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SUMMARY

I. Project Title

Materials Characterization by Resonant Ultrasonic Spectroscopy (I1)

II. Objectives and Importance of the Project

The resonant ultrasound spectroscopy (RUS) can be wused for
nondestructive materials characterization, nondestructive testing of
accurate parts, as well as nondestructive identification in the vessel,
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 develope high temperature RUS
technology using wave guide with small furnace, in a vacuum system, and
accurate load control system, by 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 scope of the project is to develop the RUS technology to determine

the dynamic elastic constants with an accuracy less than 0.1%. In

addition, In order to have a capability of high temperature experiment,



wave guides in a small furnace, vacuum system, and accurate load control
system were attached to the present RUS system, Using the developed RUS
system, 1) temperature dependency of dynamic elastic constants of SA 508
Cl. 3, reactor pressure vessel material, 2) temperature dependency of
resonant frequencies and mechanical damping factors, as well as
anisotropic elastic constants of Zr-2 5Nb pressure tube materials, 3)
temperature dependency of acoustic waves in SA 106 Gr. B, materials,

feeder pipe material of heavy water reactor,

IV. Results and Proposal for Application

Through the measurement of high temperature elastic constants of
various mateirals, such as reactor vessel material (SA 508 Cl. 3 alloy),
pressure tube material (Zr-2.5Nb alloy), and feeder pipe material in the
heavy water reactor (SA 106 Gr, B alloy) we can confirmed that the RUS
method is very sensitive to the microstructure of the test materials.
The measurement by RUS was very accurate by comparing the RMS error of
the range of 0.07 - 0.10 % 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 controlled carefully. 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 embrittlement., In addition, RUS technology can be applied to

various areas, such as the nondestructive identification of the fluid

,Vi,



inside a vessel, nondestructive quality test for precision components as

well as nondestructive materials characterization.

Finally, we suggest to establish a semi-hot laboratory facility for the

experiments of irradiated specimen,
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c=q tic (2-9)
4 (2-6) - (2-8)elM v=(c/p)"* & HE&3H4,
vy, w (e’
T oo T v, () (2.10)

A7IM A ATE

Aely goz mysigon Tl A gsolrt
Aol ThE 4] A4E 2] lSAE £ & AFE B0 g0 & HaF
2 X3y
w=w, tuwy (2-11)
ox, D=0 Vel (2-12)
A7l a; & ©elE AjZhe] ofgolr}
4 (233 (211D 4 (2-2)0] Tgsha
al—kl)g (2_13)
2= T30 2H52] envelopeo] A HIIAE=Z
o(x)=oye ™ (2-14)
a7t AT x ol el 2eE ] ep=rhE Al (2-14)0l 2J3IA
1 d
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o7& TIE R LoT 21 4 (2-14)0A

T A 03 xy (x1<xy) ol

a= 1 In olx,)
Xo—x1  0{x) (2-16)
Damping ©] % 2% logarithmic ¢§ & FYL=,
__w
="k
, 4714 W = cycle & olURA] &A1,
E = cycle & 3" AA| dFolv=]olrt.
o
_ - n
o= (2-20)
. ¥
8 nepers) = U1/ sec) (emf sec) (2-21)
a(db] sec) =8.68x10 5o em/ sec)a nepers/ cm) (2-22)
Dissipation factor @ + 73A IUF A] A|AEY FI FF o= 3AYE +
= ol AFAA Q = AFH oluR|ol tigt v A £4& Qusie=
d o] T 7IAE B¥ 4 Utk
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@Q=w, (instantaneous energy loss/energy dissipated per second).

