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S U M M A R Y

I. Project Title

Materials Characterization by Resonant Ultrasonic Spectroscopy Method

II. Objectives and Importance of the Project

For the several decades, various nondestructive methods have been

applied to characterize microscopic variations in materials. However, it

is not successful to give a satisfactory result to monitor the nuclear

material degradation by neutron irradiation embrittlement. Therefore it

is necessary to develop a more sensitive nondestructive characterization

method. The resonant ultrasonic spectroscopy (RUS) can be a possible

candidate for this purpose. The objective of the project is to develop

the RUS technology to determine the dynamic elastic constants with an

accuracy less than 0.1^. In addition, RUS technology can determine the

high temperature elastic constant as well as Q-factor by an improvement

of the present RUS system. This technology can also be applied to

characterize the microstructural variations, such as material degradation

including neutron irradiation embrittlement.

III. Scope and Contents of the Projects

The dynamic elastic constants of weld heat affected zone(HAZ) of SA 508

Class 3 reactor pressure vessel(RPV) steel, which has various different

localized microstructures was investigated by RUS. A high temperature

device for the RUS measurement was designed and fabricated. The high

temperature elastic constants of the RPV steel was measured.
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IV. Results and Proposal for Application

Through the measurement of elastic constants from the various

localized microstructures we can confirmed that the RUS method is very

sensitive to the microstructure of the test materials. By comparing the

RMS error of the range of 0.07 - 0.10 % for this measurement to the

general limit of 0.2& for the effectiveness of the measurement, we can

confirm the measrements were highly reliable.

RUS can also be used to measure Q-factor (mechanical damping) which

related to the microstructural variations (grain boundary, grain size,

precipitation, defects, dislocations etc. ). In order to get an accurate

measurement of Q-factor, environmental pressure and contact pressure

between ultrasonic sensor and sample should be measured and controlled.

Thus the vacuum system for the environment and a load cell to control

contact pressure should be attached for accurate measurement of Q-factor.

The complete RUS system can be use to determine the anisotropic elastic

constant, temperature dependence and Q-factor. These capabilities will be

useful to monitor the degradation of nuclear materials, including neutron

irradiation embrittlenient. In addition, RUS technology can be applied to

various areas, such as the nondestructive identification of the fluid

inside a vessel, nondestructive quality test for precision components as

well as nondestructive materials characterization.
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3.1. Lagrangian £\£.Q

Lagrangian L •&

L= f(KE-PE)dV , (12)

cm
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ux ^ (/,»»,») = (0,0,0) SM=- *=1 # 5fe

: *= 1

k

>. (Fig. 1-1)

Vibration Modes
(Rectangular Parallelepiped)

k=l x-axis translation
k=2 y-axis rotation
k=3 z-axis rotation
k=4 x-axis rotation
k=5 volumetric
k=6 z-axis translation
k=7 y-axis translation
k=8 complex motion
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1. Levenberg-Marquardt

*fe i g ^ ^ 5 ] ^ ^ ^ ^-*l-7l £1<JH ^ ^ ^ } ^ 4 ^°1 figure of
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F= itw{ (fi-gd2 , (31)
1= 1
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triclinic ̂ £ J ̂ ^ 7 ^ ) ^ ^ ^ (21 ^ ^ f ^ fg f
fe Newtonian solution^
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F # Taylor
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S^>. 2A 7> ̂ >1 ̂ }$) covariance

matrix ^ ^ | B S *]•$ diagonal ize * } ^ (iEfe- G S\ ̂ <a^J) M 7)1*] 3.^*1
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mm l 4 \ & ] M ^ ^

g ^ > B ) ^ M ^ §]51 geometry

fl flfl ( ^ mm

o] ^Hl^olt:]-. Undisturbed free-sample*J ^ ^ I # ^ - ^ ^ f e

fe ^ ^ 4 «H7]^ <H^^r ^ ^ : 1 mm 3 7 ] *| A)

mm U ^ > 7 } Hl^*}t:>^ ^o

cfl EV^I-7]- - ^ ^ 3 . # t :>^ L J £ ^ s ^ ^.^| S H f e torsional

cfl ^-^o] 3 km/s 6] ^3}oflA-l ^ c | 1.5 mm<>]

