Mechanical Properties

ISSUES TO COVERED

« 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 -
z do we measure them? AN




Elastic Deformati

1. Initial

Elastic means reversible!

3. Unload

return to
Initial

Linear-
elastic

/o I\ AN

A/Non-Linear-

elastic

>0




Plastic Deformation (Metals)
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Engineering Stress

e Tensile stress, o:  Shear stress, T:
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Common States of Stress

e Simple tension: cable

F<_ A >F
Ag = cross sectional
area (when unloaded)

o=—"
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 Torsion (a form of shear): drive shaft S e ohoto courtesy
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OTHER COMMON STRESS STATES (1)

Simple compression:

Canyon Bridge, Los Alamos, NM
(photo courtesy P.M. Anderson)

R s Note: compressive
;o_ E2)k- M AMBIGESON structure member

National Park (o <0 here).
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OTHER COMMON STREMu £S (2)

e Bi-axial tension: e Hydrostatic compression:

(photo courtesy
P.M. Anderson)

Pressurized tank
(photo courtesy

P.M. Anderson)

Fish under water




Engineering Strain
e Tensile strain: T e | ateral strain:
v
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e Shear strain: L
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y = AX/ly =tan 0

Strain is always
dimensionless.

Adapted from Fig. 6.1 (a) and (c), Callister 7e.




Linear Elastic Properties
e Modulus of Elasticity, E:

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

c=FEc¢
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EXAMPLE PROBLEM 6.1

o A piece of copper originally 305mm (12 in.) long is
pulled in tension with a stress of 276 MPa
(40,000psi). If the deformation is entirely elastic,
what will be the resultant elongatione

U=EE=(?—;)E Al = —2

o Magnitude of E for copper from Table 6.1 is 110 GPa

oy _ (276 MPa)(305 mm)

= 0.77 mm (0.03 in.)

110 X 10° MPa




EXAMPLE PROBLEM 6.2

o A tensile stress is to be applied along the long axis
of a cylindrical brass rod that has a diaometer of
10mm. Determine the magnitude of the load

required to produce a 0.0025mm ch~r~nen
diameter if the deformation is entire T

For the strain in the x direcfion: q::w

P Ad —25X% 107 mm . T4

- =% = = —25x107* | b ;
=7 10 mm It

. €y . (_2-5 X 10_4) . ? 35 o 1[}_4 Li g |  w_ih
A 034 [

o = €e,E = (7.35 X 107%(97 X 10* MPa) = 71.3MPa |




EXAMPLE PROBLEM 6.2

2

10 X 10 m
2

= (71.3 X 10¢ mel)(

2
)TT=56[HJN'




Poisson's ratio, v

e Poisson's ratio, v:is defined
as the ratio of the lateral and
axial strains

metals: v ~0.33
ceramics: v ~ 0.25
polymers: v ~ 0.40

Units:
E: [GPa] or [psi]
v: dimensionless




Stress-Strain Testing

 Typical tensile test * Typical tensile
machine specimen
Load cell

1

o]
l . l _ O g Adapted from
specimen o Fig. 6.2,
mej Callister 7e.

extensometer /

Moving crosshead

Adapted from Fig. 6.3, Callister 7e. (Fig. 6.3 is taken from H.W. m

Hayden, W.G. Moffatt, and J. Wulff, The Structure and Properties of
Materials, Vol. 1ll, Mechanical Behavior, p. 2, John Wiley and Sons,
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Yield Strength, o,

e Stress at which noticeable plastic deformation has

occurred. \

. when g, = 0.002
Atensﬂe stress, o P

S
Oy |-

o, = yield strength

Note: for 2 inch sample
e =0.002 = Az/z
- Az =0.004 in

. . —>
N e engineering strain, ¢

8p — 0002 Adapted from Fig. 6.10 (a),

Callister 7e.