A6 AEAGIM damped Al AT told AW oUXE Wy 2 st

dissipated energy/secE JdW/dt Bt3 oH4,

W
Q=W awiar)
W= We (/9! (2-27)

3. A9 damping

3.1 d9] damping =&

A9eh nF4 SYRZe] W3] thsiAE AW P} vBe] o]F 4
st7] Sl B9, & As17h 2Aste Al vold Zgutel Aol Ty =ol
ds we 477t £RsGen + we Ay ZIE BE 22w AR} A
Zol d@gol A44o2E 3UHULE BIoln §YHosE ofge 4
Y ¥2o| Ay AAE 4Wstx Rt 5 BAv won ¥ A7 A= ¢
otoiet

S50l A damping S} ¥ Al zpolzt WSt Zo] Adelel flidirie
[E2 ol 1940 tfoll Read7} A[I3E H} glom, 7|4 AUFst:= &
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© Zo|etal 7Hg38te Granto®} Lucke[6]7} F< ol A 2Z3 54302

BAE REYst EFoRe E€ sYFHoE AU IHS olFshrh

O

De Witt and Kohler[9]&= 28 ul7} 7Isi& uf A9l HigS
At AP T A4 EAE =oF u gtk Teu FAZAE Grantos)
Lucke 2 [6]c] 7}1% REE ZACE Holm Qo F o|lF /Agt Bdo] 7t&

& Zolut I 7184 dele A HskA ¢4 Zolth
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pimningg ARSI Asl 23 Aels A Aol 3 pinninge} sl
Aol 2J3F pinning loop do] Lc 2 ¥t}
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E= llfé(y)dy (3-4)
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ghol &J%t whol] Qi) 919 AEE XSt F T/ ¥4, shute 3o
=2 FeEl, e v HEAEA FeE 23 4
%0 o 0°0.  Apb 3%
axz G atZ = Z atZ V[é(y)dy (3_10)
J’E | p0E 0% _
A T8 ¢ P = bolx, 3,1) (3-11)
BA 2732 &x,0,0=8x,1,H)=0 ©ltt. ¢ 7} Azl thsiA] F7]Foln] y =
SgFoln Al WA el £9 44 sl 9 A2 sz shssieh
Trial solution?] 3HE]E

O-ZOOe—wcel[w(t—x/ny)] o A (3-12)
_ 4b00 — 1 . ez'(a)t—&n)
€= A nz=0 2n+1 Sm( / ) [<wi_w2)2_|_(wd)2]1/2
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A 3 A A7 YolA 2] Internal Friction &3 [10]

it <= 71A A" e ddd
= 5] g7 2olAd= sttt E2171 ofwd mioA
Y BF, EolUA|e] E42 T2 3 JIAIE Uehus dl 1) mid e A

A 2) AR VFolA] internal friction(u)
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>
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A
2

=)
mﬁ i)
A

o

o, guide 5) ®E 13

5
(riveted, slotted, screw-thread %) uwjZo] doji}E= £41 Lot}

o] & F ®W& &4 internal friction2 Z& UFoA dojus ujA|HA
Uzl Hd d4E H7Y £ e IUHE WHolr] wiFolth. vFulbE &
FE thest E2d EHE d7ste o AMEE 53 cherst A3, AhwHeEl,
gib, D2, QuE @A 5 d7o FEEHI o) oldr A W A

€ 27E sI9s Faha ok,

1. Internal Friction &3
Internal friction A8 o8 2343 £ FRE &3} 2}

A e sl
g3} 8y 2o

)
2) il
3) AR A =
4)

=48] 72 internal friction #13 FA7]= 8|23 oFshy ( < 0.1) &2 Zro
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L
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Internal friction Z8L 93A AILEE Rl Hol 7] JAZ2] A,

,20,



internal

whel FEs

o el

2o e

u}z}
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relaxation R E AWt Qo U™ “Bordoni peak” 2}i% 3lt},

5. Bordoni Peaks [5]

24, 58] feo T2 BHOIME Debye S22 1/3 TAHON LY
danping 540 LJEILIA] peak® BZHTL. o]t peak’= ‘Borodini’ of 2js]
A Pb, Al g, Cu 58] Fdold Ao WARTE o oley W] T
& BT AT +9Y 2HE 2oksha;
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A e Yol
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(reactor pressure
3 ©EE7H(Mn-Mo-Ni A 3+=Z7})

HA=}g2 A3 7; SA 508 Cl1.3 =& 2]
ASME SA 508 Cl1,

1

oAl 23 9 71AY gl iyt 54 FIH7t o] Fofxl wt olrt [15,16].
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A 5 A
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wk.o
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,34,

Mn
1.35

0.08

1228 ASME SA 508 Cl.
Si

5-13 Zth19].

