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Objectives

S S H(engineering stress) I} & HA & (engineering strain)2| 73 2
Hooke’s law

Poisson ratio

Et A= (elastic stiffness, elastic constants, elastic modulus)
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Some background

CrFot 128 =32 K|S (structural metallic products)O| LYot &£ =2 CHQF
engineering structureOf A2 OIC},
Alconic®| Aluminum K| &

rot

Alcan®| Aluminum A| =
POSCO2| steel M| =
Hyundai steel2| X| &

Q) What engineering structure? ({15, H|&, Ak Xt .)

Qa5 MEe AUAMP 452 HEA 2o E = A=

gl)c?lgﬁ THECE, 5 MEL 7| ds2 08 A SEE0 HAE
=7)i?

AN =2 .



Recap: mechanical property

Q) What is a property?

Q) What principle is applied when obtaining a mechanical property? — stimulus and
response.

When load is applied, the shape of metal might change. (& O] 7}Sl| X| H 2 2F0| K3}

High strength
Intrusion resistance

High ductility
Energy absorption




Roles of Government and engineers

Regulations

Comply with the rules

How? With/without knowledges

Pickett et al., Int. J. Impact Eng. 30, 2004 p853-872



Mechanical stimulus/response

Force
Deformation

Stress
Strain

Size-dependent

Stress

Size-independent

Stress

Strain

2tA|: material property

Strain

Constitutive model;
Constitutive equation
TAYHA



Mechanical stimulus/response + property
%

2| AN ds2, 7IAX X510t O K= 2 7| 2lst 7| A X 83 AL0| 2| THAH &
gddl+= gae0t.

et AE02|= O e et ¥ 22 LIEE = AL

O2{ZS0| LtE oy BY2 =2 A" N O|CH (X} 22| HEH)
2HOF 7| AN =1 2SO A HH O] 2 H??

A= g8 ix LS + HE2

y=ax+b S| FEf:ytx= 44 BSH A=, a2 b =22 9F (E0AM =4)

T <
[0 rir

J1AA Ar=1F 7| A S BEs, 2|1 O 2] £
O: 252 BHd - 7|AH =0 S| &= M L

=
g =Ee (0: 83 E: elastic constants (modulus), e: HE)

Z|AH A=1p 7| A A §FS0| O 2 Bl X 21 2 S 71T 8%

- O
O: 52 29 -7[AX X=0] S=°| 2 W LtEt
h

M 20 P~ . . . . . .
&Pl =y, ¥ (m'”) - SH g 2AHHYE £Plisin a highly non-linear correlation (205)

7| AAE Xp=10F H27|8 HhE, 2|0 1 =8| A (piezo electricity)
e = dFE (&:strain, d: piezoelectricity constants; E: electric field)
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HEAE 2 T=Z Greek lettere, 22 ¢ (W AHE)2 2 LIEFHLC}
c2 MNHAHE 2 SEHIAEE 1202 AR oL}, 22| 490 2 A FE[X]
ULTt S T EHA| U0 HAEZE 7IFSHLCH *7t= e 7|2 E AFESH |

SEO| A2 o (sigma, A| 10N EZE EHSHAILCE
OrX7EK| 2 S 0 TS 20| =X oLt THO| 2t gendt @ gtrue 52| K™K} (superscript) =
AESHY F&2oHICt

ch A4S
EQt GE 424 (X=/01 %) Bt Al MEt EHY A== 2510 AFESHILCE
v & F0}t& H| (Poisson ratio)
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a¥ :vyield stress (strength)= Y A X} E

e¥ (B2 £Y): yield point Of| SHESH= HAE
o, 7: 5/C% S8 HE (normal stress component) 12| 1 M EH S 3 A& (shear
stress component)S T & | At

=

L
e(e), y: A= O HAHE /4= (normal strain component) 12| 1 MEt HAEE A&
(shear strain component)E T+=& [If AFESHICEH
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Tension tests

(Uniaxial) tension test: the most common mechanical
stress-strain test performed in tension (2! &)

Dogbone 22| A|H (84, S 2 &)

Al H(specimen)2 =2 Lt 1| (fracture) 7| 2 et
I 7kX| =74 Lt

Load-cell: A| HO{| 7}SHE forceE F5H :
3 R Tensile tester
Extensometer: A| 2| Z 0| (elongation) H2E F 7

_ Extensometer
Reduced section
| 60 mm |
| |
4
-——-—1—-——-12.8 mm Diameter—— {—— - —+« -19 mm Diameter
| | t
| 50 mm | Z\
Gauge length 9.5 mm Radius