S ^ 1 MHz

EMAT (Electro-Magnetic Acoustic Transducer)^ A]-g-̂ -

^ # ^71 ^*H^fe "I 3717} ^X]7| 4 ^

Q-factor 7} ^^Sr | ^ ^ - ^ ^ 1 ' Slc>.

match7f -f^r^v) 7l7iH Q7f 50

PVDF(Polyvinylidine fluoride) s t r i p # mm

j>}$) x]^o]} greased - ^ * H

& Curie
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(Lithium Niobatefe 800 - 1100 K <>M ^ 7 l ^ ^ S short $\S.7\ 5\7\\-\ -g--g-

Q) ^r£6fl 11> ^ 1 1 - *M*}7l ^ a o^-^5 - buffer rod

t\. Buffer rodfe

*43. buffer rodS

buffer rod^l 4 ^ ^ ^ISl^- ^ - j ^ ̂ §-̂ 1 ^IJl #<Hl convolution^ ^1^1

rod :?H1 7^flxlfe ?Q$] ̂ o]v\. -7-^)1^ o^ z}o\ 20 cm, « | ^ 3 mm^ <g

l^^cH # ^ f e 10,000m/s ^-S^lnl-. o]

3 . stiffness7l- ^^c f l ) -^ ^ ^^1 cflsf 3mm

5,000 m/sH ^ ^ - A j t l t : ^ ^ irfl SL7\ 507fl

0.438 - 1.25 MHz o\]*\ T-M^c}. O\ ^ S } ^ ^^<Hl>H buffer rod

reverberation Iimit7> *Xt\. o\7%.~§: cfle>

Q=1000 <y 3 . ^ ^ ^ - a l ^ ^ ^g-?- S H 7 } ^ 4 * W 1 ^ ^ 5 ] ^ ^ ^ l ^ ^ l 3 l^ fe X\

^ ^^ofl Af-g-^^ ^ s f ^ *&4\61}M ^ ^ " o ^ ^ f e ^ ^ ° 1 ^ ^ l ^ buffer

rodS # 41 Sllt:>. n}eM <^^-nlL| buffer rod#

M rod S] ^-^1 # ^ ^ - nle} ^ 4 *

^ s f | ^ ^ c K • a t ^ ^ S MHz

Q71-

fe Q

2. J i ^ - s F g - ^ ^ ^ •^ 'H l^^ Q-factor

Q-factor

§ }. Q-factor fe ^-«g i ^ j

(FWHM; Full Width Half Maximum) J£fe ^/r •# ( / = ^ -^ ^rSHr, r =
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J7Sfl

(thermodynamic dissipation)^- JS/̂ sfl

^ ^ • 4 ^*|fe <as. ^^£)<H i ^ J^ fe JL3}<H1 911-^A^ t};g;§ ^-^- g r a in

boundary 4I?>, ^ 1 grain size7> ^ f̂lS«Hl̂  #*j7l-

dissipation »] o}ij4.

ring ^Efl 5)^2} ^o] nodal direction^- 7f?li:}.

Q-factor ^

(FWHM), ^ ^ ^ J # ^ ^ * f e 5 ^ £ ^ Q-factor

, ii) #Q2§ (grain boundary, inclusion, defect

., (elastic and non-dissipative) JS.
71,

radiation,
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radiation^
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Shear SJE.

T&$] 3.717}
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^ radiation o|
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) radiation match7} ofl

chamber 3.7]SJ
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l^^ l B > Silfe § V § ! ^ g ^ | ( ] ^ Quatrosonic

Ruspec ^H])6fl 4 i ^ 7f<iS. ^ ^rJE 1̂<H ^ 1 # ¥ ^

Curie

-£-.§. wave guideS 4~§-*H 5.-B"47> furnace

^ ^ ] f e F i g .

wave guided] ^ ^ * H 4 ^ ^

31 W a M wave guide#

& holding ^ f e ^

fe 1000 °C 7}*1

- <% 500 °C ^ ^ 4 ^

31 ^ r ^ ^ ^ l 7fe*}J£-^ ^SftcK Fig. 4-3 £ 4-4 afl

Q ^ i

o}e\*} *}*£& ^^611 «><g*>7l ^ l ^ H 2*1- te^l^ife ^ ^ load cell-i
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Fig. 4-1. Block diagram of resonant ultrasound spectroscopy (RUS).
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Fig. 4-2. A design of high temperature device for RUS experiment.
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Fig 4-3.

