


Outline

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?




Elastic
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Engineering

* Tensile stress, &

i

« Shear stress, .

Area, A __|

Area, A___ |
I=‘_‘_‘_‘_'-"“"'—--\/
Ft
_ Ft _lb, N
o — — — T3 or 5
ﬂ"qﬂ N m

=ts

T —

Ao

original area
before loading

. Stress has units:

N/m2 or Ib/in2
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Common States of Stress

« Simple tension: cable

FeC A > F

A= cross sectional
area (when unloaded)

-— o<l
Ao

o)

* Torsion (a form of shear): drive shaft
AN Fs A
— o T
Anes Fs -
= por= (It
M "—— — (0 <—
|*2R’| Note: 1 = M/AcRhere.
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Other Common Stress States (1)

* Simple compression:

=

Canyon Brdge, Los Alamos, NM

Note: compressive

Elalan:ed Rock, Arches
National Park A o structure member
(c < 0 here).
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Other Common Stress States (2)

* Bi-axial tension: * Hydrostatic compression:
. T -

Fish under water

TGEI >0
<« PG>0 G < U*
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Engineering Strain

e Tensile strain: 1\ . e Lateral strain:
_of2
S A -y
A EL g =_=
L =0 w
o q___kllfﬂ__-,, \':f o
>l L
e Shear strain: 6.1/2 ¢
Ax/ vy=Axy=tan 6
90°-86
Y Strainis always
0f dimensionless.




Stress-Strain Testing

* Typical

tensile test

machine

Load cell
| |

extensometer
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specimen
— /
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* Typical tensile
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Linear Elastic Properties

* Modulus of Elasticity, £:

(also known as Young's modulus)
* Hooke's Law:

o= FEe¢ G

________

» &
Linear-

elastic

AR

TF

I

simple
tension
test
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Poisson's ratio, v

* Poisson's ratio, v:

c 8!.
V:—"‘_L
e

metals: v~0.33
ceramics: v~ 0.25 3 &

polymers: v~ 0.40

Units:
E. |[GPa] or [psi]
v. dimensionless
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Mechanical Properties

« Slope of stress strain plot (which is
proportional to the elastic modulus) depends
on bond strength of metal

Force F
o

VY

Strongly
bonded

I —

Separation r
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Other Elastic Properties

M
* Elastic Shear ; ;

modulus, G: simple
torsion
T=Gy test
* Elastic Bulk
modulus, K: )=
P=_K—~~
Vg pressure
test: Init.
vol = 1.
* Special relations for isotropic materials: Vol chg.
= AV

G-_E K- E
2(1+v) 3(1-2v)




Young's Moduly: Comparison

semicond
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Usetul Linear Elastic Relationships

* Simple tension: * Simple torsion:
s=rLo § =_yvWo o= il
/ —L 4
EA, EA, nloG
TF . M= moment
X ‘o = angle of twist
Ao_[] ‘g‘ %_{f
\ """ ) iiﬂ i: ELG
<4 - Wo ‘i ol
- T

» Material, geometric, and loading parameters all
contribute to deflection.
 Larger elastic moduli minimize elastic deflection.



Plastic (Permanent) Deformation

» Simple tension test:

VYV

engineering stress, o

A

(at lower temperatures, i.e. 7< Tmei3)

Elastic+Plastic
lat larger stress

a8

permanent(plastic)
afterload is removed

&

>
p engineering strain, ¢
’-.

\ plastic strain
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Yield Strength, G

* Stress at which noficeableplastic deformation has
d.
OEEHIE “whene, =0.002

tensile stress, o .
A ¢, = yleld strength

Gy, L
Note: for 2 inch sample
e=0.002=Azz
s Az=0.004in
5 e engineering strainTE

e p= 0.002



Yield Strength : Comparison

Yield strength, o, (MPa

Metals/
Alloys

Graphite/

Ceramics/ Polymers

Semicond

Composites/

fibers

100 —

70 =—
60 =
50 —

40 —
30 —
20 —

* Steel (4140) Qt

ol EEME 58n) &
pure)

e Cu (71500) CW
. D((pure]

* Steel (4140) @
* Steel (1020) cd

e Al (5061) @0
*Steel (1020) r

;Tja %u ren)El

1500) Or

s Al (6061) &

o Tin (pure)

Hardto measure
sinceintension, fracture Lsually occurs before yield.

dry
PC
H Nyunaﬁ
PE .
*F’VC humid

PP
HDPE

ILDF’E

|

Hard to measure,
in ceramic matrix and epoxy matrix composites, since

intension, fracture usually occurs before yield.

10

Based on data in Table B4,
Callister 7e.

a =annealed

hr =hot rolled

ag = aged

cd = cold drawn

cw = cold worked

gt =quenched & tempered



Tensile Strength, TS

« Maximum stress on engineering stress-strain curve.