C
0.19

wt. %
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X 6-1 Elastic stiffness of single crystal Zirconium (hcp) [27]

_ 1
C=Cx Cs3 Cyy Cop = 9 (Cu - 012) C13 C12

1.434 1.648 0.320 0.353 0.653 0.728
hep ¥HA A 2] W F7]: 1(=2) = a-axis, 3 = c=axis
el 10" N/o’

62 PIRU SOl WE 7r-2.5% YHB AR 23 oYy BHAS [21]

‘n Co C33 Co3 C13 C12 Cy Cs5 Ce6

w 1.449 | 1.490 | 1.446 | 0.687 | 0.699 | 0.713 | 0.340 | 0.343 | 0.375

o 1.437 | 1.473 | 1.440 | 0.691 | 0.702 | 0.720 | 0.338 | 0.341 | 0.365

X|HMhE | 1,443 | 1.482 | 1.443 | 0.689 | 0.700 | 0.717 | 0.339 | 0.342 | 0.370

263 2273 ER] A 2.5 YGB A8 o]y WAL

Cy Css5 Cep
L7191 (0,7538 (0, 7446 (0. 3381 [0, 3425 | 0. 3696

0
A9 wke] 7] 1 = WEE WRE 2 = 5 W 3 = Zo] Wk
2]
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Fig. 7-3 (b).

340 4

330

320 4

310

300

Frequency [kHz]

290

280

270

(8,1) mode

(7,1) mode

340

320

300

280

Resonance Frequency [kHz]

260

. T T T T J
0 100 200 300 400 500

Temperature [C]
wE FHFohe \E [Hl= 5 ppn.

[7,1] mode

T T T T '
100 200 300 400 500

Temperature [C]
FFut4 W3 [H]= 33 ppm.

,60,



340
330

320

310
(8,1) mode

300 (7,1) mode
290

280

Resonant Frequency [kHZz]

270

260 I . I . I . I T T T T
0 100 200 300 400 500
Temperature [C]

Fig. 7-3 (c). %ol wtE FEFutg W3 [H]= 179 ppn.

-0.06
] [H]= 5 ppm
(7,1) mode
-0.08 A
- n "
-0.10 P
[ iy R o= u
agm "™ ﬁf of g= L
= -0.124 u LI L ¥ Ly TN [ .f. g
[a)] n N u
= ] ] ] '."' -y
© 0144 nr
n
] n
-0.16
-0.18
-0.20 T T T T T T T T T T
0 100 200 300 400 500

Temperature [C]

Fig. 7-4 (a). 2%o] WE df/dT W3} $4%5% [H]= 5 ppm, (7,1) mode

o
2

,61,



-0.05

-0.06 4 [H]= 5 ppm
1 (8,1) mode
-0.07 -
1 n n
-0.08 -
1 = = un
-0.09+ M "saam " [ ]
] am . B L mEmy
am Em = (]
5 -0.10 " et -
= i - m = s
° 0114 - "aal"a
um mm
1 n n 1#
-0.12 - g
] am”
-0.13
-0.14
0.15 . ; . ; . ; . ; . ;
0 100 200 300 400 500

Temperature [C]