Fig. 4-4. furnace il wave guided SA 508
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5 ^

1. #*}$.

1.1. *m

. alfe -#-§- 3»*>S ^^-§-71 (reactor pressure

vessel, RPV)fe ASME SA 508 Cl. 3 i&£#(Mn-Mo-Ni

(heat affected zone, HAZH tflsfl

[10.11].

[12].

1 6 l € - £ J. D. Maynard [13]

Holland [4]^- Demarest [5]fe ^ > ^ ^ ^ - S ^ » o ^ ^ l ^ ^

cfl ol ^ a j ^ g ; Ohno [6]ofl

Visscher

7>*1 Ji-i-31}- u o ^ 7>̂ rc-il 3.^-2> ^ - ^ ^ (resonant ultrasound
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spectroscopy ; RUS)-b

^ * 1 H * ! £ ?}¥*}** i < 8 ^ 371(1 mm

[14].

(anisotropic elastic constant)^ ^-^^fe ^ d ] 7 } ^ H [15,16]

3.7} 5

a]el

5J r>S.

1.2.

xf-g-51 ^ 1 ^ ^ ^ i ^S-8 - ASME SA 508 Cl. 3 ^ Mn-Mo-Ni Tfl

^: Table 5 - 1 ^ £v\ [17]. ^4^}S-§- ^ ^ ^ - ^ S^flfe i 6 j 5l

^•(quenching & tempering)<Hl ^*H S^Bfe tempered bainite

T:}. *>^ o]$\ - § - ^ ^ - ^ S^f|5l ^^7)1 220 mm!- <$ 130 pass

(post weld heat treatment)^ 7 l ^ ^ ^.d

(unit
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SI Fig. 5-

Table 5-

mm X 3.5 mm X 4.0 mm

si 3.0
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Table 5-1. Chemical composition of SA 508-3 steel

Elements

wt. %

C

0.19

Si

0.08

Mn

1.35

P

0.006

S

0.002

Ni

0.82

Cr

0.17

Mo

0.51

Table 5-2.

-*1̂ 1 Identification

SI

S2

S3

S4

S5

S6

S7

S8

Thermal cycle simulation

(I*} 3l 2*} thermal cycle

1350° C

1350° C

1350° C

900° C

900° C

700° C

650° C

Base c

& 1350 ° C

& 950 ° C

& 750 ° C

& 900 ° C

& 700 ° C

& 700 ° C

& 680 ° C

naterial

CGTM

(TM)+TB

(TM) + TB

FGTB

FGTB + (TB

TB + (F) +

TB+CC

TB

+ F

* F)

CC

%CGTM: Coarse Grained Tempered Martensite

*TM: Tempered Martensite

*TB: Tempered bainite

*F: Ferrite

$FGTB: Fine Grained Tempered bainite

*CC: Coarse Carbide
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S1(CGTM) S2 ((CGTM)+TB) S3 ((CGTM)+TB+F) S4(FGTB)

S5 (FGTB+CTB+F)) S6 (TB+(F)+CC) S7(TB+CC) S8CTB)

Fig. 5-1. Microstructures in various HAZ regions in SA 508 RPV weld.
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1.3.

7M2

[14].

^ Levenberg-Marquardt»g#

merits a]

* H

Fig.5-2<H1

3 .3^ 'RPMODEL' 3:71

H7f degenrate

*1H
4.5 mm

'RUSPEC'#

figure of

£.7]

Tfl

^ 3 . 5 mm X 4 . 0 mm X

2 " g 'RPR' JEEfe 'RPMODEL'

Levenberg-Marquardt^<^1

97fl<y orthorhombic symmetry

7 ^ * 1 SA 508 Cl. 2
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Determine Materials
Structure

(Isotropic, Cubic, Etc)

