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2\ (Tension test)
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14 10mm = 12mm 2
2 T 12mm = 15mm 2
3 C: 15mm 220mm 2
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0.2 =0.20

10 mm

0.25 = 0.25

3mm
12mm

= 0.333333 ... = 0.33

5mm
15 mm
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61 + 82 + 83 — 0783333
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ofix| 2.

12mm

0.18

= 0.18232 ...

10 mm

In

15 mm

0.22

0.22314 ... =

12mm

In

20 mm

0.29

0.28768 ... =

15 mm

= [n

€3

81 + 82 + 83 — 069314‘ .. = 0.69 \

0.69/

= 0.69314 ...

20 mm
10 mm

c=1In
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201 8 ofjX|M o= H|7tY A7 (irreversible process)2E F &

Ok (strength)= 27t XHEEX] 243 852 WE &+ U= F=F 2fo] (2t
xMoZ SHEIE E E6 0fZ)

- — | — By N —
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OIEAIUT} XSO HE - EHAILITS

¥32 94 9| Hj3 a4
(Hooke’s law) (Young’'s modulus)
Stretched Fg<0
D PR, MR e L ﬂ
i A Strain

5 -

AL
r—»
Stress B
2 Compressed =
26 Fg>0 =
y Z’TW YR Stress
SRS ; Young’'s Modulus = _ =
: . i Strain ALL
e (E)

X ;:j 0 X - 0

F = —kx og=Ec¢

= TheMAd



EHMEAH (Elastic deformation)

[l

2l oS Al28610] EMMXIZ0]| 7}

v 3o }oFXt Hooke (1635-1703)= A
oixl= Rt HHO| HlZ|TS WHBISlT,

v Al Y2 %X} Young (1773-1829)2 I=||E1|“ % J5l01 =25 ZExy
W Hooke W% 0 = Ec & {AA0191C}E 0{7I1M S 9-f HHE ¢ 0| MZ H|

S 20iFu flon Hlg|ade2M Bl £ & FIokL SICt

v 22 HH0| CHEF Hookel| U0IME Z2 M=EtAL StE{EtE O 377 &
2tX|2 CRA]| XHE AHS FAoHOf Thot= T 0] EXHOHSACE.

v" Young2 it B4 CHloj| S HASL IS g4 22 He| ot ]z
2N BAsE UL
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219] EtM|I+ (Young's modulus)

Young's modulus

F
y — /A Measure of stiffness

_A%o

Material Young's modulus (GPa)
Rubber (small strain) 0.01-0.1
wood 1-10
bone 9-16
concrete 20
steel 200

" TheMAG



219] EtM|I+ (Young's modulus)

(=)
= 39 BMAx HaAX=
Force . : \ |
increasing stiffness(gradient k) 10 Damond 2 | Ceramics
‘ T SiC — Alumina
Composites Silicon _ @/ 4
= [~
100 =
I Wood and Porcelain — - Zitconia
EE wood producls ek % Glasses /
= 10 N Conrar X
= N
a : Porous Metals
2 | Ceramics and alloys
wv
O
= 1
e ]
S { ]
" Polymers
descreasing stiffness o ;|\ /
(gradient k) F 7 /
o
[ =] A Rihhere
K= U9 EAAl l i S —_
extension 0.01 : e . gy ‘
> 100 300 1,000 3,000 10,000 30,000
<— Light DENSITY (kg/m3) Heavyy —»

42 ErdAl2f SES] =YD A
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A MBS (Plastic deformation)

rio
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P

2 E ool 2l2ie] W2 SOo7Ex] Xofd P+LZ0

| .
HITiS 21| E|= wigdo] 17+2 oisioy ofjLiX|Xi o2 H|7ted M (irreversible
=

process)2 2 F|Z P}
v Aol THEOIM = S20| ZHE 2of| oi2f SHMHAES Ao y|a YUHeE = 2t
= "ojMT AMHHHo| AIZ El=0 0]2{8 27| = US Y TH=22| Y=L

kd
ro
n

(yield strength, oy) 2t
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A MBS (Plastic deformation)

