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Measurement of Dynamic Elastic Constants of RPV Steel Weld due to
Localized Microstructural Variation
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Abstract The dynamic elastic constants of the simulated weld HAZ (heat-affected zone) of SA 508 Class 3 reactor pressure
vessel (RPV) steel were investigated by resonant ultrasound spectroscopy (RUS). The resonance frequencies of rectangular
parallelepiped samples were calculated from the initial estimates of elastic stiffness ci, ci2 and cy with an assumption of
isotropic property, dimension and density. Through the comparison of calculated resonant frequencies with the measured
resonant frequencies by RUS, very accurate elastic constants of SA 508 Class 3 steel were determined by iteration and
convergence processes. Clear differences of Youngs modulus and shear modulus were shown from samples with different
thermal cycles and microstructures. Youngs modulus and shear modulus of samples with fine-grained bainite were higher
than those with coarse-grained tempered martensite. This tendency was confirmed from other results such as
micro-hardness test.
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Table 1 Chemical composition of SA 508-3 steel

Elements | C | Si{Mn| P} S| N |Cr Mo\

wt. % | 019008 1.350.006/0.002| 0.82 | 0.17 O.51J

Table 2 AlE2| Xzl 0/ & ojM =%
Al Thermal cycle simulation

I t‘f'l“t' (1XF & 2Rt OfM| ==&+

entication - thermal cycle &)

S1 1350C & 1350°C CGTM
S2 1350C & 950°C (TM+TB
S3 1350C & 750°C (TM}+TB+F
4 900C & 900°C FGTB

—

T & 700C FGTBHTBF)

S5 00 00 GTBHTB+F)
S6 700°C & 700°C TB+{F+CC
S7 650C & 680°C TB+CC
S8 Base material B

*CGTM: Coarse Grained Tempered Martensite
*TM: Termpered Martensite

«TB: Tempered bainite

~F: Ferrife

*FGTB: Fine Grained Tempered bainite

*CC: Coarse Carbide
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Fig. 2 Microstructures in various HAZ regions cbserved
through ‘optical microscope  show  coarse
grained(CG) HAZs ((@), (b) and (c), fine
grained(FG) HAZs ((d} and (g)), inter—critically
reheated(IR) HAZ (f} and sub-critically reheated
(SR} HAZ (g). All of the HAZs were subjected
to post-weld heat treatment(PWHT)
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Fig. 1 Macrostructure of the actual weld HAZ and

typical HAZ regions indicating  simulation cu=2G+A = 277001 Gma,
conditions
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Fig. 3 Typical RUS Spectrum of SA508 Cl. 3 alloy
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Fig. 4 Young's modulus of SA508 Cl. 3 alloy by RUSY
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Fig. 5 Shear modulus of SA508 Cl. 3 alioy by RUS
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Fig. 6 Elastic stiffness ( ¢;,) of SA508 Cl. 3 alloy by RUSY
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Fig. 7 Eiastic stiffness ( ¢5) of SAS08 Cl. 3 alioy by RUS

: 1350C-1350C,
: 1350C-900C,
> 1350C-750C,
0C-300C,
X0C-750C,
: 750C 750C,
680C-6580C,
raw rraterial

nnhnhnnn
BND R o

~S3) B tempered bainite($4 ~S8)2] B A 3tol
Erh 3 v]T tempered bainite RANAE #l A
graind = @A o} =} § 49 eEdASTL At
A En S5 6 S7 R yolxrk ¥ tempered
martensite(S] ~S3)¢] BAAlTE AHYE A7 oA
okt Wgl) IAY A9 gl AeE YEhkith old
B A9 die 27 239 @4 AF7) pearlite-bainite
manensneA TME 7431 tempered martensiteoll A
= O F71ER) pearlite®] A48 w7V Edtia

EJ_% A15] A3

Fig. 6 9 Fg. 791 22 ANge i@ ¢ B cpdts
B3 of71M B71E e Heog tE AlHETdE
g Siol WE ¢y, ¢ #O) ABHA scatteringSHil
olo oigh Qe A
modulus”} specimen groupoll Wl F3E Xpo]E Hol
By ole) AAEdE o UE A
stiffness A, ¢; oA off-diagonal &1 ¢ 4
3 o8 Young's modulus, B ¢,;9) 483 S,
= A 5 E=1/S, 22 AXEIEE W ¢y *
0 A copde the ol Ake = vk oy =
shear modulus(Fig. 5)¢F Y=z ¥ adoF Ul
WA et