Prepare Rectangular
Parallelepiped Sample

Determine Initial Estimate
of Mode Resonant Frequencies

'btain Measured Frequencies

Run RPMODEL &
Evaluate Error

\

Input Measured Frequencies
into RPR using RPMODEL as

the Interface

Remeasure Missing or Large
Error Mode Frequencies

\

/

Output Elastic Moduli

- Literature
- lab Experience
-Other Measurement

- Input Weight or Density
and Dimension to better
than 0.1% Accuracy
- Input Elastic Moduli "Guesses"
Obtained from Literature or
other Experiments

Iterate Until
Error is

Acceptable

Fig. 5-2.
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1) E - 207.200 - 57.09 T/1000 (GPa, T=° C /# ^ - § - « H [18], 25°

Young's modulus-H -r^}1?!,

E = 205. 77275 Gpa.

2) -&uo^ ̂ I ^ ^ I T 1 5i PQisson's ratio 2/ = 0.30 3. 7}^}3. 4 4 shear

modulus (7, Lame constant ^ , elastic stiffness eu , c12/ £44 -̂

= 75. 143 GPa,

*= MX. ,V1_O.A ~ 118- 7 1 5 °Pa>

1.4.

7.001 Gpa,

c12 = A = 118.715 GPa,

cu = -i- (c u - c12) - 79.143 GPa.

- 42 -
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5 -

4 -

2 -

1 -

0 -

500.0k 1.0M 1.5M

Frequency
2.0M

Fig. 5-3. Typical resonance spectrum of SA 508 rectangular parallelepiped

shaped specimen.
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SA 508 Cl. 3 #aovt8 *flfi°fi tfl*> ^ 4 * 1 ^ ^ 4 ^ - ^ ^ r ^ ^ S ) ^ ^ Fig

J ^ Table 5-3 <Ml ^ ^ 4 * 3 3 } } l

^ H r ^ o f l *NI3$i * § * A^KRMS e r r o r ) ^ ^ 4 i 0.07

0.14XS. ^-^SlSacK «aa>4AS. ^ 5 : ^.^}7> 0.2% fl

Fig. 5-4 91 Fig. 5-5<Hl Young's modulus ^ shear modulus

C>. 4 *]^ofl cflt!: Young's modulus $} shear modulus^ -H

JiSJ^K S?> Young's modulus^ ^.7] ^^§^2f -g^l ^ a H - H]̂ Lsfl j £ £ 205

GPa ^ § £ S ^ ^ § € ^o l ^ ^ . a ^ i g ^ ^ i g ^ S ^ ^ « > ^-?-^lfe 209 ~ 212 GPa

71 >0

Fig. 5-4 5l Fig. 5-5<Hl-H 4 4 ^ o f l ^ ^ Young's modulus Q shear

modulus

J i 6 | a | o] ^ ^ - ^ % > ^ Young's modulus^)- shear modulus<Ml

fi^ 1350

l K ^ ^ 900°

2^}

S6-S7-S: 750

^7iuK5»), ^Bfl7f £]x l^ *tSJt^1^ tempering

(57)olc}. ^#^<?1 nl^l ^ 4 ^ ^ ^ # Table 5-2*11

5} ^t:]-. o]z\Q n}4] 3L^$] X}O]^. E > A ^ ^ ] ^ ^ <£3f*H A ^ tempered

martensite(57-S3) J£t:]-b tempered bainite(5^~55)^

tempered bainite ^ 4

S5, S6, S7
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Table 5-3.

Speimen

No.

SA5O8_1A

SA5O8_1A1

SA5O8_1B

SA508 1B1
SA508 1C
SA508 1C1
SA508 ID
SA508 1D1
SA508 2A
SA508 2A1
SA508 2B
SA508 2B1
SA508 2C
SA5O8_2C1
SA508_2D
SA508 2D1
SA508 3A
SA508 3A1
SA508 3B
SA508 3C1
SA508 3C
SA508 3C1
SA508 3D
SA508 3D1
SA508_4A
SA508 4A1
SA508_4B
SA5O8_4B1
SA508_4C
SA508 4C1
SA508_4D
SA5O8_4D1
SA508_5A
SA5O8_5A1
SA508 5B
ISA5O8_5B1
SA508_5C
SA508 5C1
SA508_5D