=7} EFA SHAHILHOY| Slond Hitio| OIS XS Moo= RoHuEBIE g} XIS
-—I X[O|7t FAIY H=

v iR ES] S50iM = BAHUAIS] HES0| 0.0055 HX| ¥ooZ F HASI
Xfol= FAl 7kS

v/ JEjLp AMMITI0| BEHNOS AE > £ 29| K0l O 0jAF 241 & £ giS
v 710Xl S30]| =LK (yield strength)E HO{MA| =T &4

Hy
= 42 SEo| €22 o7 Hl= WS = + A=l ol2Tt ‘.’.”é!% 7t3 8%
o

(work hardening) E= YW U} (strain hardening)2fal &

- TheMAQ



7t2U% (Work hardening)
v Anwio) oot S249] Z7)
O A

large hardening

1
Oy, —/ small hardening

J 5 —> &

Curve fit to the stress-strain response:

712 U8t x|+

_C n=0.15 (some steels)
/GT - (STL to n=0.5 (some copper)



7t2U% (Work hardening)

v AMEY OF[ZE = x"2 7}

\ \ \
1 N 1 x" n<o0
x" n>1 x" 0<n<1
T 1 > ; > 1 >
Curve fit to the stress-strain response:
" 015 som sioa
o7 = C(ST ;1— ._0 5(some steels)
7 T o n=0.5 (some copper)
Rge Al B



7t2U% (Work hardening)

v OjUTIE ATHY| WS HYUET}

10% ~ 106 mm23&

v HITIE2E AX= Ui

2A X

~10" mm32%£E

by “ 5 . P

 0.5um
A=0.68 um

p=0.55x10%cm?

0.5 um

p=055x107 cm?

/

RN

v 850 S " 345
N [ | [
. ‘\ UTS \
40 276
3 -
-
= 30 207 =
(1) N
(72 BN 7]
= o
g 20 {138 @
C (@)}
c
L | T
10~ Polycrystalline —{ 69
304 Stainless steel
o | | I P
0 10 20 30

Eng. strain (%)

Figure adapted from J.R. Foulds, A.M. Ermi, and J.
Moteff, Materials Science and Engineering, 45 (1980)



Ofi x|
RIH{O120|

1) 2847k2%]5(C)7t 550 MPa 0|2, 72 8R}X|(n)0] 0.222! AXH7t QICk. TIHH
0.8520f FSSES 7AMoleL.

or = Ces™ = 550 MPa x0.85%%2 = 530.68260 ... = 530.68 MPa = 5.31 x 10* MPa

2) 2°47t3X1(C)7t 850 MPa 0|12, 72 BEX|(n)0] 0.302! AFAIHO] ULt 0] AIHSY
2o|= 100 mm 24| 839 £ 157 mm 7} E|9ICt. W F RF3=S Fol2}

0[0

-

or = Cep™ = 850 MPa xe%3% = 850 MPa x0.451075 ...93Y = 669.41236 ...

e / = 669.41 MPa
e=In—"" = 0451075 .. = 6.69x102 MPa
100 mm —0 o

3) VHE AFAS 7iX|3L 2%12] A|HS +AOIoICE R Hnl AHojiM= THES0] 0.352 of

SES20| 217MPa 0[313L, 2HAOIAE MHTE 0682 Tf RSS20 259 MPaO|SiLt.

Too ™

O] o A8712x|+ Cot 7t3 88X+ n2 T2 LofeivL?
217 MPa = Cepq" = C X0.35" — log?217 MPa = logC + nlog0.35
259 MPa = Cepy," = € X0.68" — log 259 MPa = logC + nlog0.68



72 3% 5 AL olAlS

Al E83% (rolling process)& S0HM 2T wmg ou
U E 27 MPaOilA 127 MPaZE S7IA712.
LHF 2| O|N| =7t St

d oﬁ.@ awmrml
Moz oIRttEol Z7t
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v BHel 4 Ol BHEE MIHOHH AIB2 A-F°| WE0f| ot2t ZoHA| ElLt
Rlafe| MENZ 7hx| RoFD

v 0-BEHZS| QMY T AMuiio] A7[A) Ht
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AN - H|QE 2™ (Incompressible process)

w3 V4 § H| k2 I}
.‘ ................... .E.” V — VO

l Al x= Ayly
: : : .Ao_l

e TheMAd



ZICHE = (UHimate strength)