Fig. 7-4 (b). 2% wE df/dT W3}, $4%5% [H]= 5 ppm, (8,1) mode

o
4.
-0.05
[H]=33 ppm
(7,1) mode
n
m EE
0104 B wg®" -
am a g m " u
‘I ..".ll naEom .
Py - I. f.l.q '.F =" .I. m x ®* W
“Q_ e .“ n - n
© u [T
aEm =
-0.15 - ® . "
"o
n = n
n
-0.20 T T T T T T T T T .I
0 100 200 300 400 500

Temperature [C]

Fig. 7-4 (c). 2%o] wtE df/dT ¥H3} $4%5% [H]= 33 ppm, (7,1) mode
%

o]
T

,62,



-0.05

[H]=33 ppm
- (8,1) mode
- n
p "a amg N
- .I - l..f..'l'.. my o : .' n
-0.10 am ¥ .I .....E'\ E.. Y -
u | LS | " -
n _u%" .
= " .
5 L
©
0.15 LI
n
n
-0.20 - "
T T T T T T T T T T
0 100 200 300 400 500

Temperature [C]

Fig. 7-4 (d). %o w}Z df/dT ¥, 455 [H]= 33 ppm, (8,1) mode

o
29,
-0.06
n
1 [H]=75 ppm
-0.08 - (7,1) mode
4 n .
-0.10 ] ]
T
e oW
amn - -
e 012 u u n'n am"n 'f‘f. s ®
ug— A ol . o E .I "
T 0144 " (. L Ty
-
1 w
-0.16 .
-0.18
-0.20 T T T T T — T T 1
0 100 200 300 400 500

Temperature [C]

Fig. 7-4 (e). 2%o] WE df/dT W3 $4%5% [H]= 75 ppm, (7,1) mode
%

o]
T

,63,



-0.05 -
0064 m
-0.07 4
-0.08
009d "
-0.10 4
0.1 L

012 L CELE R L N
-0.13 4
-0.14
-0.15
-0.16 4
0.17
-0.18 4
-0.19 4
-0.20 ]

u [H]=75 ppm
u (8,1) mode

dfiDT

T T T T T T T T T 1
0 100 200 300 400 500
Temperature [C]

Fig. 7-4 (f). 2xo] wtE df/dT W3 455 [H]= 75 ppm, (8,1) mode

o]
2

0067 [H]=119 ppm
(7,1) mode
-0.08 -

T
-0.104 sn"mamn "
[ 'f.ﬁ m U

n
i n n n
-0.12 L I.vf-

DfIDT
n
[]
[
*
n

-0.14 - L] "= =
-0.16 | =

-0.18

-0.20

T T T T T T T T T 1
0 100 200 300 400 500
Temperature [C]

Fig. 7-4 (g). %o wlZ df/dT W3}, 4$4%% [H]= 119 ppn, (7,1) mode
%

o]
T

,64,



-0.06
[H]=119 ppm
n - (8,1) mode
-0.08 [ I |
[ ] " mm
LN LN T T L
1] LR LT L - ]
-0.10 [ ] et W ..l.'.
ayE 1]
= mm ap mgfm =
- -0.12+ - o W 1T 8
) [ 1]
= 1 n a¥
O 014
] L
-0.16
-0.18
-0.20 T T T T T T T T T 1
0 100 200 300 400 500

Temperature [C]

Fig. 7-4 (h), &%o] w}Z df/dT ¥H3}, 4455 [H]= 119 ppm, (8,1) mode

o)
735
-0.06
] = [H]= 145 ppm
0084 4 (7,1) mode
1 [y |
010 wa g "-'"“J"
| ] n N
-0.12 ] HH
] ] ] "
0.14 4 L g
= | - b TR L
[a) [] u
= -0.164 . .
N 018+ v '
-0.18 4 LA |
1 nE g
-0.20 u -
-0.22
-0.24
T T T T T T T T T 1
0 100 200 300 400 500

Temperature [C]

