Note: 7=T.R/J
where T = torque
R = radius of shaft
J = polar second moment of area
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Other Common States of Stress

e Simple compression:
Structural member

e

A, = original CSA
(when unloaded)

_F
G_

A,

<
!

o)

)

Compressive stress = —ve

T I i P o P e e B e 3 e e e 19

where ¢;, = hoop or
circumferential stress

o, = longitudinal
stress
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Nominal (or Engineering) Strain

* Tensile strain or - T o Lateral strain:
Linear strain: N v
______ 0/2 8
_ 0 initial ! T € = b
€ =___ < L, b
L b ! o
o J. o _ || ! "

Y . :
+ve strain coz’ : 02 —Ve strain coz
tensi o TR compressive nature

ensile nature Y (_i >
o,/2 ' L 8,/2

e Shear strain:

0/2

g

y=1tan 6 | Where 6 = angle of shear in radians

Strain is always DIMENSIONLESS &
often expressed in terms of percentage

e.g. €=0.030r 3%
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Elastic Properties

Hooke's Law: When the material is stressed within the elastic limit; the
stress varies in proportional to the applied strain and can be related
through:

c=E¢

Where:
E is the matrix stiffness known as the modulus of
elasticity or Young's modulus ; ¢ is the linear strain

sincecszi & s::i : i=E-i — | o= FLo
AO L0 A0 L0 AOE
Elastic Shear Modulus, G:
Units:
E =N/m2 or GPa
=Gy G = N/m2or GPa
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Elastic Properties: Poisson’s Ratio

Consider a material loaded within the elastic limit, say in the x-direction as

shown: Gy
When we stretch the material in the x-direction, final T v
what happen in the radial (y- and z-) directions? 8./
elongates in the x-dir. but CEA
gets thinner (compressed) in the y- and z-directions! initial !
So we have axial or linear strain in the x-dir. which S~ Xo
is taken as positive strain (i.e. tensile nature) and Yo
we have lateral strain in the lateral direction which e . V‘L
is taken as negative strain because compression! _gX/Z
Thus, the ratio between the two strains give 8y/2_)' ‘_ ¢ _) "Ey/z
Poisson’s Ratio (u): S O,
where g, =%
u= lateral strain _ €y &y Xo p = dimension less,
BT N N -0 ositive & is less than 1
linear strain £, & & £y =) z.g. el maE
Yo ceramics: p~0.25
For Isotropic material: E=2G(1 + p); polymers: p~0.40

For most metals G ~ 0.4E

However, many materials, especially crystals, are NOT Isotropic; so their properties
depend on crystals orientation
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Young’s Moduli: Comparison

Graphite .
Metals POl Composites
Allovs Ceramics Polymers fibers
y Semicond
1200
1%88 ] I Diamond
600 — ) )
Si carbide
400 —] e Tungsten Al oxide ®Carbon fibers only
® Molybdenume Si nitride
E(GPa) 2005ttt | e sorRE( ersy
Platinum Si crystal :
ICU alloys <100> ®Aramid fibers only
1GPa=10Pa "38 &n% coc :
- AFRE(|| fib
60 — :i lumihum ®Glass-soda 'G lass f(blerls gnri)
40 —] *fiagnesium, *GFRE(|| fibers)?
e Concrete
20 — GFRE*
CFRE*
10 ] .Graphite .GFRE(J_flberS)*
g . ®CFRE(Lfibers)*
®AFRE(L fibers)*
4 — Polyester
}PET
{ps
2 — opC ®Epoxy only
opp
1 — ®HDPE
0.8 —
gi — e eWood( L grain)
0.2 o| DPE

ceramics

metals

>> E

polymers

Based on data in Table B2,
Callister 6e.

Composite data based on
reinforced epoxy with 60 vol%
of aligned

carbon (CFRE),

aramid (AFRE), or

glass (GFRE)
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Stiffness and Modulus

« Stiffness is a measure of an object’s resistance to elastic deformation or
strain

— depends on material type

— depends on thickness and shape of object

Eoc($F),

« Modulus is a measure of a material's resistance to elastic deformation or
strain

« or modulus is a measure of resistance to separation of adjacent atoms, i.e.,
inter-atomic bonding forces

— Independent on shape

1 E « Stiffness 1 « Elastic strain {
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Definition of True Stress and True Strain

« True stress and True strain are calculated based on incremental change in
sample geometry.