[1012

dyn/cm
2]

2.7661

c12 [ lO"

dyn/cm2]

1.1244

2.76461 1.125

2.7654

2.7611

1.1282

1.1239
2.7681 1.1287
2.7546J 1.1161
2.7554J 1.118
2.7587
2.724

2.7226
2.7398

1.1217
1.0957
1.0931

1.11
2.7419J 1.1106
2.7528 1.1236
2.7678 1.1377
2.7732| 1.1472
2.7801 1.1534
2.7565 1.1265

2.757J 1.1267
2.76781 1.1383
2.7658! 1.1359
2.75511 1.1254
2.7567i 1.1259
2.758 1.1273

2.7619 1.1306
2.7534 1.1243
2.7566; 1.1263

2.757: 1.1292
2.7567 1.1282
2.7602 11.1275
2.7629 1.1324
2.7613 1.1324
2.7681 1.1384
2.7687: 1.1299
2.7653 1.1261
2.7676 1.1278

2.77 1.129
2.7685 1.1294
2.7718 1.1308
2.7723 1.1324

ISA508 5D1 j 2.7668 1.127

c« [10"
dyn/cm2]

0.8208

0.8198

0.8186

0.8186
0.8197
0.8192
0.8187
0.8185
0.8142
0.8148
0.8149
0.8156
0.8146
0.8151

0.813
0.8134

0.815
0.8152
0.8147

0.815
0.8149
0.8154
0.8153
0.8157
0.8145
6.8152
0.8139
0.8142
0.8163
0.8153
0.8145
0.8149
0.8194
0.8196
0.8199
0.8205
0.8196
0.8205

0.82
0.8199

Young's

Modulus,

E (Gpa)

211.607

211.383

211.159

211.083
211.425
211.086
211.001

211.02
209.548
209.641
209.971
210.147
210.143
210.506
210.181
210.379
210.288
210.337
210.426
210.451
210.244
210.371
210.374
210.522
210.134
210.329
210.078
210.133
210.611

210.46
210.273
210.471
211.376
211.355
211.456
211.617
211.412
211.649
211.559
211.441

Shear

Mudulus

(Gpa)

82.08

81.98

81.86

81.86
81.97
81.92
81.87
81.85
81.42
81.48
81.49
81.56
81.46
81.51
81.3

81.34
81.5

81.52
81.47
81.5

81.49
81.54
81.53
81.57
81.45
81.52
81.39
81.42
81.63
81.53
81.45
81.49
81.94
81.96
81.99
82.05
81.96
82.05

82
81.99

Bulk
Modulus,
B (Gpa)

167.17

167.153

167.393

166.963
167.517
166.233
166.38

166.737
163.84
163.62

165.327
165.443
166.667

168.1
168.92

169.557
166.983
167.007
168.153
167.913
166.857
166.95

167.093
167.43
166.74

166.967
167.18
167.11
167.18

167.582
167.53

168.159
167.617
167.25
167.44
167.6

167. 57
167. 78

167.897
167.36

Poisson'sj RN6
Ratio j error

<*)

0.28903J 0.106

0.28923J 0.0816

0.28976J 0.0909
|0.28929J 0-0807

0.28965J 0.1188
0.28836J 0.0802
0.28864J 0.0846
0.28907| 0.0804
0.28684| 0.2279
0.28646| 0.1928
0.28833] 0.1478
0.28883J 0.1454
0.28986J 0.1214
0.291291 0.1264
0.29262[_0.1327
0.293211 0.1212
0.290111 0.1053
0.29009| 0.1016
0.29143| 0.121
0.2911l| 0.1145

0.29| 0.0845
0.289991 6.0863
0.290161 0.1169
0.29044J 0.1061
0.289961 6.1071
0.29005! 0.1158
0.29057| 0.0986
0.29043 0.0964
0.29004J 0.1196
0.290691 0.0778
0.29081 j 0.1013
0.29139J 0.0989
0.289821 0.0809
0.289381 0.0689
0.289521 0.0705
0.28956! 0.0694
0.289731 0.0739
0.28976! 0.0828
0.289991 0.0933
0.289431 0.07