A= Hl

r{r

s

mowe of
e
m
o
b
N
N
>
=1
2

ES&“’% UM ey B ocpoliARt Tr*ﬁVﬂ SJOHH«]
&4r0) A8 scatteringdhal Sie ©l o) WA WolA
25T T 7B 0E BAF, Bt #YEF7
ook #H Fu v A2t AlH il HlwA
& W) glovt 35 5= AH SloA S7os

&5t kel A% B4tk EXE Az wet
ojghmm olef me} F&o] Frlshe ) of
£ 1) martensite®] tetragonality®] 72 2 A, 2)
9 B, 3 carbide WA 4F 2 T FE 2
& 2tH16]. webA martensite Z2 2T bainite &

o2 A4E, AARY A7t ZaTRE 3] St
o}gagcq zAel §8& ST A tempered bainite %
Awk AA o] oRE 7] o] &S] ATt
. @A F3) &0 wA 229 Zolol vis)
| 3070 3% Foer gy
B cpoll s Falrolr] wiEolehal debE

A e Re A



vt G AtekE) A A 20 W A 5 5 (20008 109) 395

5970—‘1
5960 -

5950

[3 [ ]
5940 . . [ : s
. . .
. L[]
° L3 ! L] '
5930 1 . H
: . * 8
R . . L} !

5920 -

5910

5300

Longitudinal Wave Velocity [m/sec]

5890

T T T T T T T T
0 1 2 3 4 5 6 7 8 9

Specimen Group

Fig. 8 Longitudinal wave velocity of SA508 Cl. 3 alloy
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Fig. 9 Shear wave velocity of SAS08 Cl. 3 alloy by RUS

Z253 $Ex AR v 729 lattice distortion,
= Z2A4™Y =27 9 34, 27 £ Tol Addnh
Palanichamy 5-2[17, 18] LAHUClE AHIQIH AR
Wz 74Es H olE 38, AFA GAE AXEA 23
o dntel £x8 29 Au I8 v Ady o
AZ dolztd wet By S Fkela 9 5=
Fad of7|A Ha 5 Zrks 38 9AodA lattice
distortion, 3 A¥, MY 5ol H4s] wWEolgtn Bu
stoich H Ahn 5-2{19] g7l 289 &5
AARY 7], ¥ 2= 59y #AE 493 45 59
& BAE WHE + ¢E © 2 o)$E bainite}

b
[y

20C-130C,
30C-200C,

g
§
g
S

NN NBNBNnKGK
S
N
S
O

2.
3.
a4
5
&
7!
8.

martensite AloA AAHe] Z7)= AHE o)Hd =y
% austenite 2F¥ 2719 BHRAE § e H A=

bainitet} martensite &< o] FEL sub-grainE
2 7AE7] qieleta dgen wiy A4y 27S
Helshe ZETRE 7F 240 wE EXoz dysis
Ao] BMgsitt stk & Aerds A F$
WS ferritetpearlite 23, ferriterpearlite+bainite &
2, bainite+martensite &2 53} 2& ZZd| wgt ¢4
Aoz Fdslal oK o AAY AV mEde A
ol Bhgslth ¥ A¥y) fA 283 &5 HE[20] o
A& retained austenite+martensite oA A3 e
#& YeEhHI martensite 4, martensite +bainite 4,
ferrite+pearlite+bainite 4, ferritetpearlite ) =42
7t st d B AY Afs fAR 3%
£ Bl

A2 FEH87] AR AR FA 93 Az AN
TEshke o A48 = e Aoz Jusy e g
Ae APE B AR Lxo e ByAT W),
<= we AE2FE e FA5s 245(Terminal
Solid Solubility: TSS) AY &4 & thdd &80 715
& Aot} &3] 7AAEEcEE T8 ¢ Y| =
Al AT Bge B2 oA AR Wik we
7 o VA 2 7 W] wWE x&9 &%

g gleug AXE 4Eer] A48
A, 53] £4%9 A g SAAsE ¥
, T dE Sl 7R x5 Agd $

oz M

i

ol
H
e
X
3
2
-
ot

L A% TEEANE e8] AR ¢gEer) A
.3 BRHRY 4 RES AR AEH
A FHEE st 53 d4AFE 2Hstde
T Young's modulus 209~212GPaz A
AZk 206GPa Bt} of7h Tk
Mo 2 A% BdAeE AE 1
A43E HAFRe™  tempered
martensite 22|80} tempered bainite %29 BHAAS
7h w301, A w4 2Fe M AR Y] FegE
BAAAFT Srtstn



39% 387, AT

ot

»

=3t

oX

o

ﬁ

3 = % &EE Ago
Aolo] sy 2 el Gglov U3 SEE A4Y

—% 1%01'01 ANz T4 24
B W) A2 g5
L5o WE FAFA L& E(Terminal Solid Solubility:
TSS)Q] 7(6“??]_ 4 5 ukst §8o) sk 53] 7

