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1. #eg

B2E Agv 929 dF(load)S Wow Wy
g A Hed oW A4S ojsdE 2 3
Fo] AAHNAE W 4 ez BAINA H
o, o] Y JEHEY EARYL SGHAF
(elastic behavior) ojgt @t} 3y &
(elastic. limit) ©}]’¢] stFdAMe A8 €9
AUz BEAHRA Eaa gigo] A &
A ¥ (plastic deformation) ¢] doluA @t ¢
oz dBAAFE dAHYYAAN gRsFy
Wy R vPArE Y, o Fe A8
el Az 4zl oja ojAlelel ZAH
4ddE A5 179 283 Aot =F @A
Ase A5 HEY, 58, 8 59 IFd g
A WL g JE2A FYPL A8
Agd glojA 713 7123 9o 2 A4Eg
U 283 guzd BdASsE 7284 Bof
oM wt=A o d Y dolHR o] &5 $
I AR WA dojus 48 e 4987
A% 718 BA4ROZ ogHa Ut

ojgt o] ME AAY FRE 93y Fo
A F83A nEE AT 2o
T AAA (static method) I FHA Uy
(dynamic method)2.2 AA EFE 4 ¢ A
A ZAYEL 2EHQ AAE ¥ AHY)
AT JEHE M F old F$3}e wWYFL
A%t dAAFE Fie Wy v, 3
ZANHoZE &9 TE 7A3F AFL o3l
o A5 FHFAFE FAY AWM BAF
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BYAT S84 $4

ok
“dlo
o

ol83toq d@HATE
9. ¥4 g4As
A S48y vid A9 A@Ne 2
AL L DA FAHo] way folsg
A€ 7ML Qo A2de FHY Wye
2% FA87] og 714 (substrate) $1] A
299 WAdge @AAFE T3 Wy
S4ste 7lex AgEx goh

°of e BEAF duig 1 2 by,
a1 Az Ad me ¥z d4As
&8 #Aste] sledtn .

A3 Wyol
3 FAYEE 33

¢!

rlr_arm:&r!a
1o

2. BAAIF(elastic modulus)9 &n

2.1. EdAT2 J|AY oo

35 Wy v, & 99 WAY JEof 3}

3¢ JAACE 1 AR dAdA%Ed A
gk g BE AR oA @A
TE FYH 3o i W] FHuh gl
Ho2 AA(crystalline) A& 2S¢ 28 (stress)
3 WY E(strain) & FAE GAHA oA E
HAH oz ANHQ (linear) ¥H BAE X35
U ZE A&7 w=A A4FA B §43
T AL oMt 48 E9 ¥)AF(moncryst-
alline) ¢ 7-$- v]x 48 (nonlinear) #AE X
o &5} 9w 3F(uniaxial loading) ¥ AL
A7} Hooke's law(RHEo] Lo FMZHQ
Hg 3A)E w2 AR glojA W& E(strain
De) o HE S (stress 1 o) 9 HE I AE
9] JEZ Ao},

My lo rlr

ey}
]
o la

(1)

B34 el Agst ¥AAE (nonlinear)
HyY-AYege BANME tangent £+ chord
modulus 7} AEHEYS P2 2|4 P (2

BRI ZHT

STRESS

Ri—-—r

0]

(@ Young's Modulus Between Stess p, below Proportional
Limit and R or Preload

t
Ri———— r
)
174]
LLt
= t
& .
0
{b) Tangent Modulus at Any Stress R
PPr———— —~7'p
N
7]
i
7
R/t
(0]

STRAIN
(c) Chord Modulus Between Any Two Stresses P and R

28 1. (a) Young's modulus,
(b) Tangent modulus,
(c) Chord modulus 2f =3 gk
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Tangent modulus & oW EXE 33 &
HYEAA o-¢ ABRY 7]E7]E Yz
chord modulus & A& VATE oo A
c-¢ ABY od AFA F A Apol9 7|&
712 yepdg. Age] dd A4 (shear modulus
: Q) € Hooke?] HA A A WEYE(y)ol o
& AD&E(r)y v E Ao

G= (2)

< |~

A dAFE B4 E(igidity) T HEH
A %(torsional modulus) 2% k. 7|4 G
£ HEY A¥(torsion test)Ald] 7HlAE A
$9o2 ZAEY. A ¥y A& EUE

@A 4y Aode A W¥(dilatation)

o H¥ Fs
ettt

H(hydrostatic pressure) ¢ H]Z 4

K=_0¥__

_1
NIV =8 ®)

AY SdEY 9& &% E(compressibility), A
2 Yepdd, metN ol AFELY 43 B4
g B F 13 o] dehy Ag¥

E 1.