Density
[g/cm3]

7.883818
7.883818

7.837368

7.837368
7.849
7.849

7.857926
7.857926
7.842549
7.842549
7.889313
7.88313

7.850296
7.850296
7.822154
7.822154
7.838466
7.838466
7.834624
7.834624
7.846036
7.846036
7.848398
7.848398
7.838796
7.838796
7.821942
7.821942
7.865665
7.865665
7.844327
7.844327
7.836949
7.836949
7.869413
7.869413
7.852715
7.852715
7.848172
7.848172

Index

1

1

1

1
1
1
1
1
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
4
4
4J

1 4
4
4
4
4
5
5
5
5
5
5
5

5
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Table 5-3. (?lHf).

Speimen

No.

en L10 |Ci2 LIU

dyn/cm ] dyn/cm ]

=„ [10"
dyn/cm2]

Young's

Modulus,

E (Gpa)

Shear

Mudulus

(Gpa)

Bulk Poisson' RMS

Modulus, !s Ratio error

B (Gpa) I (%)

Density | Index I

[g/cm3] i

SA5O8 6A 2.76051 1.1221 0.8192 211.191 81.92J 166.8231 0.28901; 0.0642 7.83646J
SA508 6A1 2.7636J 1.1237 0.82 211.404 82| 167.0271 0.28905: 0.0696 7.83646!
SA508 6B 2.754J 1.1164 0.8188 210.996 81.88! 166.2271 0.28845; 0.0864 7.823086 6!
SA508 6B1 2.7573! 1.1203 0.8185 210.996 81.85! 166.597| 0.28892; 0.0594 7.823046
SA508_6C 2.75661 1.118 0.8193 211.141 81.93! 166.42] 0.28855; 0.0841 7.843055

81.98! 166.733] 0.28878i 0.10247.843327SA508 6D 2.7604! 1.1208 0.8198 211.308 6!
SA508 6D1 2.764
SA5O8 7A 2.7459
SA508 7A1 2.7477!

SA508 7B 2.7571
;SA5O8_7B1
SA508 7C

2.7608

1.1252 0.8194 211.293 81.941 167.147| 0.28931 j 0.0696 7.843327
1.1116 0.8172 210.535 81.72! 165.63J 0.28815; 0.0795 7
1.1125 0.8176 210.646 81.76i 165.757 0.28882! 0.07547
1.1212 0.8179 210.873 81.79; 166.657

2.7462!
1J257
1.1096

JUS175
0.8183

210.86
210.757

81^75!
81.83!"

167.08
0.289111 0.11437

165.513|
0.28966J

~o] 28777!
0.08817
0."'1024 7,

,817048
.817048!"
817048f
8170481
823595F

_7
7

it
7!

SA508 7C1 2.7506 1.1148 0.8179 210.757 81.79J 166.0071 0.28841 0.07487.823595]
U

SA508_7D 2.7519 1.1148 0.8186 210.919 81.86| 166.043! 0.28829
;SA5O8_7D1
ISA508 8A

2/7551J
2.74681

0.8182 210.897 81.82; 166.417!
1.1121 0.8174 210.59 81.74J

81.79"
165.93j

0.28879;
0.28817!

7.818946[ 7
07967.818946! 7

0.1041
0.
0.0743 7.829797!

SA508 8A1 2.7479! 1.112 0.8179 210.709 165.737! 0.28811; 0.0739 7.829797!
;SA5O8_6C1
SA508 8B

2.7563! 1.1181 0.8191
2.7612; 1.1268 0.8172

211.096
210.807

81.91
81.72

166.4171
167.16!

0.288591
0J28981!

0^05737
0.0805 7

843055!
8178351

SA508 8B1 2.762! 0.818 210.98 81.8 167.133! 0.28961! 0.08 7.817835!
SA508_8C
SA5O8_8C1
SA508_8D "
SA508 8D1

2. 7553; 0.8181 210.881 81.81 166.45! 0.28884; 0.0844 7.822957!
2. 7537;
2.750H

1.1169
1.116

0.8184 210.911 81.84
U

0.8171 210.59 81.71
166.25! 0.28856! 0.0753 7.822957;
166. 711 0.28864r~0.0753I7.813875!