) BAAIS 2 ol A

B}
>

)
L’f

LT A

N
o
&
Hi
—
2
rO

2 A7 gRAe
goz #-w%qc}.

172 QA7)

APARI )

, AR, 2E8, o) E, “EHE AlolE Ha

AR 4E-87179 RHAZ 9 m|A =27

EA nAe= 9 dNIFFEA, Vol
37, No. 8, pp. 1000-1007, (1999)

[2] 258, $29°5A 508 Cl 3 A2 F&H871% &
A d G =2 8 viA 22 HEY, e
#4834, Vol 36, No. 8, pp. 1329-1337, (1993)

[3] A Miglioli, W. M. Visscher, S. E. Brown, Z. Fisk,
S. -W. Cheong, B. Alten, E. T. Ahrens, K A
Kubat-Martin,"Elastic constants and specific-heat
measurements on single crystals of La2Cu
Phys. Rev. B, Vol. 41, No. 4, pp. 2098-2102, (1990)

{4] J. D. Maynard, "The use of piezoelectric film and
ultrasonic resonance to determine the complete
elastic tensor in one measurement,” J. Acoust. Soc.
Am, Vol. 91, No. 3, pp. 1754-1762, (1992)

[6] R. Holland, "Resonant properties of piezoelectric
ceramic rectangular parallelepipeds,” J. Acoust.
Soc. Am, Vol. 43, No. 5, pp. 983-997, (1968)

[6] H H Demarest, "Cube-resonance method to
determine the elastic constants of solids” J. Acoust.
Soc. Am,, Vol. 49, Vol. 3, Pt. 2, pp. 763-775, (1971)

[71 1. Ohno, "Free vibration of a rectangular
parallelepiped crystal and its application to
determination of elastic constants of orthorhombic
crystals,” J. Phys. Earth, Vol. 24, pp. 355-37, (1976)

[8] W. W. Visscher, A. Migliori, T. M Bell, R A
Reinert,”On the normal modes of free vibration of
inhomogeneous and anisotropic elastic objects,” J.
Acoust. Soc. Am, Vol. 90, No. 4, Pt. 1, pp.
21542162, (1991)

9] A Miglioro, ]. Sarrao, "Resonant ultrasound
spectroscopy,” John Wiley & Sons Inc., (1997)

[10] Y. -M. Cheong, S. -C. Kwon, H -K Jung,
"Determination of anisotropic elastic moduli of
Zr-25Nb CANDU pressure tube materials,” J.
Mater. Sci.,, Vol. 35, No. 5, pp. 1195-1200, (2000)

(11] 3&5%, A3, A9H, ¢, “2eATHE4H
& o]&% Zr-25Nb FEY opy
AR AetE REA SN
13 (19957

[12] ASME B & PV Code Sec. II, Part A, SA 508 (19%).

[13] A Miglioro, J. Sarrac, "Resonant ultrasound
spectroscopy,” John Wiley & Sons Inc.,(1997)

[14] D. R. Ireland, W. L. Server, R. A. Wullaert, ETI
Technical Report No. 75-43, pp5-10, (1975)

[15] E. P. Papadakis,Ultrasonic attenuation and velocity
in three transformation products in steel,” J. Appl.
Phys., Vol. 35, No. 5, pp. 1474-1482, (1964)

[16] R. Prasad, S. Kumar,”An investigation into the
ultrasonic behavior of cast and heat-treated
structures in steel,” British J. NDT, Vol. 33, No.
10, pp. 506-509, (1991)

[17] P. Palanicharmy, M. Vasudevan, T. Jayakumar, S.
Venugopal, B. Raj, "Ultrasonic velocity measurements
for characterizing the annealing behavior of cold
worked austenitic stainless steel,” NDT&E Int.,
Vol. 33, pp. 253-259, (2000)

[18] P. Palanichamy, A. Joseph, T. Jayakumar, B. Raj,
"Ultrasonic velocity measurements for estimation
of grain size in austenitic stainless steel,”
NDT&E Int., Vol. 28, No. 3, pp,179-185, (19%5)

[19] B. -Y. Ahn, S. S. Lee, S. T. Hong, H C. Kim, S.
-J. L. Kang,”Application of the acoustic resonance
method to evaluate the grain size of low carbon
steel,” NDT&E Int., Vol. 32, pp. 85-89, (1999)

[20] o]&A], oHEqd, el Fgd oA, “AlE B4
o] Wy Hrhy, SFEEHIATY, ATFRD
A1 pp. 27, (1995)

3

A 27
23 =583

,%