Fig. 7-4 (i). &%o] w}ZE df/dT ¥H3}, $4%% [H]= 145 ppm, (7,1) mode

o]
7§T-

,65,



0064 = . [H]= 145 ppm
1 n um (8,1) mode
0084 = = -
LR I*I
" . L I
-0.10 L my, "N
T ]
| n n g n
am -
— -0.12 4 L LT m " m
) ] [} F ] ...
= n n n
T 014 iy g
nm
1 L 1
-0.16 4 ]
-0.18 | |
-0.20 T T T T T T T T T 1
0 100 200 300 400 500

Temperature [C]

Fig. 7-4 (j). &%o] wE df/dT W3t 4$4%% [H]= 145 ppm, (8,1) mode

o
735
-0.08 [H]=177 ppm
. (7,1) mode
} i [T
0.10 o I.-I . .
n "oy - -
-0.12 4 u II. " 7 mF -
" ="
-0.14 [ ]
- n
Q 4 I.. .
5 | ]
© 0.6 =
| [ -
-0.18 1 L .
1 am
-0.20 L]
-0.22 T T T T T T T T T T 1
0 100 200 300 400 500

Temperature [C]

Fig. 7-4 (k). &%o] w}ZE df/dT ¥H3}, $4%% [H]= 177 ppm, (7,1) mode

o]
7§T-

,66,



-0.06
1 [H]=177 ppm
-0.08 - (8,1) mode
| .
LT
Pl S T u n
-0.10 L n n nm
bl L L [
] = mE
n
L 012+ i
.,Q_ 1 o L n
© 014 .
L "
| -
-0.16 |
-0.18
-0.20 T T T T T T T T T T T
0 100 200 300 400 500

Temperature [C]

Fig. 7-4 (1), &%of w}ZE df/dT ¥H3}, $4%% [H]= 177 ppm, (8,1) mode

o]
73"!—.

,6’77



TSSP

TSSP =41,100 e

= £0,500 e

TSSD

= §.318

TWO PHASE

200

590

300

100

250

200
150}=
100~

(wdd) L1111qn[0S PHOS [BUTULIY,

Temperature (°C)

,68,



T3

Lepereau %4 % of A
S-082] A Wzl

T

o] ‘953 o|AFA| =

1eZAA o EA
T g el s AAIE 5

-

1

B A& 252 2

Aio] wrstaic).

|

2 gt ol ST BAIA] 3-4 g e

Lepereau €42 &7 Id

Pt.

1

R

T e FHE dxtol

b

STE ¥HYH SA 106 Gr.
B

SERRC R B PARTREED

Z4g 0de] J1EZAA 27 CAN/CSA N285. 40

kil

v o]t} o] wijH

7+ a2 19959 FiLbth Gentelly $1A 3} Pt.

1996 120

2

A 8 A
R E
z24
SRR
Q1 gt

_l:_
T

K

Kl

=

=

Fict Qi

FrEdded tisld dxt2 3z oy

hed
=

o]

= Information Bulletin 96-2

5

27 FBRe] sl FA 53 U

steiri32].

3

i

—_—

Wk
or
ﬁo
A
%

toh o7 A w3

Y

k-3

Bt 2%

o &4 &%l ~316C oMY

J))
—_

oW

J))

A= wave

3

]

-1

[e]

e ol

2 7]

|

L

ol A
st F4E YA AR 2= ot

7b Aol Hesith

=

i

bl A 342 vduel A

SHAl A%
— 69 —



AR 242 YA 3y (ASTM A106 Grade B Seamless carbon steel pipe
for high temperature service) & A}&3lgom 3UZ2 FHIFAHE W AQFEX

o ¥ 81, 8-29} Ptk

ZTE Y SA 106 Gr. B A E BIAS 27 A& i 22 W
MHog Islaict S ¥HAX A4 E = 203 GPa W poissons ratio = 0.30 &

2 7}F¥3%l3 22 shear modulus (G, Lame constant A, EMEAIS BlA IF ¢,

___F
G= 22+) = 78. 08 GPa (7-1)
. wE
A= (1+)(1—2) = 117.12 Gpa (7-2)
c =2G+A = 273 28 Gpa (7-3)
C12=A :]]7]2 GPa (7—4)
_1
u="9 (en—cp) = 78. 08 GPa (7-5)