Yield Strength : Comparison

Graphite/ :
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Based on data in Table B4,
Callister 7e.

a =annealed

hr = hot rolled

ag = aged

100=

_ _ Hard to measure, _ _
in ceramic matrix and epoxy matrix composﬂes, sSince

o ~ Hard to measure _
since in tension, fracture usually occurs before yield.

d
PC
60 77 ¢ Al (60618 3Pl\El)ﬁlon %

in tension, fracture usually occurs before yield.

ipp cd = cold drawn

30 HDPE cw = cold worked

20— gt = quenched & tempered
o Tin (pure) ILDPE




Plastic (Permanent) Deformation
(at lower temperatures, i1.e. T < Tmen/3)

« Simple tension test:

A Elastic+Plastic
engineering stress, o lat larger stress

@080 Elastic

permanent (plastic)
after load is removed

>
engineering strain, ¢

p|astic strain Adapted from Fig. 6.10 (a),

Callister 7e.




Tensile Strength, TS

« Maximum stress on engineering stress-strain curve.

Adapted from Fig. 6.11,
TC ___________________ M Callister 7e.

_—F = fracture

~_ Neck — acts
@ as stress
concentrator

Typical response of a metal

engineering
stress

engineering strain

« Metals: occurs when noticeable necking starts.

* Polymers: occurs when polymer backbone chains are
aligned and about to break.
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Ductility
* Plastic tensile strain at failure:

A smaller %EL

Engineering
tensile

stress, o

Adapted from Fig. 6.13,
Callister 7e.

larger %EL\/
/
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/
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« Another ductility measure:

o

Lf_L

L

°© x 100

o
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Engineering tensile strain, ¢

%RA = Ao
A




EXAMPLE PROBLEM 6.3

o A cylindrical specimen of steel having an original
diameter of 12.8mm is tensile tested to fracture and
found to have an engineering fracture strength oy
of 460MPa. If its cross-sectional diameter at fracture &
IS 10.7mm, determine:

(a) The ductility in terms of percent reduction in area
(b) The true stress at fracture
Ductility is computed as

(12.8 mm)2 B (1[}.? mrn)2
2 )7 2 )7

% RA = X 100

2 2
_ 128.7 mm~ — 89.9 mm % 100 = 30%

128.7 mm?




=

EXAMPLE PROBLEM 6.3

True stress is defined by Equation 7T~ A4,
where the area is taken as the fracture area A;

However, the load at fracture must first be
computed from the fracture strength as

) 1 m?
F = a;A, = (460 X 10° N/m*)(128.7 mm?)( o= mmz) = 59,200 N
And the true stress is calculated as
oy = >%,200N = 6.6 X 10° N/m* = 660 MPa

A 1 m?
f {89.91111112)( = 2)

10° mm




Toughness

curve.

EngineeringA

] Adapted from Fig. 6.13,

tensile |
stress, © |

’ Callister 7e. |

* Energy to break a unit volume of material
« Approximate by the area under the stress-strain

small toughness (ceramics)

large toughness (metals)

Engineering tensile strain, ¢

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




Impact Fracture Testing

In an impact test, a notched specimen is fractured by an
Impact blow, and the energy absorbed during the
fracture is measured.

There are two types of tests — Charpy impact test and
lzod impact test.




Impact Test: The Charpy Test

The ability of a material to
withstand an impact Dblow is
referred to as notch toughness.

The energy absorbed is the
difference in height between initial
and final position of the hammer.
The material fractures at the notch
and the structure of the cracked
surface will help indicate whether
It was a brittle or ductile fracture.




Impact Test: The 1zod Test

<. 2 Direct reading of
) absorbed energy

45°, 2mm deep notch

Izod

Generally used for polymers. 1zod test is different from the
Charpy test in terms of the configuration of the notched test
specimen




Impact Tests: Test conditions

o The FCC alloys— generally ductile fracture
mode

o The HCP alloys— generally brittle fracture mode

o Temperature is important

o The BCC alloys— brittle modes at relatively low
temperatures and ductile mode at relatively high
temperature




Transition Temperatures

= As temperature decreases a ductile material can
become brittle - ductile-to-brittle transition

= The transition temperature is the temp at which a
material changes from ductile-to-brittle behavior




Ductile to Brittle Transition
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True Stress & Strain
Note: S.A. changes when sample stretched

o True stress o =F/A Or = 0(1+ 8)
o True Strain T = In(gi /60) er =In(l+e) I

True

Adapted from Fig. 6.16,
Callister 7e.