2.7527! 1.1167 0.818 210.815 81.8 0.2886 0.0834 7.813875! 8!
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212.0i

O)

0 1 2 3 4 5 6 7 8 9

Specimen Group

Fig. 5-4. Young's modulus of SA 508 Cl. 3 alloy by WS.D

! I
! I

i !

0 1 2 3 4 5 6 7 8 9

Specimen Groups

Fig. 5-5. Shear modulus of SA 508 Cl. 3 alloy by RUS.

5 i: 1350C-1350C,
S Z 1350C-900C,
S Z 1350C-750C,
S £ 900C-900C,
S S 900C-750C,
S 6:750C 750C,
S T. 680C-680C,
S X raw material
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tempered martensite(Si ~S3)$) t M ^ ^ f e ^ ^ -3.7H cflfjflA-J <*>;?>

7fl^r7} pearlite-bainite-martensite£) ^A-j.3. 4 4 : * H tempered

martens i t e ^ H f e v}X\ ^7>*>t|- pearliteS}

2 ^ [19] <£xmr.\.

Fig. 5-6 51 Fig- 5-7<Hl 4 4 ^1^*1) ^«>

^ 7 | « t > « ^ I ^ S . C^- A)^#2ffe ^51 SI*]} tbQ cUr

scattering*}3. Sl-c- ̂ 1 d]*fl tfltl ^ ^ 1 ^ : ^ r^^l ?it:>. J£SV Young's modulus

7} specimen group<Hl v%$ ^ ^ « > * H t ^ - ° f e ^ ^ °H1 ^ S " * f e cu^r C>

^}^^} . °lfe stiffness ^ ^ , cs <$W off-diagonal ty<& c122] «g

Young's modulus, E-b c,y5| ^*J^^1 S« # ^ S l ¥) £ = 1 / S U

&<$ da # 0 61 ^ . f Cll2f^ c}^ . ^o ] Tfl^ig ^ jJlcK C44

shear modulus(Fig. 5-5)^-

Sife tfl Fig. 5-8 gj Fig. 5-9<Hl 4 4

Tfl s ca t t e r ing*^ $1^ cfl <̂ lfe

^ 44

* f e cfl dl<>1lfe 1) martensite^l tetragonality£] 4 ^ 5J ^ T S , 2) #$1 4

4i, 3) carbide <Qx}*\ "&% ^ 7-AoV f̂ ^ & ^ ^ « ^r Slc}[20].

martensite S ^ J i c f e bainite 2I^°L3. %^r^, £3!^SJ 3.7]7\ 4

S73} •%•*}# tempered bainite

307fl
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2.78-

2.77-

V" 2.76-

jo" 2.75-
O

S, 2.74-

° 2.73-

2.72-

2.71-

•

•

•

:

s

J
•
1

•
I

i ,
i
<

i
i •

; :

t
t

a
t
••

•
•

1 2 3 4 5 6

Specimen Group

Fig. 5-6. Elastic stiffness ( cn) of SA508 Cl. 3 alloy by

1.16-j

1.15-

1.14-

"t 1.13-
o

I 1.12-j

>< 1-11-

o" 1.10-

1.09-

1.08
2 3 4 5

Specimen Group

Fig. 5-7. Elastic stiffness ( C-Q) of SA508 Cl. 3 alloy by RUS.

S l: 1350C-1350C,
S 2: 1350C-900C,
S 3: 1350C-750C,
S 4: 900C-900C,
S 5: 900C-750C,
S 6: 750C 750C,
S 7: 680C-680C,
S 8: raw material

- 49 -



5970

5960-

!F 5950-

— 5940-

'o
•§ 5930-

o>
5 5920-

73

O) 5900-
o

5890

: !

3 4 5 6

Specimen Group

Fig. 5-8. Longitudinal wave velocity of SA 508 Cl. 3 alloy by RUS. 3)

I
1
I
S

3235-

3230-

3225-

3220-

3215-

3210-

•

•
•

•

•

!

s
•
t
•
•
•

•
•
•
•

1 1

1
•
1

• •

• •
•

•

3 4 5 6

Specimen Group

Fig. 5-9. Shear wave velocity of SA 508 Cl. 3 alloy by RUS.