« Consider the case of axial loading:

Where
— True Stress: = F = applied force
6, =— A, = instantaneous CSA or true area
| A, A, = initial CSA
— True Strain: L; = final length
ds L, = initial length
de=— ... for limits between L, and L Since there is no lost of
material during deformation,
L d5 L L A ~.vol. = constant !:
g, = |—=log,| —|=In| - |=In| —2 Y
oL | L L A o
Lo 0 0 f AoLo :Afo

 For small values of strain (within the elastic limit), engineering and true
strains are equivalent — but they rapidly diverge for LARGE Strains (i.e.
when loaded above elastic limit)

* True stresses and strains must be considered during manufacturing processes
that involve plastic deformation (PD).
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Nominal (or Engineering) Stress Vs. True Stress

- A,

« Consider the homogeneous bar shown above, subjected to an axial
tensile force (F).

« There are two ways to calculate stress:

— Based on the original area, nominal or eng. stress:

— Based on the instantaneous area, true stress:

Where
A, = initial cross sectional area (CSA); L, = initial length;
A, = instantaneous CSA; § = change in length,;
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Nominal (or Engineering) Strain Vs. True Strain

;= L =

» Consider the homogeneous bar shown above, subjected to an axial tensile
force (F).

« There are two ways to calculate strain:

— Based on the original length, nominal strain:

— Based on the instantaneous length, true strain:

Where
L, = initial length; 8 = change in length; L; = instantaneous or final length
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Relationship Between Nominal (or Eng.) & True Values

From previous slide:

Stzln(ﬁj___(l) Sn:ﬂ or Lf=Ly+enly———(2)

Lo Lo

Put (2) into (1): gt:m('—ofn'—oj | gr=In(Q+ey)———(3)
0

During deformation, note that: Initial vol. of sample = instantaneous vol. of sample
(since mass & density remain the same)

l.e. Vo =V; ; Agky =A:Ls (substitute for L from Eq. 2)
AoLo =A¢(Lo +enlo)
s A=A (L+en)———(4)

c.= o, for high E and
small € but not true for

Also, at any instance during the loading:

F,=F materials undergo
_ : large €, e.g., rubber

onAg, =0otA¢ (substitute for A, from Eq. 4) where CSA may

onAt(l+en)=0tAr ; | or=on(l+en)——=0) | KNERCERLITTER
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Engineering (or Nominal) Stress—Strain Curve

=ng. y Slope = Young’s modulus, E
stress I —~— ope = Young's modulus, J
A I . O-n _ O
1y Onset of necking — de
I / gﬂ
UTS|==-=—=I-—=—=—=—=========2
II D
~— Final
I fracture
I
0.1% Proof .
I
Stress, oj 19, ;!
€019 = 0.1% strain ;o
. g, = elastic strain 1
Elastic Limit - ¢ . . P
Al , g, = plastic strain P
1] UTS = ultimate tensile strength 1 |
:I’ W.H. = work hardening I' :
v OA - elastic deformation I I
I‘ AD - plastic deformation I’ :
I
I I I
/i f ., Eng
O | € €y strain
e —_—
0.1% €total @ fracture — €e + Sp
- :l
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True Stress—Strain Curve: Comparison

c (MPa) Non-uniform
A Uniform deformation

deformation

E—

Fracture

Up to elastic —
limmit

True stress-strain curve

Above elastic limit
— Oy >> O,

— large deformation
— ACSA = large

Eng. stress-strain curve

~5,~0C, onsle; of I, :
neckin :

— small 9 roo
deformation ! :
— ACSA = small / onset of ;!
PD ! |

/ |

/ |

/ |

/ !