= =
SN =23

(isotropic solid)2| EtM A 5=
(elastic constants)

; 9K/ 1+3K/G)

Shear modulus | G | E/2(1+v); 3K/9K/E-1)

Poisson’s ratio v | B/2G-1;3K~2G/2(3K-G);(3K-E)/6K

Lame’s constant | 4 | E-2G/3; EG/(9G-3E)-2G/3

Bulk modulus K |E/31-2v); VB . EG/(9G-3E) ;
2G(1+v )/3(1-2v)

Compressibility | 8 | /K

2-2. EHdAIF

of 22[x 2n|

oAl & 939 ¥ (external force) ©] AW AE

140

of "d o AR $£AY (drerr, oo
equilibrium interatomic spacing) & 942} 3
vl# oz A%FSA @) potential energy 7N
(29 2) o2 uY g e 2o YA

Binding energy

/ Atom separation

1 Nearest neighbor distance(ro)

Potential energy(V)

Force,F
o

4 Interatomic spacing, a
_—

3y 2. fXHatoms in a solidliel olx|2E
(potential energy well)

V(4 = V. + %

high order terms 4

A7) Ar o] wi$ FHod H9 AL high
order term¢] FAH I r=r, oA dV/dr = 0 7}
5o ’

1

V (4r) = V. + 5(

d*v
dr2

), 4 r?
)

o 7 ’il°] ¥t} potential energy & YA+
9 ¥ (atomic force) I FANA 3} 2L
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B4A: 239YT 24

2o} YA E
Force = _Qa\%l = —( d’v )e, 41

er

(6)

714 Y(Force) & HWHHF(4r) I vHHY

2
27} ool T 1 MAAE = ( ‘;}V)n

7t d4ASI 9o 9Ae 2R d &g
AASE N Aee $43 AHE BAS
Ze gAFdes e 3L MHAe ARV
E 20 GA% A Zo] 2L VAASFE A
2 4oP gde oux $E(potential energy
well) ¢ Zol(depth) o & AAHT VHAF
£ duyx $E vikbottom) ¢ ITE 33
(curvature) o ©3 ZFY. 2P F1
& qux $EL JAE HRE B BHAF
g 24 H3, dde] Yi F& dux $E2¢
ARE ARE F& BAASE HAA gk

E 2. 8H(melting temperature)2t & -E(Youngs'
modulus)@te| A

Titanium Carbide 310 3180
Tungsten 390 3370
Silicon Carbide 340 >2800
Periclase (MgO) 240 2800
Corundum (AL:Os) 370 2050
Iron w ) 2100 ;. . 1539
Copper =~ "m0 fe 1283
Halite (NaCl) ' 801
Aluminium - 69 660
Magnesium a4 R fs 650
Lead 5 8
Polystyrene 21 - <300
Nylon 27 <300
Rubber oy 69 <300

BRI HT

3.1 MHol £H™Y (static methods)

3.1.1 I EHEE &AE)AIE (extensional
measurement)

AFNEY BF duFo] A, & Azt dRS
AR B} & BAYe e AFGAHE Fujsto
F 719 2EdQ AoAE ZAot¥ x) # HZ
W3k (y) o2 29 F ¥ 3FE Ao 97]9
¢3t= W8 (strain), ex ey & ALY ¥
(stress : ox = F/A) & T3d FEE),
Poisson’s  ratio(v) 2 AGAFG)E FA
dg 4 o (2¥ 3 ‘

gage y
F
a8 3. oFAlY (schematic illustration of
tensile test)

FEAPoRE AFA P vh3ItA PPes
o) e 2R £ oy AYEF barreling
buckling 53 £ AH9 o] HA=
Fgo A FHM FAHk s EAHI

¥ M A
£oreorie
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312 @8 A8 (Flexural Measurement)

47Y, B34, #4 59 AHE AE5o g4
A% E ¢ Poisson’s ratio (v) & 3% + 3l
cd HEL B4 A¥ol A3} Z3E ded

Hsioh ool 2 AEE AA o] 2HA .