7S
__— F=fractureor

E:I ultimate
'5 9 strength
o D ~_
| S
o) R Neck- acts
% as stress

concentrator

engineering strain

* Metals: occurs when noticeable necking starts.
« Polymers: occurs when polymerbackbone chains are
aligned and about to break.
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Tensile Strength : Comparison

5000

3000
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1000

300
200
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[ |
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Tensile strength,

Graphitef

[ Compocsites
I":jetala. Ceramics/ Polymers — _F _‘_t“
Alloys : : fibers
’ Semicond
] Egbers.
Arami
— B ]
T |esteal 4140 at
*5 FRE(|| fiber)
—«\W{pure) Liamond *SFRE(|| fiber)
—Jel] (3235 ®CFRE(|| fiber)
—1*Cy n—-15,1-1‘tw Sinitride
—-Et'{a;ﬁf:j,f" Iﬁ.lcu:-ciu:le
—:%I 1606 Jﬁﬁ'
i (pure
—1®*Ts |p|::|ure:|
&4 (5061 8 . :
aallinal ISI ';F;E.Stﬂl *yo0d(|| fiber)
— =l 4 Mylon 6,6
— ®|ass-soda F'FEG PET T
— aGFRE(Lfiber)
— oncrete g PP oCFRE( fiber)
— HIIIF'EI AFRE(Lfiber)
—_— Sraphite
DPE

wwood (L fiber)

Room Temp. values

a = annealed
hr = hot rolled
ag = aged

cd = cold drawn

cw = cold worked

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

» Plastic tensile strain at failure: %EL = ‘{’I L, x 100
A smaller % EL
Engineering / - -
tensile
stress, g Iarger%EL\ A,
Lo Ar= |L;

/ - e

[

. . . >
Engineering tensile strain, ¢

« Another ductility measure: %RA = al Afx 100

o
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Toughness

+ Energy to break a unit volume of material
» Approximate by the area under the stress-strain
curve.
Engineering A small toughness (ceramics)

tensile ﬂ large toughness (metals)
I
|

stress, © \

Engineering tensile strain, ¢

Brittle fracture: elastic energy
Ductile fracture: elastic + plastic energy



Resilience, U

r

« Ability of a material to store energy
— Energy stored bestin elastic region

Stress

—=| 0,002 &y Strain

&

y
ods
0

U, =

If we assume a linear
stress-strain curvethis
simplifies to

]
Urzgijgy



Elastic Strain Recovery

Yo

D

G_'ﬁ S—

Oyg —

Unload

e

Stress

load

Heapplyi

Strain

<
Elastic strain
recovery
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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.

apply known force

measure size
e[.:]g.: i .Dfindentaﬁer
10mm sphere removing load

- ] Smallerindents
D ad mean larger
hardness.
most brasses  easy to machine cutting  nitnded
plastics Al alloys  steels file hard tools steels diamond
—i ; I —

iIncreasing hardness
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Hardness: Measurement

« Rockwell
— Nomajor sample damage

— Each scaleruns to 130 but only usefulin range
20-100. |

— Minorload 10Kkg
— Majorload 60 (A), 100 (B) & 150 (C) kg
+ A=diamond, B =1/16In. ball, C = diamond

« HB = Brinell Hardness
— 7S (psia)= 500 x HB
— 78(MPa) = 3.45x HB



Hardness: Measurement

Shape of Indentation Formula for
Test Indenter Nide View Top View Load Hardness Number®
Brincll 10-mm sphere —H_ P ne 2P
of steel or d sD[D - VD — 47

tungsten carbide
Vickers Diamond L ly dy P HY = LRSPIA]
microhardness pyvramid ﬁ} ‘@‘
: i h
Knoop [Hiarmond m
microhardness pyramed — —————==r=
b = 7.11 L_ _.I

P HK = 14.2PI

Bt = &, D) {
Rockwell and Diamond 1 200 il kg
Superficial cone 100 kg Y Rockwell
Rockwell i bt b 150 kg
diameter Q 15 kg
steel spheres 3 kg }Superficial Rockwell
45 kg

Q@ o
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True Stress <7 Strain

Note: S.A. changes when sample stretched

* True stress

» True Strain

o, =F/A
er =In(¢; /1)

o, =c(1+¢)
e =In(1+¢)

Stress

M

Engineering

True

Strain




Hardening

* Anincrease In ¢, due to plastic deformation.

large hardening

— small hardening

' > G
+ Curve fit to the stress-strain response:

hardening exponent:
A n= 0.15 (some steels)
¥yOT = K(E ?,') to n= 0.5 (some coppers)
— \

“true” stress (F1A) T “true” strain: In(L/L,)



Tariability in Material Properties

+ Elastic modulus is material property

« Critical properties depend largely on sample flaws
(defects, etc.). Large sample to sample variability.

« Statistics

n
— Mean X = 2%,
n
) K
LT3
¥(x —X)
— Standard Deviation ST

where nis the number of data points



Design or Safety Factors

+ Design uncertainties mean we do not push the limit.
 Factor of safety, NV Often Nis

G, / between
Gwarkﬁng — ﬁ 1.2and 4

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

G — G_y 1045 plain
working N \ carbon steel:
- Vs oy =310 MPa
220,000N . 75= 565 MPa
nld?/ 4)

ad

F=220,000N

d=0.067 mMm=6.7 cm