S i: 1350C-1350C,
S Z 1350C-9WC,
S X 1350C-750C,
S 4: 900C-900C,
S S 900C-750C,
S K 750C 750C,
S 7. 680C-680C,
S & raw material
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v}*\] ^2:5} lattice distortion, ^ ^ ^ 37] ^

K Palanichamy et al.^r [21, 22] i ^ M ^ B

lattice distortion, ^ ^ ^ , *1# -̂ <>1 ̂ db*f7j nfi^-0!^^! JL2.*}9Ji:f. Ahn

and et al.^r [23] t>*fi ^^>^ 7
O H1^ ^ ^ 4 ^ £ 5 } ^ ^ ^ j 3.7],

} martensite l̂l<Hl̂  ^ S ^ U ^ 3 .71^ -̂ -̂ Bfl <̂ 1̂ <H1 ^cfl»> austenite

37)$} 2*^*1 # ^ Sife cfl ^ 1 3 . bainiteU martensite

fe ferrite+pearlite

ferrite+pearlite+bainite S ^ , bainite+martensite

[24] <HH-£ retained austenite + martensite

3 . martensite ^ , martensite + bainite -#,

ferrite + pearlite + bainite ^h ferrite + pearlite

Fig. 5-10 ?1 5-llofl ^ r £ ^5f<Hl 4^r Young's modulus «! shear modulus^]

l A ^ Fig. 5-12 iJ 5-136fl £5. ^Sf6fl tc>s. ^ , 4 ^ £ ^ ^ 1

-S.O}- Young's modulusif shear modulus^

nfl̂ -ofl ^}5|*1 ^4>o) ^>EJ) Al^oj) 5 | ^ ^%>?]x] ^ ^ * > data scattering

Fig. 5-lOofl-M 7 l ? H A|^6]l S]*> Young's modulus^ £5. S]^ Tfl^ £• ̂
207.200 - 57.09 T/1000 (GPa, T=° C)
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^ l ^ ^ -57.09 MPa/°

^ -70.27 MPa/° CS.
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215-,

210-
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195-

190-

E=207.2-0.05709T

. E=214.54-0.07087T
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Temperature [C]

Fig 5-10. Variation of Youngs modulus of SA508 Cl. 3 steel.
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Fig 5-11. Variation of shear modulus of SA508 Cl. 3 steel.
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5950-

5900-

5850-

5800-

t

2 5750-

5700-

5650

• SA5081B
• SA5081A

50 100 150 200 250 300 350 400 450

Temperature [C]

Fig 5-12. Variation of longitudinal wave velocity of SA508 Cl. 3 steel.
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0) 31C

I
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3000-
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Fig 5-13. Variation of shear wave velocity of SA508 Cl. 3 steel.
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Zirconium ^ # 2 } ?l7ll^4; 3.-g-£(Terminal Solid Solubility: TSS)

1.5. £^

M *> ^ ] B I SA 508 Cl. 3

4 ̂ ^r*

*>Sgl̂ .t̂  ̂ -^^ -i-^ Young's modulus 209 -212 GPa^ ^^m^l 3L7]

205 GPa 1 4 ^>^V ^5tt4.

— ^ tempered martensite S^jjtcl- tempered bainite

3. ^i-sVg-ig
& S L ^ % 4 ^ S f e ^ ^ ^ ' ^ 3717} # i * K ^ , martensite

bainite 2 2 , ' ^ ^ ^ ^ - ^-^<>1 ^7>*

4. Young's modulus gj shear modulus^-

5.
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Zirconium ^^$] r̂S.<H] ty^ Sb!|*f4i 5L%&.(Terminal

Solid Solubility: TSS)£| ^ifi ^ - ^ # t\<gQ ^-§-o] 7 > ^ * H ^*1 7]^]X\
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mechanical Q-factor7} iLt:>

«fl ti4tt ^ ^ ^ Q-factor#

Q-factor

wave guide

71

1) Load cell#

2) ̂ 1^- ̂ l^^l

Ef o Qo o

. -§-71 71
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