0! €020 : |

N N ),

1 v 1 Y 1

non recoverable (g,) recoverable (g,)

> £
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Plastic (Permanent) Deformation (PD)

1-pDis permanent and non-recoverable

2-PD occurs when the applied load exceed the elastic limit

3-From this point onwards, the material DO NOT obeys the Hooke’s law and
stress is no longer proportional to the strain

4 -PD normally occurs at lower temperatures, i.e. T < Tmeit/3

5-PD corresponds to breaking of bonds with original atom neighbors and
reforming bonds with new neighbors; ..atoms or molecules move relative to one
another

6-Transition from elastic to plastic is gradual for most metals

7-For crystalline solids, deformation process is by means of slip which involves
dislocation motion.

8-Yielding = stress level at which PD begins

~.9- Theyield stress, o, — is a measure of material’s resistance to PD
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Yield Strength or Stress (c,)

* o, is the stress at which noticeable plastic deformation has occurred;
For most metals yielding occurs when the plastic strain is, ¢, = 0.002 or
0.2%

e.g. Grey cast iron e.g. Low carbon steels
| | Eng.
Elastic Plastic
- stress : N .
*—1_*‘ Upper yield Point of yielding = initial
o, - ——— point departure from linearity of
| / Eng. Stress Vs. Eng.
L/ ) Strain curve
/ cy _____
Eng. // Lower yield In design, eng.
stress / point components must not
/ .
/ deform plastically. Thus,
/ Oy IS t.aken as design
/ criteria !!
/I
!
- = Eng. strain Eng. strain
€p= 0.002

« Sometimes, it is difficult to determine exactly the position of the yield point
(as shown above for grey cast iron); It is common to take the yield stress as the
0.2% proof stress, i.e. the stress corresponds to 0.002 strain offset as shown above.
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Yield Strength of Materials

T4 O
Utimcte Uttimcte
stress “{ U stress \ _________________ U
Yield stress B Yield stress i
1 . E.recfkjﬂg Np---- Brecﬂdng
P point | point
Propartional e Proportional
lirrit lirnit
o , ()
>
0 I\_Y_I 2 =
‘Linear ~- - “0.2%
region

The stress-strain curves for three different types of material:

(a) Low-carbon steel, a ductile material with a distinct yield point.

O

Ultirnarte
stress |

Brecking
ficint

u

(b) Aductile material, such as Al alloy - no define yield point - take o, @ 0.2% strain

(€0.296)

(c) A brittle material, e.g. glass, ceramics, cast iron, in compression = take &, = Gpacture
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Yield Strength: Comparison

Yield strength, o, (MPa)

Metals/ ((:; raph!tell Pol Composites/
Alloys eramics/ Polymers fibers
Semicond
2000
o Steel (4140)at
1000 — .03 g
700 = *WBire " 3, i
600 — ﬁu 71500)CW § 29
800 —] *Hio (pure) £ 2 £
400 — e Steel (4140)2 o 'y
« Steel (1020)cd o Ea
300 — ;8 g9
e Al (6061)a9 o9 5X3
200 —] °Steel (10200 2 5, ng S
ure a © © 8 g >
8:l:aP Q3 E>T
*Cu (71500)h g9 X5
2¢ 253
100 = B3 Bzt
70 — I& PC X
60 —_| *Al(6061)2 S zp'g¥'°“ 6, -
i?, & ypyc humi S
— QO -
p PP E G
30 — £ $ HDPE =
(8) 0~
20 — = £
10 o Tin (pure) I S

cyy(ceramics)

y(metals)
y(polymers)

Room T values

Based on data in Table B4,

Callister 6e.

= annealed
hr =hotrolled
ag = aged

cd = cold drawn
cw = cold worked

a

qt =qguenched & tempered
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Yield Strength: Design Criteria

« Schematic comparison of
tensile behavior of common ceramics
engineering materials.

metals

« Design criteria vary with
material classes.

elastomers

« Ageneral rule of thumb:

— For metals: 6, = 6 5

— For ceramics & brittle plastics: |
Gy = Ofracture I

— For ductile plastics: o, = gy, |

— For composites: o, = 6 sy

Strain
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Tensile Strength (Ultimate Tensile Strength, UTS)

 UTS or o is the maximum possible engineering stress in tension.