Engineering
g€

Engineering stress, S
True stress, o

Elastic region

EB= -AS_/':-AE

& necking X
Engineering strain, €
True strain, €

v THZO| SHEHE XILb URO| HISEIH TN FE0ts S

_ O™

2 B Z|CH U= (ultimate strength, S,)0 == E|32, Of

Fa
I necking $44At0| BIAHDICE

- TheMAd



v 0{7IM P, = ZCHotZ0ICt. Z|CH 8= P, 7F B20t=
v X|™EE XILIME BtE0] 710X AHS B2 vtak|oq, o|xl2]
(fracture strength, o) 2fal 8fof Ch=2k Zo| 2 ELt.

n

0[0

g T

O'f=&
Af

v’ 0§7IM P; £ ut2BtE (fracture load)0|0d, A, & ThA|2] THZo|Ct.
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= XRI10 -7
EE-’I -*-II:H al' T HIE’-
Tensile Strength of Engineering
Materials
1000
200
o
8 100
")
8
8 10
& 3.4
.
N —7
Carbon Graphite Aramid Stainless
Nanotubes  Fibers (Kevlar) Steel
JAEC) QIZZUETL 1008 O|AF S0t EALIEREB =
GixH 2a2{7! PtEF 7L Ut SE
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v ¥f| giod
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€F = n—
Ay
v RAE CH23} 0| MejE|= ct
RA =
|8

= [n

OiX 7tA S

= =1 X

1

1 —RA

Zofzict
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01 (Toughness)

v X =27} utafof| CHE o= S=S oIX|2 LIEPH RS Q1M (fracture
toughness)gtal BiCE,
O RZ °I7<I-A|U'l01|A1 US 7 U= USTEL vy =ef= CHE 7HES] SE|=o|ct.

AN

v F U= SES 7IHaE ol 9lS0] Histof Q142 of|1{x|2] 7HHo|Lt.
v ofz2ie _=.-TlI 2o SE-HUE SMoM ntals= =27kX| 2]
Toughness Yield point
A \ Stress A Stress
£ Hardened
“‘ Tough Tough
ougnness / ougnness
A C (l' » )
e Strain Strain
Toughness = the ability to absorb energy up to fracture
= the total area under the strain-stress curve up ULIE O}/ &M 20| 1ML mig|Al £ U2,

to fracture

(S TheMAQ



brittie o =force/original area

X
ductile

o =force/true area

\

moderately ductile

of \5 10 15

permanent recoverable
deformation

strain ¢ (as percent shortening)

- TheMAd



5 (Strength) 2F 21 (Toughness)

10,000 ——

and alloys | Composites

Strong —»

STRENGTH (MPa)

Ceramics chart shows comprassna strength ' WooC v, \
lende srangh tppacally 10% of compresave Y o \
0 1 Other materials “rengh n lensonicompresam I
ek ek bl P L A Al

0.001 0.01 0.1 i 10 100
<«— Brittle TOUGHNESS (ki/m?) Tough —>

<«— Weak

TheMAd




Urethane elastomer
95 Shore A

Urethane elastomer
80 Shore A

Natural Rubber 75
Shore A

Neoprene 65 Shore A

©
a
=
B
o
%)
%
o
@
I_
»
W
=
@
p-a
i
l_

Urethane elastomer
55 Shore A

100 200 300 400 500
ELONGATION % (TENSILE STRAIN)

STRESS STRAIN CURVES

500 COMPOSITES

400

STEEL
300 —
200 —
= ALUMINIUM
100 —
O LT

0%

2%

UHHZ (composite)=

o] B2, A2 S 2
k

712 5

=-4A9HIME LEERNCE,

A
o

UES LIEHLHD,

= "oiMA
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or=A|ed (Compression test)
v

Ot= Al (compression test)2 AZTAIHY 7{2] FAITH WHo = f~WE|D] T
X| ot=2| utero| Ct& Folct.

v gEAHoret B2 UASAI-EIM = = (buckling)oll F2{o0F of=C] 0]=
AlE2] Zo|2fk xX|E2] ] L/Dojl i3t CHE 2aE& HojA| =

v et &2 (uhd)o] Byt AHS o ol WA 5 S Ee= HEe U
oj2l Ao of== otEZ& ol=| Y50l F0{0F BCL.