711 & & Fd gF 3}FE& d1 AW F
e 2 AlAE Az FZ HA (x y)
Y F(3Y 4, o FEde HYF ex I ¢
y& 2EHQ AAZRE ¢ded. od AU
Aol BFxLE Z8H 3Y oxE Ao 3o
Al

0. = My____ P(L—x) t/2 .
* I 1/12 bt* '

AR DTS )

M : moment

y . distance between strain gage and neutral
line of the specimen

P : load

L : length

t : thickness

X . distance to strain gage

1% 4. g8 AlE(schematic illustration of
bending test)
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oyl M¥ moment, P& 3%, L& o], t=
7, b &, xt 2EHQ AR 7AAY A,
yE Ao FYGAdA 2EF AolR 7A] ¢
AZeltt, 4E(E)H poisson’s ratio( v)E T3}7]
$12 ol ¥ dae AFAY B9 T

3.1.3 H| &8 AME (torsional measurement)

45 Feo] Aol 3 A(rotation)S AT
=4 223 E3E EAFoZN AGA S (shear
modulus : G& £33 Wyold.

y

X'
)
| Top view X

YRy
VY x
/AN
L / .
Pa
%
|
Py
a8 5. | EE Al8({schematic showing twisting

test)

37h9) 2EHQ Aol E 60° 1} 45° ZES A
"ol 29 F 129 59 ol AW @ & B
A AR NEY BAEMDE el AL
@)% 43 Pyolt. RuEd oste 24
Ade e A8¥E Fwed &= oo
2ol Fojn.

== Tro
¢ 7

T : twisting moment

8

J : moment of inertia '
(J=rts' / 2 : for cylindrical)
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BYAT $YHH &

q7)|4 T HEY BUE y,= AW v,
J& BARAERAN WA 7.9 BANAY A
Jerrt /2 2 FAD ARAS G & T8
AAME rol9o] ATGHYFE(y)o] Yadd 7
7] 2EFY AANEZRE Z4Y WYEL
ANYPE(e)o)7] HEo 239 $AVYEL F
ERENE o]gsle ADHEEE AN B
AAFG) e Forh

£3% (dynamic methods)

AAHA A ) HEg 53U FAYY F
U], AR gy 2 Av)d o

A ddHeg E9d7] A4 FLAFE AEA
o] Hojuyth. A FFuHAAME &3 (sound
wave) £ 7|43 ZFZ(impulse)S 7}t A5
9] 9 F3<4(resonance frequency)E Zoldo
2H dAA5E A% T3 (resonance tec-

que), ZLHE ABAAAN FHAA I A8 A
HolA A= BFLE o439 dAHASFE
FRse 289 o= FH Y (pulse echo overlap)
Fo°] gtk

3.2.1 Resonance Technique (free-free suspen—
ded beam technique)

o] WY& o 71X Fu4(frequency)E &3
iz e AR AL Y AFSE &
At el TEe xR (drive transducer)
g E3d ANHA NZE JAZY A5
BN I FA"E2Hdetector transducer)7} ©)
NAAA AFE FA8d E A A7FHA A
32 WANA oscilloscope &2 B 3% Fv
T& Fohdt. & I FHAF, JsAAY 2
7, #A ol @8AFY AGAFE A
AHEE o] A9 P AEEE O3y 2

hnique)?t Y¥2H(impulse excitation techni- o (I 6).

NECESSARY FOR LISSAJOU FIGURES v
|
|
I [
T !

AUDIO | AUDIO POWER | !
OSCILLATOR AMPLIFIER AMPLIFIER 1
|
O
|
. DRIVER DETECTOR . |
meamer || w we| |
MAGNETIC CRYSTAL _ o1
CUTTING PHONOGRAPH OSCILLOSCOPE
HEAD CARTRIDGE
I | VR
b L_J '—--1' | FURNACE OR
o i | cavoenic caBNeT
: I .
| | sPECMEN | !
! T T |
o _ __ |

BRI BT

a2 6. AE AR (block diagram of apparatus)
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B RR A

o] FAEA HXo] oscillatordlA. RS}
(sinusoidal voltage)E A A713 audio amplifier
gx F&3] . FEANA FEEEA (speaker)dl Al
A718 A5 g 7AFQA IELLE v FH
ol 1A AELL ANUL w ALHA §
AGERL (pick-up)Z AgdY. 9714 @& 7]
A AFSL oA A7y A5E ¥Ed ¥
%Z7)(power amplifier)olA 83 FEH F
oscilloscopeel YerA gt Fo4F Az F
W AE<$(resonance frequencies)= AlE 27,
4%, gdAss g4 48 /149 gLy 2
£ A0 Agang®.