I . .
P__ Onset of neckin « Uniform deformation
UTSoro,----------=== Sy g up to P
)
a » Beyond point P,
..3 necking resulted; i.e.,
) deformation confined
k= at this constriction.
.
Q
Q
S
o)
c
w
Typical response of a metal
strain

Fracture strength =

Metals: occurs when noticeable necking starts. Stress at fracture

Ceramics: occurs when crack propagation starts.
Polymers: occurs when polymer backbones are aligned and about to break.

For design, use o, and not UTS (due to large PD had occurred at UTS). UTS is only
use for deep drawing or other metal forming process.
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Tensile Strength: Comparison

Tensile strength, UTS (MPa)

Graphite/ .
':ﬁ:)atl Ceramics/ Polymers Cor;;ggfs'teS/
y Semicond
5000 —_— Ci:nibers
3000 — spramate ]
2000 —,steel (4140)at CAFRE( e
ioer
1000 — W (ptx|r§)5$ eDiamond ®GFRE(|| fiber)
— " o CFRE(|| fib
O Le?” 414 Si nitride AL
—_ 71500 IAI oxide
300 — g?"%éérfgg’
200 — ure)
oAl (6061)2 . .
100 — is|< erystal Nylon .6 ewood(|| fiber)
— «Glass-soda g o P 1¢ GFRE(L fiber)
— ioer
48 — *Concrete ¢ pp e CFRE(L fiber)
—_— HDP% AFRE(Lfiber)
—_— Graphit
20 raphie  lLore
10 =
T ewood(L fiber)

UTs(ceramics)
=~ UTs(metals)

=~ l'rl.s(composites)
>> UTs(polymers)

Room T values

Based on data in Table B4,

Callister 6e.

a =annealed
hr =hot rolled
ag = aged

cd =cold drawn

cw = cold worked

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

Is define as plastic tensile strain at fracture and can (Lf —Lo)
be expressed in terms of %elongation (EL) or % YWEL = 97 %100
reduction in area (AR): Lo

Eng. A smaller %EL A
Stress, o (brittle if %EL< 5%)

Larger ‘h

(ductile if / v
%EL>5%) ,’ !

Plastic
strain, € = s
a measure of

DUCTILITY // nitial fracture
- /’/ >» Eng. strain, ¢
Y
Ductility = ¢,
% reduction in area (AR): % AR = (Ao —At) x100
0

Note that %AR and %EL are often comparable.
— Reason: crystal slip does not change material volume.

— However it is possible that %AR > %EL if internal voids form in neck region.
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Toughness

e A measure of the energy needed to break a unit volume of material.

 Can be approximated by the area under the engineering stress-strain

curve.

Engineering

smaller toughness (e.g. ceramics)

Ductile material:
— absorb energy

Tensile — large elongation|
Stress, o larger toughness | — lower strength
// %metals, PMCs)
/ / smaller toughness
/ (e.g. unreinforced polymers)
7 S
Brittle material’ Engineering tensile strain, ¢

— absorb less energy
— small elongation

— high strength
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Strength, Toughness & Ductility

Stress High strength +
) Low ductility =
e Low toughness

High strength +
(v) High ductility =
~_——_ High toughness

Low strength +

G High ductility =
Low toughness
ductile T
> Strain

» High toughness depends on the proper combination of strength and ductility

 Which material, based on their stress-strain curve shown above, is most
suitable for cold working process such as rolling process?

Lecture 1 -31



Hardness

 Resistance to surface scratching or indentation by another body.

e Large hardness means:
— resistance to plastic deformation or cracking in compression
— better wear properties (i.e. high wear resistance)

apply known force
e.g. Brinell (e.9. 1gto>1Kkg) measure size
bardness test: of indent (d) after

usea 10 mm ‘ removing load to
hardened steel\4 / calculate hardness value
|
d

ball

«—> Smaller indents
D mean high hardness !!
easy to
most brasses machine hard cutting nitrided
plastics Al alloys steel metals tools steels diamond
— I S W .

increasing hardness

Lecture 1 — 32



Safety Factor (SF)

It is impossible to perfectly analyze stresses and material properties in

any design problem.