{T T L

Buckding Compression Shear Eﬁ -g

2 TheMAd
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20[0]| ot= USAIHES] xt0]

v ok oot x|F2] Hi7t WF 2 ALo= AEO| HiEla) B= FEMIAMS ot

= QoA HHo] M| gLt

rir

v AIH9| Uo| uteke] Z7HX|HoA = AHIS0lA ¥Hdo| £ e BE O] &2
(barrel)Z2 22F0 2 HY}| =L}

v o|2{et BEFPF HAE ¥|o7] YtiM= xH=ek AlES| o2t X|E HIE HT0}
Al H=ioljof ghCt,

HED X &2 S

33% &=

50% &=

C -

8 c

A 8 c .
A 8 A

azl 2.6 Al 5= HHo| oFEAIS7F 1,00 o m% ZHbarreling):
HIHO0| S7tetof w2t &l AlH £He| A B & CHE2 sk& To| 0|F

- TheMAQ
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ISAIY AlE

784

686

23 MPa
N =N
)
S

[0 20 30 40 50 60 70 80
B &y

[ co, /0

a3 27 2Zar Zo[H|(hy/dy)0ll IE S2| L=SH
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Bauschinger 2

v TIEE QZEet0] E=STMX| 71471 H AHH0| AIFEA =0 710X S
HAHOHH AMHAZ Mt FESE & S0f2HCL.

v ol CHAl =S L=017] AIEotH 20f ofE Z=5F0jl =2okA| ==l ojmi
= 230 2 ESUERC0 2 UR R

_— 0O HA >~

24}
v &, S X=Zatd ojois QIR o - P
M M M
off maty SHEEe) Zto] Hatxs o S

alo| M71=cil 21zof| djojA L=0fAe]
SEU 2 Ugs TA Eod (o s WY s
o, =
v" Bauschinger 3 (Bauschinger B

effect)2fal YL}

o] A AHE FF F|ZHB AL

- TheMAd



2YAIH (Bending test)

v ZHAlY(bending test)2 22| U E= UES TEOI7] 2l0t0f Ao}

1 0] AlY¥2 CH7H CH(strip), ¥ (sheet) E= ¥E(plate) S0l X S0IL} o
o U483, S SN Solx= SSHL.

AN

P Yt E[7|7tX] A4%Ho] S0 OjojotA| AojLt= FMIH =0 CHE 2=
& Sdot7io]l ol S H2|OtLt.

= N
w=2EABE &\W

as
7/ \ l warp m 8 & X

’ —
:;a} R= ﬁ%: I t=SN oHE 2 ~ R Spoecimen ; MandrelT
= o & :
) = 4 g |
Z K| & NNNN\N|

(a) WA AHE-E= &0 (b) wipe w34

H

2| \

g 29 ‘ NBAT

— TIONALUNIVERSITY
P SINCE 1927



ZAZUEFHE (Minimum bending radii

Material
Aluminum alloys
Beryllium copper
Brass, low leaded
Magnesium
Steels
austenitic stainless
low carbon, low alloy, and HSLA
Titanium
Titanium alloys

Material Condition

Soft Hard
0 61
0 41
0 2t
bt 13t
0.5¢ 61
0.5¢ 41
0.7t 3t
2.61 41

TheMAd



2YAIH (Bending test)

v SHBZUAYS ST XX AEHIM HO| FUIM OFF Pt ZBOHE YEHE
SUPIC, TVEVDH X|ZHlo) ME|E AMSOHH NC§ 2 BWE /Y, £

SUXIHojiM Edotn] 2 37|= 123 ZLo.

2¢

=29

ax

|9 —»
oy —»>
|0 —>

I
o
N
o
o
w
ikl
il
po
>
o
0zt
Ral
G5
I
o2
iy
por
>
ol
>
S

TheMAC



YA (Bending test)

v o] QIRiO)M HBoH= £35S o = C12X ULt

v' I{d] (b), =0| (h)2! A2y Thodof| CljPr kA E".ﬂEE
v [ =bh3/12 0|22 9|9 Ao 2R E 7 2
28 UL (flexural strength)2tal L,

% = 8bc?

v 0{7|M -rr-—l'é ’é.‘% =AM Ho{T! =22 BE= AT AlHOM A2 2
i O 57t SlckE ™ol

v TheMAG



HISZ! A|® (Torsion test)

v HIEE Al¥(forsion test)® SOIME X=2| oobs Mzlojl CHE SOt X}
2E OF U8 & ULk 7F YE| ALSEE WwiHe AT $Eg T HEs
g F= Hoick.