96.517 (L3/bt) T » £ x 107°

9)

: For the fundamental in flexure of a
rectangular bar

E =

E = 1.6408 (L3/DH T o 2 x 1078

(10)
: For the fundamental in flexure of a rod of
circular cross section

G = (10.197 Bwf’x10™") / 1+T)

G = (2Lwf®?x107% r r?
(12)
: For the fundamental torsion of a cylindrical

rod

q7|- L& ZAol(em), bE E(em), t& F7(cm),
we FA(g), fv F35MHz), T BAAF| L,
BE o 43 2.

B=Al“-[

b/t + t/b -
b ]

4(t/b) —2.52(t/b)% +0.21(t/b)°®
(13)

3.2.2 Impulse excitation technique

o] 24wy Fx 9 2L impulse tool E A
g A#d F4E& Fo ARY IY AFTE 2
ol Woltt, o] FX 9 W AF¥EE o
&3 2o (2g 7"

impuise 2 AZ AW HY¢ 3AL skl
AAHA AFE BAAAL F% A transducer)
g Fad JAge A4 Az wie Fo
signal amplifier, frequency analyzer, read-out
device $22 TFAHE A7l A 2¥(electrical

(1 system)ol A FAE A7H ANEE FIAFL

For the fundamental torsion of a . o #Fo] dd Yt &3 FaA AU ¥4
rectangular bar # 14 (resonance frequence) & EdH e

——— | SoNAL

. TRANSDUCER IMPULSER
AMPLIFIER o
i FREQUENCY TEST SPECIMEN
ANALYZER l '
ELECTRICAL SYSTEM

ag 7.

14

ol E AAE(block diagram of impulse test)

B HH 98 13 (1997. %)
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ZY4E A "o o714 78 T IS

(resonance frequency), AlH9] A £A o2
o #ANE ol&do FEE), AGAFQ),

Poisson’s ratio® g,

E = 0.9465 (mf?/b) (L3/t3) T

(14)

: For the fundamental flexure frequency of a
rectangular bar

E = 1.6067 (L3 oH (m ) T

(15)

: For the fundamental flexure frequency of a
rod of circular section

G = 4me [B/(1+K)]

(16)

: For the fundamental flexure frequency of a
rectangular bar

G = 16mf? (L/zD?
‘ a7

: For the fundamental torsional frequency of
a cylindrical rod

4714 me AW FA, f& /EIYIAFF,
© % L& 4o, t& T4, Te EAAF, De
A7Zelx Be ©&3 o] Aodrh

b/t +t/b
4(t/b) —2.52(t/b)?+0.21(t/b)"

(18)

B =

- BRI

3.2.3 Ultrasonic pulse echo overlap

Az @A Ase B4 UiA 2&971 A

BEHE % vy, vi EXH Ad"Ed 974 v,
€ %34T (longitudinal wave velocity) °l°1, vt
© #A7%& S (transverse wave velocity)olth. %
B &5 289 ¥&2} (ultrasonic transd-
ucer)l A HAE 297 AULE FEF AT
(te, t)& oscilloscopedll Al ZA% Fo $8A3
£ FEAZLE YE Folth (2¥ 9 a4A
T T2 T BAYL oY} 2.