Load-cell

http://www.epsilontech.com/products/axial-extensometer-model-3542/



Measuring strains

Measuring Relative
motion of two points

Strain pertaining to a smaller area (point)

w
i.8.0 0. 0.0 6. 0.0 B
BEERG . « . 5wk

[ [ T Y e Y

v o e 1 1 8

Mechanical extensometer and gauge

blocks

Measured Strain gauge

resistance

—0

Digital image
correlation



Tension tests

0.0 1

Voltage frem load [V]
o o o o
[N = o o

-2 0 2 4 6
Voltage changes from lengitudinal extensometer [V]

Load cellZ} extensometer= M 7| A

M= E ECOH M7 A Lz of HX

physical quantity (Force &= Z 0|
H3} = calibration= &0l HEH A|ZICF,

[ ]
[ ]

Calibration

0.4

0.0 4

Force [kN]

Calibration

»* calibration data obtained using gauge blocks

x

-3 -2 -1 0
Extensometer voltage

00 0 04 06

08




Tension tests

Force [kN]
2%

DTO D'2 D'4 016 DIS
displacement [inches]

O|EA AlEL 27|75t 24)E
SHIHSYES A|--9-o|-02| F SFCY,
Force9f dlsplacement 212 S8t H

Summary:
o Load-cellZ} extensometer2 M 7| A
Mz Z BFOFZILY,
o Load-cellZ} extensometer2| calibration
§|O|E{ £ S5l Force2f displacement=
H 2t SHE T
Force and displacement= A|EH2| 2 7|0
(et HotCE WetM, 7| AE S8 =
HHSI=0 HEX| LY,
Al H 9| 37|01| Taol 2|2 E Hil=
Ao He
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= engineering
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engineering strain (
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Step 2
=0

15mm — 12mm

E =

02231 ...

12 mm

e=In(1+¢)
= 0.5

Step 1

= 0.2

In(1 + €) = 0.1823 ...

12mm — 10mm

g = -

10 mm
In(1+€) = 0.4054 ...

15mm — 10mm

€
&

10 mm

&

Step O



C!'S (tension and compression)

b A — — —
Y 2R AZHO Ao = 20| A, 0 2 FE2signl =

OI& 2 2if HAEZ positive value

A= 2 2} HHEO| negative value

CHA| @1 20| &= 20| B[S &O0|SHL.

Disk compression test is a popular
method used to measure
anisotropy of sheet metals

Fig. 4.4 Disk compression specimens for TWIP940 before (left) and after (right)

deformation. The left one is original, the right one is deformed.

Xu Le, POSTECH, Doctoral Thesis 2011
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Compare engineering strain/true strain

True Strain

Engineering Strain

http://www.continuummechanics.org/images/truestrain/true_vs_engineering.png



Example
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(shear test)
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stress state (& = & Eff) advanced

HEj= A 7HR] 4202 T E 0 QUL
S8 HEf BL0l= 97HR| 2 o2 T E 0L},

(@)
97t X| d&E5 0= 37tX| normal components —L2| 11 67} X| 2| shear component”}

Of0f Lot E2 At= 2 ==0] DX F=0f| A Hi= ZO|CF.




Recap: Engineering stress

« Tensile stress (212-E =), o

Ft

Area, A,
-H - N
2
240 m
oS T Al EHHXA

Remember the size independence of stress!

« Shear stress (M EHS ), «

Fia—aF

Fs

T=
0

S| unit of stress: N/mz2 [Pa]

rx

Engineering stress= H& T 9|

initial area” 7| &

O T EHHE O 22 51=
Sl (vector)2| M| 7|2t Btk

THHA O ko] CHSH CFFet
HiSEO| SIHIE| 7| =X 7S
SHX|2H RIHR| AL 2 L Of
28 7ts

= S5 Y0 EHHEX

1. A5 e

2. 52 Gtk def

A FIHX| BLE 7HX|
LIHX[E %75



o =Ee (0: 33 E: elastic constants (modulus), €:

| AA A= 7| AH ghs,

f| 2| 2t A Al 2 Hooke’s law = = ZIC}. H| g

Elastic modulus

Elastic Constants

=
o

Young’s modulus

2 ZH| A 2| = (material property) O CF.

=

Hooke’s law2| E
[Cr2fAl X§ 2 0FC

|l= SR Ol= Bf& J0lM O ZO0HE X}




Flasticity (EF): thought experiment

Let’s conduct a thought experiment as described below

1. Suppose you are pulling down a 3. The pulling force decreases and
metallic specimen whose upper end eventually you let it go.

is ‘fixed’
1. Initial 2. Small load 3. Unload

o000 F inear elasticity
@08@bonds
stretch Nonlinear
0008 elasticity
return to )

initial
T * Elastic means !