. o . \
2SI EBH R A BEAs 1A 2k ocn, o, cu 8 JIES

#Hoto] B HZtoldA Sy, Sp, Su & AT % Young's modulus
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X 8-1. Chemical composition of the Feeder Pipe (SA 106 Grade B)

Element C Cr Cu Mn Mo Ni P S Si V
0.29 -
Wt% 0.3 0.4 0.4 1 06 0.15 | 0.40 | 0.048 [ 0.058 | 0.10 | 0,08

I 8-2. Mechanical properties of the Feeder Pipe (SA 106 Grade B)

Tensile Strength
[MPa]

Yield Strength
[MPa]

Ductility [%]

Long. direction

Radial direction

415

240

22

12

71 -
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3 8-3. A typical example of RUS

calculation for SA 106 Gr. B feeder pipe

Specimen No.: A1063025

% of modulus contributing

- harmonics|fr, calc, |fr, meas, y 4
n |mode, %error to mode
! e e cll cl2 c44
1 4 1 0.35970| 0.35961 0.02 0.00 1.00
2 1 1 0.48251| 0.48268 -0.03 0.10 0.90
3 4 2 0.49533] 0.49621 -0.18 0.00 1.00
4 7 1 0.51086| 0.51135 -0.10 0.14 0.86
5 8 1 0.54232| 0.00000 0.00 0.02 0.98
6 2 2 0.58664| 0.58670 -0.01 0.02 0.98
7 5 1 0.60219| 0.60289 -0.12 0.03 0.97
8 6 1 0.61536] 0.61512 0.04 0.09 0.91
9 1 2 0.61685| 0.61653 0.05 0.31 0.69
10 3 1 0.61842| 0.61897 -0.09 0.01 0.99
11 3 2 0.65417| 0.65405 0.02 0.14 0.86
12 5 2 0.65895| 0.66001 -0.16 0.04 0.96
13 2 3 0.68958| 0.69010 -0.08 0.15 0.85
14 5 3 0.70640( 0.70588 0.07 0.04 0.96
15 3 3 0.74061| 0.73950 0.15 0.02 0.98
16 7 2 0.75158| 0.75134 0.03 0.23 0.77
17 6 2 0.78077| 0.78064 0.02 0.27 0.73
18 8 2 0.79106| 0.79074 0.04 0.15 0.85
19 5 4 0.80922| 0.81047 -0.15 0.37 0.63
20 4 3 0.82144| 0.82012 0.16 0.07 0.93
21 1 3 0.83703| 0.00000 0.00 0.12 0.88
22 6 3 0.84006| 0.83996 0.01 0.03 0.97
23 2 4 0.84123| 0.00000 0.00 0.03 0.97
24 5 5 0.84525| 0.84529 0.00 0.34 0.66
25 7 3 0.84906| 0.84889 0.02 0.07 0.93
26 7 4 0.89019| 0.88857 0.18 0.16 0.84
27 8 3 0.90345| 0.90322 0.03 0.01 0.99
28 6 4 0.90366| 0.90322 0.05 0.19 0.81
29 1 4 0.91627| 0.91591 0.04 0.06 0.94
30 6 5 0.94847| 0.94863 -0.02 0.10 0.90
Elastic moduli (dynes x 10%%-12/cm%%2) cll cl?2 cd4
| | | | 2.77440| 0.82570] 0.82570

Dimensions (cm) initial |adhustied

dl 0. 300500| 0.300240

d2 0. 350000| 0.349190

d3 0.400000| 0.401270
Mass (gm) 0. 328920
Density (gm/cm%x3) 7.818398
[teration 6
RMS error [%] 0.090200
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Fig. 8-1. Typical spectrum by resonant ultrasound spectroscopy.
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