Safety Factor (SF) is thus introduced to account for design

uncertainties; the idea is to lower the working design stress limit.

The yield stress (c,) is normally taken as the maximum design limit and
NOT the UTS since at the UTS severe plastic deformation had taken

place.

Engineers will not design components to work at the design limit but at
a safe limit which is lower than the yield stress.

Thus the safe working design stress ( 6,,,4ing ) Can be found as follow:

Oy

O working = S_F B

— SF may vary depending on the
design requirements, from 1 to 5

- (SF).,. may be taken as 2
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Safety Factor (SF) o,

O . = —
Selection of SF is based upon: working— g

* Previous experience

» Accuracy for which mechanical properties & material properties can be
determined

« Consequences of failure in terms of loss of life, and/or property damage

« Economics & cost considerations

Designing using low SF:

— Safety may not be an issue based on past experiences or the design itself
— Select materials with small variability of properties (may incur high cost)
— Increase routine inspections to detect incipient failures

Designing using high SF:

— When safety is of ultimate concern
— High cost
— Inspection are not routine
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Example

A tensile stress is to be applied along the long axis of a cylindrical brass rod that
has a diameter of 10 mm. Determine the magnitude of the load required to produce a
2.5 x 103 mm change in diameter if deformation is entirely elastic.

Take for brass: ©n=0.34 and E =97 GPa

Solution:

Given: d,=10mm ; Add =-25x 102 mm ; u=0.34 ; E =97 GPa or 97 x 10 MPa

— strain in y-dir. or lateral strain: g, = Ad /dg = (= 2.5 x 1079)/(10) ==2.5 x 10

— strain in x-dir. or axial strain (g,) can be found from: )
p=-2r 0.34=—_2'5X10_4 . . g, =1.35x107" T y
&, &, )
— To find applied force (F): —> <«—d_
E=Z- " 97x10°MPa= i g

2
B A 72(10 g‘mj (7.35x107%) \l/

.. F=5600 Nor5.6kN (ans.) )5
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Example

For a bronze alloy (E = 115 GPa), the stress at which PD begins is 275 MPa.

(a) What is the maximum load that may be applied to a specimen with a CSA of 325 mm?2
without experiencing plastic deformation?

(b) If the original specimen length is 115 mm, what is the maximum length to which it
may be stretched without causing plastic deformation?

Solution:

Given: o, = 275 MPa ; A, =325 mm?; L, =115 mm ; E = 115 GPa or 115 x 10° MPa

(@) Since SF is not specified, take o, as the working limit.

To find F:
F F

o,=— — 2I5MPa=——-— ; .. F=89,375Nor89kN (ans.)
A, 325 mm

(b) To find L; before PD occurs i.e. still within the elastic limit:

FL, (89,375 N)(115mm)

Elastic ext, 6 = —2

— =0.275mm
AE (325mm?)(115x10°MPa)

oo Le=L,+6=115+0.275=115.275mm (ans.)
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Temperature Effect on Young’s Modulus & Ductility

Stress - _
Vo ____ _ Ductility increases with

increasing temperature
Low Temperature

« WH also decreases

with increasing
High Temperature temperature !

E decreases with
increasing temperature

> Strain

* Mechanical properties such as ¢, UTS and E are temperature dependent.

« These properties decreased with increasing temperature !
= Reason: distance of atom or ion separation T with temperature, resulting in
a decrease in inter-atomic forces between adjacent atoms or ions.

* Ductility increases with temperature.
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Summary

« Stress and strain: These are size-independent measures of load and
displacement, respectively.

 Elastic behavior: This reversible behavior often shows a linear relation
between stress and strain.

« To minimize deformation, select a material with a large elastic modulus
(E or G).

» Plastic behavior: This permanent deformation behavior occurs when the
tensile (or compressive) uniaxial stress reaches o,

« Toughness: The energy needed to break a unit volume of material.

» Ductility: The plastic strain at failure.
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Resources

— Callister
Chapter 6
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