Ve=%_l: Vt'_‘%

_ I_Z(Vt/v a)z
T 2-2(v/v )}

_ .2 - E
E=vie  B=5750%0
_h 13, 2 T3
=% G ()
| 19)
— o Toys, Pxler
Cy=9NK - (5-)- ["EErax @
C,=Cy- (1+107 T) +4T @1)

ultrasonic analyzer

oscilloscope

~+—— fransducer

-— specimen

a8 8 =31 AEER
(schematic diagram of ultrasonic wave velocity
measuring system)

14 -



BRWRASH

Longitudinal wave(simplified).
The velocity is proportional to the

square root of 'Young’s modulus a

[+]
Transverse wave(simplified). Z
The velocity is proportional to the °
square root of the shear modulus. a 3

0 00 000

0 00 0 00

0O 0 0 O 00
——

0 00 0 00

0 00000

O 0 0 000

©O00O0OO0OCO
©OooQoo0o0CO0

000000
000 00 O
000 00O
000 00O
000000

b oooo0o

0000 0O
000000
000000
000000
00 0000

C oo0oo00oO0O

oo ® 00o00%o0 000°%00
oo0® 0oo00%o0 000%00
oo°t oo0o00%o0 000%00
oog oooogo ooo-goo
oo 0oo000%0 coo00o0
co?® boooo%o0 Coo0o0%00

a8 9. ¥XElel Axz

94714 he Plank 44, k¥ Boltzmann 44,
N& Avogadro #, V £ %33, §p+= Debye
ZE T EAYRE, Cv 2 C Y 7y A
713 vgAs 2 Zdh § Ao g3 2
B £x7t FHAU A8 & E2d3F ’8’1-7]'
A= A 4 k. o] @ 4L o] &dq A
g9 43HE #5¢ $E 9o

spring model& ZAZ 9ATe Y(intera-
tomic force)dl & &3Hsound wave : elastic
wave)’t AEE uwe ALHE FHL a1y
Ueride (29 9P
. 3% 99M pulse 7} 23l wet x7]) 4R

W (initial plane of atoms)¢] & (next plane of
atoms)dl W3 ¢Zo) Hu Yo FHE AN =
A H(second plane)o] &Folx, wWetA pulsed|
SHole Bgoz ALHM A WA, i HA A
o] wW$(displacement)’t A7z %7 AAAL
AR 2 Eoler) f/sec (f : frequency)d &3
of 9§ pulse’t 471 F WHAA A (displac-
ement)= 1/f sec7t H3 o]# & pulse series &
waveZt Agd wek olF3A ok o WY
(displacement)= ¥4 Al$*(elastic modulus) 2+¢]
AAE 2T time lag & YA Z F(atomic mass)
3 Apdd. 1 2R &5 vE $30)E wave
& 9§, %:ﬂ"“E(Vt) 2 Ax(p) o] BAA
tga 2 Ag Zen

146

2d(spring model of interatomic force)

v, = VE/o (22)

¢ - F94 % (longitudinal wave velocity)
e QX (density)

AR 2y 994 HEo 331‘4 E(w) 9

AAFG), B=(p)e ‘3}%3’—]' < BAYE
2ed

vi ¢ 94X (transverse wave velocity)

41 €5 dZEof et

0x

Aol Hal

FEARAMNE 257 &84 H
A g7t gAY ¥(interatomic force)&
FEIEE TF7] did @AAFI FAE
. 28y 27U elastomer AS$E FolUA7}
7180z A%d YA wddY kinked
T2 ¥4 =957 g 238 vAAsI}
7189 olgh e FAdst 29 109 e
At

Bt MK 98 13 (1997. %)
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40

& 150
=) Fe g
g 2 ™~ g
= Cu =}
38 \ \:\ B 1m0 1/
. 10 Al \ o
Z) -\ K]
e £
o y o

0 1000 2000 0 40 80

Temperature, °F a Temperature, C b

a3 10. ¥ E(Young's modulus) B 2 &(temperature)2te] A
(a) F&(metal) (b) 2R (isoprene rubber)

42 o| ¥ (anisotropy)oll 2|8+ EFM A2 B35} olgig AME9 oW EAL AE §&d U
ol 8% 9L ¥} 4 E9 ARY T

ot AA A E(anisotropic crystalldE 2 o AN FAAR HFE o83 JFxA 7
Aureko] wet 9A7e] A7t E@u] Z7) B (texture stiffening or hardening)3 < ¥4< 4+

3,
#4A5E /A gohad 11, & 39 23
E \
[ 12
% 10 NaCl-type
a .compounds
i)
38
> 2 10
é = bee metals
Shear modulus versus interatimic spacing. For a given » 10"} 4 5 1 ; : ! ; ‘164
structure, the modulus varies inversely with the interatomic )
. Interatomec spacing, Allog scale)
spacing.
/s
Y
Stress versus crystal orientation. Because the atom spacings
vary with crystal orientation, elastic moduli also vary. a ‘