v g

AlEo] QZAIHo] HISHAM E2 2 2T AUTHo]| 2 0t= necking
Yato] ojLtx] ei=Ct= ™YL, neckingll 20iLt= FENHM= ST S
Ei7F £xHoI2 2 8l 40}7]7t EX| 27| o= O|Ck.

o
19
>

Tr
T =—

J

v O{7IM r 2 AIE0] A2 E B9 UHXE, = S BHE (polar moment of
inertia), 7= HIE& Ot=0|Ct.

u TheMAQ



HISZ! A|® (Torsion test)

Tension
< Elastic
stress
distribution
o,
Tmax
S
?-—— | 0 - 0
3 -
,/y ‘ :\ O3 = 0
Tmax ¢, Tmax “Tmax *
Y2 O max
Basic -
. equation:
Tmax = )
Single-Load Failures
A
L |
Ductile Brittle
(a)

r = Shear stress

10N
oo o = Normal stress
: Elastic
-
stress
distribution

Single-Load Failures

Ducltile

<
e

— i

Brittle

(b)

Compression

Single-Load Failures

Ductile

Brittle

(c)

Elastic
stress
gisinibution
Tmax ¢037max
o | * 1 T
=1 1 Mele 0
: .
LI | Lzl
0‘ ......
Tmax ° Teax| Vo3
. 0’1"0
Tmax =
R e % Tmax

TheMAd



ZHAY (Impact test)

v AldEo S 4 710l e Sxoluxie] 332 S Tt

v =22 1M} FMe] BES

Ik

Heps Ay
v B 23, ANY W WHN NS MFTl L

/ BUNOERE FE LA AIYBF ALST SUZUAIY(ASTM E23)0] CiEE
v Ol Charpy SEAIYHD Izod S HAIYHE 2jojotny,

v ANES S0 =XIF TS TXY| FH2 OHHS S0k AlE| SHE 7t
oF0{ utajAl7|= WHoILCT.

- TheMAd



SH3A™ (Impact test)
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S8AH (Impact test)
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HEA|S (Hardness test)
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HEA|S (Hardness test)
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HEA|S (Hardness test)

v Brinell A= A8 (Brinell hardness test)2 Lot X{=2] HEE LT}
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OJAHEA|Y (Micro hardness test)

v OAZEAIYS It HEHS| CHojotE2E YUXIE AI'H EH0f 1~10004f 2
OASHES & 7IH2 =M OjM2t A= & 570 WO[EdF ALS T Knoopt
Vickers ZEANHOAM = BEUS HOHSE Y2 37|F 570t A& 0|
207{Lt E= ASTM E3842| £S5 0|S¢tHCt.

Knoop Hardness Test

__.

—

Load F (1 -1000 gf)
Extended pyramid-shaped
diamond of 172°x130° angle

|

= L (long diagonal of indention) h=>0.5D

v Wi v

9020222550, 0, 0,000 0. 9 9 9 9 99999,

- TheMAd




OJAHEA|Y (Micro hardness test)

v Knoop U Vickers OJAUEA|HEE S0 ofloll=,

<\

HIZH(foil) T M(wire)Ol LI UALE 7HSOIA YU

<\

AN NN

AJEI0| {2 Z0pA YUIEl AN HEAIY WHo=E 53
o A HE

Zox2|ojlM Bxof 2joto] HZWAE =Fot

TheMAd



Of2A|™ (Wear test)
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Chapter 2. 2%

OIZAIH (Tension test)

DFZEA|H (Compression test)
=Z8AIY (Bending test)

1
2
3
4. HISEIAY (Torsion test)
5
6
V4

<A \ Engmeermg

Engineering stress, S
True stress, o

S, Aju s

Elastic roglor olA-I (I-‘|0|)

SUHAY (Impact test) E=As/Ae
BNE
Uz AlY (Hardness test) R
¢ MpAUT
IJ|-E|_A|5='|I (Weur 'I'es'l') Engineering strain, €

True strain, €

20 HHE (Stress and strain)
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=3 (Engineering stress) - 2% WS (Engineering strain)

1S3 (True stress) - T HHHE (True strain)
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