M

Stress

Engineering

Strain




Modulus of Resilience, Ug

o Ability of a material to store energy
o Energy stored best in elastic region

U, :jogyodg .

If we assume a linear

w
o stress-strain curve this
2 simplifies to
1
, Up= 20,8,
.| <0002 & Strain ?

Adapted from Fig. 6.15,
Callister 7e.




Elastic Strain Recovery

Unload

Adapted from Fig. 6.17,
Callister 7e.

Strain

4R

Elastic strain
recovery




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

of indent after
removing load

e.g.,
10 mm sphere

l | y
’ - ™~ 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 B

Increasing hardness




Hardness: Measurement

o Rockwell
o No major sample damage

o Each scale runs to 130 but only useful in range
20-100.

o Minorload 10kg
o Majorload 60 (A), 100 (B) & 150 (C) kg
o A =diamond, B=1/16in. ball, C =diamond

o HB = Brinell Hardness
o TS (psia) = 500 x HB
o 1S (MPa) = 3.45 x HB




Table 6.5 Hardness Testing Techniques
Tesr Indenter Nide View Tap View Load Hardness Number®
Brinell 10-mm sphere "l .2 - P p_ 2P
of steel or —'--I o TD[D _f\,.-"Dl_dZ]
tungsten carbide d |e—
Vickers Diamond = d1 i d1 P HV = 1854P/d}
microhardness pyramid {d_-—__}—’ {“}/
. t h — X
Knoop Diamond P HK = 14.2P!
microhardness pyramid — ——————f,r—\l:
ith

—7.11 L_ __‘
hit = 4.00 | —
Rockwell and Diamaond 1200 ol kg
Superficial cone \( > 100 kg LRockwell
Rockwell okt Lin, 150 kg
diameter l’ 0 15 kg
steel spheres 30 kg tSuperficial Rockwell

45 kg

# For the hardness formulas given, P (the applied load) is in kg, while D, d, d,, and [ are all in mm.
Source: Adapted from H. W. Hayden, W. G, Moffatt, and I. Wultf, The Struciure and Properties of Materials, Vol 11, Mechan:-
cal Behavior. Copyright @ 1965 by John Wiley & Sons, New York. Reprinted by permission of John Wiley & Sons, Inc.




Hardness of Metals and Ceramics

Vickers Knoop
Hardness, Hardness,
Material HV HK
Hardenead tool steel® 800 B30
Cemented carbide (W - Co)? 2040 140
Alumina, Ad; Oy 2200 1500
Tungsten carbide, W 2601 1830
Silicon carbide, 5iC 2600 1900
Vickers Knoop
Hardnesg, Hardness,
Matenal HV HEK
Titanium nitride, TiN 3000 FE.L
Titapium carbide, T 3200 2501
Cubic boron nitnide, BN G000 A0
Diamend, sintered polyeryatal 0 5000

Digml:md. natural 10,000 B0




Hardness of Polymers

_ HBrinell
Palymer - Hardness, HB
Siion e T
Phenol formaldehyde 50
Palvethylene, low denaity 2
Palyethylene, high density 4
Brinall
Polymer Hardness, HE
Folvpropylens 7
Folystvrens 20
Polyvinyl-chloride i




Effect of Temperature on
Mechanical Properties

o Generally speaking, materials are lower in
strength and higher in duc’rlh’ry at elevated I
femperatures

Strength and ductility '

(% elongation)
0 Temperature




Engineering stress— strain behavior
for Iron at three temperatures

120
800 — |
—200°C N
1/ —1{ 100
600 H— ]
| —{80 =
= Il B ol
E_ 1 — — r&)
g 400 / -100°C — 60 =
B 4
& — B L
1B — 40 »
25=C
200 —
— 20
; | | | | 0
0 0.1 0.2 0.3 0.4 0.5

Strain




Hot Hardness

o A property used to characterize strength and
hardness at elevated temperatures is Hot
Hardness

o It is the ability of a material to retain its hardness
at elevated temperatures

E
High
Low C steel
steal (HT} (HT}
|
0 2580




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 Oy

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

Ductility: The plastic strain at failure.