2. You are pulling the specimen harder and
harder — meaning that the force at the lower
end increase.

Usually metals show linear-elasticity

Non-linear elasticity is observed in polymers, rubbers

|—J

A E0] (UY) H|&|30| Bhd= 2|0|otX| =L B

54 d2 A E8ZHO| NHAHE =
o Z9| Eﬁ 2 =2 st LE7} 7|F 0|t

*o—=|| 1T OO T
N =]
1O

I'_>'._



Slope = modulus
of elasticity
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4 1 | ShAL 0.

Secant modulus: 2 HO| gt 2!
0'2 ————————————————————
Tangent modulus: =012l S 7 B0 A /
I_JII_\_7L|-; 7|%7| ) /5. = Tangent modulus (at oy)
5 V
& 0'1 __________
& /

4 As _ Secant modulus
/| Ae  (between origin and o)

Strain e



Strongly
bonded

Force F
o

Separation r

B3 MENO| A RIXF 2| S WAL 1 TRt g2 9o
JimoAo] 7127 (0] 72717+ EHY A%t 2A)
M2 OC} o HOIA 2] 718717 CHE 4 Tk (2 20l S4)

Fig. 2.10a
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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.

o O n — d oL=x
S 7158 SYAEISL ATIRI0l B5 Bl (X HE oR,

7 (tau): &t SHE LIEIL = 7| 2 (symbol)

MAEIE HSS HO|l=ME= o = Ee o (sigma): normal%e—.i(o._"g S &= LIEHL = 7| =

7ICHSE M B Al 2 53 7t — G € (epsilon): normal @?é%(ol_"g S &=

T =Wy ¥ (gamma): At HAE LIEIL = 7|2

E: normal & /normal A& 7to| M Bt A+
G: Mttt S5/ ™E ﬂ%% Ztol M Ebd A=



(anelasticity)

[l (creep,
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nu symbol)
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Poisson ratio (F0F& H]) (v

o0
o0 o
Al
< ®
™ Rl > 8

= or
.__L..__moo_._ = Wo
lemo._ﬂ_._._lm_n_._ I_A_m
10 SLIOII__I . N
oo T oo M r by
R golgs O g g
H & 00 = 7 KM Z0 5
o| £% nyupiFan 2
W2z olTHS 0
10 K & 300 S X B0 10
Kir ol o1 Zo ol I H ujo




Elastic isotropic

2G(1 +v)

4

o

VS|
o

I (isotropy) = 7t

JIAMZHEAAM ChE HHFE2 =




Modulus of
Elasticity Shear Modulus
° Metal Alloy GPa GPa Poisson’s Ratio

Aluminum 69 25 0.33
[Brass 97 37 0.34
- Copper 110 46 0.34
10mme| X| &2 7%l 25 SO of Magnesium 45 17 0.29
A= dHisto 2 O| %t 22 Nickel 207 76 031
e = o -3 Steel 207 83 0.30
22“5’:‘ zl iy 2'§—T_<-1-07< TI’_LI_TIn OE Titanium 107 45 034
_I__I_:TAl;lt___E” Lot ots (E)=2 Tungsten 407 160 028
Tofel HE2 M EHEe =
78 do)
F=0A, = a(—) m (1)
F 2
T 2
v=—-_"= 0.34 (2)
Z
oy 2
i — —C___
- % g —Ad _ —2.5x1073 (3)
N Siadl ¥ dy 10
| | x
I | [ —s | S L. With (2) and (3), you'll get &,
| | 0 0
| |
: ' Ad _ di—do .
: | =g =g Knowing [E ande, you can get the stress
L ) o = [Ee,
SR e SR

Using (1), you can obtain the force.

i




(plastic deformation)

ok

Upper yield

point

Lower yield
point

Uy

Strain

ol o
g |t
: |-
= - a
"lll-I" SSalS
W . of
_ Ky mIT . KO
qiwr om o oF A
702 f Hs 5 © . ~O
SO mppe € J0TT i
SO H Txl Z W 100
S o1l T B R !
OToE  olLH = kol F1
a —
lops KR £ O LHo
MH 7o 10F 0l & mWlo o
Rmo Moy 2 K £
mm  xw p R £ &
Mz~ B & S50 =
SRR WE 2 A S £
s tr iy < oo 5
IFROAr Il XOAr mr  0jo3s0 S S
TTElojock wloo T KR & o

(b)

Yield point
phenomenon

(a)
Smooth
transition

Yield point phenomena (more details in next

slide)