I8 1. ENA, S8 2o AYWs AXIZE AHzlte] Arztaky
(modulus, stress versus crystal orientation, interatomic spacing)
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E 3 35BS BHYAF(YE) olyy

Maximum [MP

(anisotropy of Young’'s modulus in-various metallic materials)

Al 69 x 10*
Au 83 x 10*
Cu 11 x 10°
Fe(BCC) 21 x 10°
W 39 x 10°

43 &3 3Hsolid solution, effect of alloying)
of oIk EtMdAH ol Wz}

LEAQ A SAFE dAZ 4 RE
(atom fraction)® AHA BAE 7130 A&
9 FALAL H AE AflE 2 %
& F 9A 4L o] ded o B2 Yo "a
st ol @ ol f2 4T F¥EY B AR

Young's modulus, E

Temperature, T

A Weight Percent D D

a8 12, B A (modulus) & 83 (comp-
osition of alloys)zte| ZHA

148

73 18 (ordered solid solution)® FA34
52 BAA4E R9FA Beh(zg 129

44 AX} ZEtol o3t et A so| Bt

g4 AR WEE AYs= S 3Hsound
wave) £E9] AFo vHE] did Ag WF
of &ue] YL Wasts Az Aol EAT
AL AR ddAFE oA fd10-12).
olglg Fut Ao FojERZ YFL F+= A
22X YA (grain boundary), YA =Z7)(grain
size), PA Y (microcrack), &3(vacancy), A
H(dislocation), 7)F(pore) &} it} )& A
A& o]83oq FAE dNAsTEZRY 32 2%

2 F3%E A& e

A8 @A (stiffness)= AE7} A9 &dF&
Bk W I Y E /ASEE §Yold o @
AAe AR 179 £33 SAHE REZ F
& AE AHE UoA BHAE ulS FoF
Agdge] 712 Axs 1 Yk A5 @y
& ¥3(thermal), 7]1A A (mechanical), &3

#Hs B 98 13 (1997. %)



YA+ SHYHH &8

(physical) 437 2AHE #AE 71z 928 5 L. H Van Black, “Materials Science for

YA, HATEE, FF, A4, 71F T g-BAE Engineers”,  Addison-Wesley  Publishing
o]Fo] g BIYH FLL HHIHE FLE Company, Inc, Chap. 10, (1971)
EAgtolty. agzg 3 guzA AMEe 6. ASTM Designation : C848-78 "Standard

geld, 144 72 S48 A9 wyA A
B3z 2449 9 dolgy Fus a7E,

Test Method for Young’s Modulus, Shear
Modulus, and Poisson’s Ratio For Ceramic

o] 2dAe BAAFE FH3}e 948 7HA

Whitewares by Resonance”, 268, (1978)

Wle) distd 3F 3Hn, AEY S we 7. ASTM Designation C1259-94 "Standard
A A G W3} diste] Lol gt Test Method for Dynamic . Young's
Modulus, Shear Modulus, and Poisson’s
Patio For  Advanced Ceramics by Impuise

1. F. A. A Crane and J. A. Charles, "Selection

And Use of Engineering Materials”, Butte-
rworth LTD, Chap. 8, 87,(1984)

Excitation of Vibration”, 1, (1934)

. AA Y, AAeE, A, (1993)
. H. W. Hayden, W. G. Moffatt, and J. Wulff,

"The Structure and Properties of Materials”,
John Wiley & Son, Inc., 3, Chap 2,(1965)

. ASTM Designation + E 111-82 "Standard 10. B. Budiansky and R. J. O’Connel, Int. ].

Test Method for Young’s Modulus, Tange- Solids Structures, 12, 81, 1976

nt Modulus, and Chord Modulus”, 409,(1982) 11. A. Hoenig, Int. J. Solids Structures, 15, 137,
. P. E. Amstrong, Technique of Metal Rese- 1979

arch, 5, Chap. 9 123,(1971) 12. R. L. Salganik, Izv, AN SSSR. Mekhanika
. A, H. Cottrell, "The Mechanical Properties Tverdogo Tela, 8[4], 149, 1973

of Matter, John Wiley & Sons, Inc., NY, 13. Y. T. Lee, M. Peters, G. Welsch, Met.

84,(1964)
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