Yield point phenomenon in mild steels

e Liders band

Nominal | * Upper and lower yield points
stress o
Observed R+
2
Observed R, 4 (g S2 Fracture
6,_
Elastic 88
region j-3-
S
Plastic region BE
(plastic deformation &%
band, Luders band) i )5
'
—

Nominal strain ¢

* Schwab and Ruff, Act Materialia 62, 2013 p 1798-1808
* (Luders bands image from https.//www.doitpoms.ac.uk/tlplib/metal-forming-3/plane stress.php) - which is
originally contributed by Mike Meier, University of California, Davis



https://www.doitpoms.ac.uk/tlplib/metal-forming-3/plane_stress.php)-

Plasticity (22‘3): thought experiment

Let’s conduct a similar thought experiment with an increased magnitude of force

1. Initial 2. Beyond Small load 3. Unload FA

bonds stretch

& crystal. 0 plgnes

planes slips R Still linear linear
due to /8| sheared elastic elastic 5, §
dislocation 5 plastic)

motion

Even after the external load is removed, the material does not fully recover to its .
original shape. Plastic means



OI& LT (tensile strength, tensile stress)

WA= strength®f stressS T — =32 8F & X (strength)= ArS. SHX| 2 ol &
M=0j| A= 50| L26FXA| R ZICE - since the exact meaning of the term may
depend on whom you are talking to.

e b
joox
O%FE
o — 0%
~

Ho 4ot
=
1y

X

Stress

It o[ off O =Lk (F).

« TSTHA|= & LSHhomogeneous) H Y.
J0|2=2=otR 20| HAO| HE
O|2 QId, ot &2 ZHO| =X/ &=
o1 2k (necking) 224,

o TEX= Y HYE AL FO T
Sts= 74 OfF otrt.

Strain



How to extract mechanical properties from stress-strain curve

Stress (MPa)

500 —

400

300

Tensile strength
450 MPa

Yield strength

200 " 250 MPa
/
/
/
| /
100 /
/
/
| I
0 0.005
5 | | |
0 0.10 0.20 0.30

0.40

YS, TS, E.

* You should be able to

graphically illustrate how to

obtain these properties.




Ductility (&)

Ju QO IIA| A= 7F LOtLt A dHE & = JA=X| & et
S X|#O|C}.
I #1540 0| WAMSHE FH2 QST R2CE S AN0| &t
= K| 24 BIHO| 70| YMBIR| %2 F4L brittledtCh (3]4])
Ductile Aol 42 20 M2t 45| He = QUL
Ductile to Brittle transition temperature
g \B’ See Fig. 8.14
3 |
|
|
|
|
|
|
|
!
Cl
. Article about Titanic
Strain

http://www.tms.org/pubs/journals/JOM/9801/Felkins-9801.html



A& 2 LO| MEE (percent elongation)= AFESH0] BEHHOZ B 75
EStA[EHe EIHAE ZHA S-S 0| 8o SHAHC=E HH /s
\ 11 Engineering
0 (lf _ 10) tensil
%EL = x100 ensile
lo L Ao AWML stress, 0
f

Ay — A .

o0RA = (<) x100 | A

- IREQ FREES2 B FUUOM SIS S ACI =& A4
- SIX|EHH S0 2t 2 FO| Tl 7t YOI IR A dHFL HE7t 5/ %
X| &7} 5| 7| £ StC},

|'O|-



Why ductility is important?

Formability (S &)

Raw products such as steel sheets are shaped into various parts/components.

The material should not fail during this shaping procedure (forming procedure).

High ductility observed in uniaxial tension test is an indication of good formability.




EFE (resilience)

Stress

S0 IHE O X| S8 E=ofs MAH0 HHE o HX[O] 2| === 20|
= A=+ (modulus of resilience) St = X1|7‘|°F SERO A 2= (yield
point)7[X| SEH S 4S5Al7|= O 2175 = T HEE ﬁoﬂ = O1||5|X|§ LIE}'EH
1. SE(o)t HHE () AHO|Of| E- B 2A 7} A S0f| 72.
“““““““ 2. [[fEfH SH2 HAHE Cfot et+= LIEH o= UL,
/ [H2tM o = o(e)
/ 3. Ol o272t y= x=2 dejZ= HROICHH 1
/ dej=o| HE gL (H I* )O| Z{ =0 St5=2 F0f o &

(Ol A )7t =L},
4. ¢ 2| €It =, otS0| Ble SENO|A 25 - THX]
| S|

| I—
OO AFA A
o 1= OO

WA U = [T o(e) de

/ 0

/ P~ —te —
/, 5. B SHEEIIX| ST} EHY MBS0 MBS
/ Tty

~

&y & &y 1
_ _ _ B s
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