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Failure Assessment and Elastic Wave Characteristics

for Wall Thinned Steam Generator Tubes

Ki-Yong Sung

Department of UR Interdisciplinary Frogram of Mecharnical Engineering
Graduate School

Lukyvong National University

Abstract

In this study, the-pressure vessel piping with corrosion used for
long time and the Inconel 690 tube with artificially wall thinned
specimen were investigated by the four-point bending test and the
time—frequency analysis method.

Steam generator tubes are degraded from wear, stress corrosion
cracking, rupture and fatigue and so on. Therefore, the failure
assessment of steam generator tube 1s very important for the
integrity of energy plants. In the steam generator tubes, sometimes,

the local wall thinning may result from severe degradations such as

_iv_



erosion—corrosion damage, wear due to vibration and so on.

A elasto-plastic analysis was performed by FE code ANSYS on
steam generator tubes with wall thinning. Also, four—point bending
tests were performed on the wall thinned specimens, and then it
was compared with the analysis results. We evaluated the failure
mode, fracture strength and fracture behavior from the experiment
and FE analysis. It was possible to predict the crack initiation point
by estimating true fracture ductility under multi-axial stress
conditions at the-center of the thinned area using FE analysis.

A  bending moment test wusing specimens with partial and
circumferential wall thinning was carried out to obtain AE signal.
The time-frequency analysis method was applied for the
investigation of the frequency characteristics of the AE signal was
applied. The results of :the wavelet analysis were compared with
those of the bending-moment test for the structural integrity of tube.
The result of the frequency characteristics obtained from wavelet
analysis and dropping ball test was similar to those of bending
moment test. It 1s considered that this simple method with
combination of dropping ball test and wavelet analysis is very useful
scheme for investigating the structural integrity. Inconel 690 tube
with all-circumferential wall thinning could be evaluated with
dominant frequency by wavelet analysis. Based on NDE analysis by
time—frequency analysis method, it should also be possible to

evaluate various damages and defects in piping members.
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Fig. 2.3 Parameters of acoustic emission signal
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Table 2.1 Factors affecting the relative amplitude of acoustic

emission response

Factor increasing acoustic Factor decreasing acoustic

emission response amplitude emission response amplitude

High Strength
Low Strength
High strain rate
Low strain rate
Low temperature
High temperature
Anisotropy
Isotropy
Inhomogeneity
Homogeneity
Thick sections
Thin sections
Brittle failure (cleavage)
Ductile failure (shear)
Material containing
Material-without discontinuities
discontinuities
Diffusion without transformation
Martensitic phase transformation
Plastic deformation
Crack propagation
Wrought materials
Cast materials
Small grain size
Large grain size
Thermally induced twinning
Mechanically induced twinning
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2.3.1 Fast Time Fourier analysis(FFT%4)
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Table 3.1 Mechanical properties

Tensile strength  Yield strength Elongation
Material Ou Oy
[MPal [MPa] [%]
Inconel 690 133 358 64.4
Table 3.2 Chemical composition [wt%]
Material Ni Cr Fe Mn Si C Al
Inconel 690  Bal. 30 9.5 0.35 0.25 0.01 0.25
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Table 3.3 Specimen geometries

Specimen Thinned ratio  Thinned length .

No. it 2 (o) Failure mode
SGT-EXP1 0.0 0 Ovalization
SGT-EXP2 0.3 5 Ovalization
SGT-EXP3 0.3 20 Buckling
SGT-EXP4 0.3 40 Buckling
SGT-EXP5 0.6 5 Buckling
SGT-EXP6 0.6 20 Buckling
SGT-EXP7 0.6 40 Buckling
SGT-EXPS 0.8 5 Crack initiation
SGT-EXP9 0.8 20 Buckling
SGT-EXP10 0.8 40 Buckling
*SGT-EXP11 0.3 5 Ovalization
*SGT-EXP12 0.3 20 Ovalization
*SGT-EXP13 0.6 40 Ovalization
*SGT-EXP14 0.8 20 Ovalization
*SGT-EXP15 0.8 40 Owalization
SGT-ANA1 0.0 0 Ovalization
SGT-ANA?2 0.3 5 Ovalization
SGT-ANA3 0.3 20 Buckling
SGT-ANA4 0.3 40 Buckling
SGT-ANAS 0.6 5 Buckling
SGT-ANA6 0.6 20 Buckling
SGT-ANA7 0.6 40 Buckling
SGT-ANAR 0.8 5 Buckling
SGT-ANA9 0.8 20 Buckling
SGT-ANA10 0.8 40 Buckling

SGT-EXP No. : Number of specimens used in experiments
SGT-ANA No. : Number of specimens used in analyses
*  Partially wall thinned tube specimen

t : Nominal wall thickness, 5.1 mm
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Fig. 3.1 Schematic of four—-point bending test system
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(b) Partially wall thinned tube specimen

Fig. 3.2 Detail of (AA) region in figure 3.1
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Case of d/t = 0.3
Fig. 3.5(a) Bending moment-load line displacement curves

obtained from the experiments of wall thinned

Inconel 690 tubes
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Fig. 3.6(a) Comparison between experimental and analytical

bending moment-load line displacement curves of

wall thinned Inconel 690 tubes

[case of identically thinned ratio]
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Case of 7 = 40 mm
Fig. 3.7(c) Comparison between experimental and analytical

bending moment-load line displacement curves of
wall thinned Inconel 690 tubes

[case of identically thinned length]

_52_



-

d/t=0.0, /=0 mm, Sound
L

=TEP=1z ocT =1 zoos

=_=5a EEar=T=] E=_ac> === loz_oss
15_=zs5o a0_os= E4_=5s =29 _ =55 114a_4ac5a

sTEP=1=z ocT =1 zoos
SuUE =1z 1a:=s5: a9

= _=&E= =7 _sE= Ez_aE7 TTF.zES 1oz _0OEES
1s_=z£E= 40 _0DE=S sS4 _=ES == _ =5 114._4E4d

Case of d/t = 0.0 and ¢ = 0 mm

Fig. 3.8(a) Failure surfaces obtained from experiment (top) and

FE analysis (bottom)
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d/t=0.3, /=5 mm, Circumferenrial
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Case of d/t = 0.3 and ¢ =5 mm

Fig. 3.8(b) Failure surfaces obtained from experiment (top) and

FE analysis (bottom)
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d/t=0.3, /=20 mm, Circumfercnrial
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Case of d/t = 0.3 and ¥

= 20 mm

Fig. 3.8(c) Failure surfaces obtained from experiment (top) and

FE analysis (bottom)
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d/t=0.3, =40 mm, Circumferenrial
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Case of d/t = 0.3 and ¢ = 40 mm

Fig. 3.8(d) Failure surfaces obtained from experiment (top) and

FE analysis (bottom)
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L d/t=0.6, /=5 mm, Circumfcrenrial
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Case of d/t = 06 and ¢ =5 mm

Fig. 3.8(e) Failure surfaces obtained from experiment (top) and

FE analysis (bottom)
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1=_=19 40_15a 55 _ao

FoD AL 2 OLUT IoN

Case of d/t = 0.6 and ¢ = 20 mm

Fig. 3.8(f) Failure surfaces obtained from experiment (top) and

FE analysis (bottom)
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Case of d/t = 0.6 and ¢ = 40 mm

Fig. 3.8(g) Failure surfaces obtained from experiment (top) and

FE analysis (bottom)
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Case of d/t = 0.8 and ¢ =5 mm

Fig. 3.8(h) Failure surfaces obtained from experiment (top) and

FE analysis (bottom)
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d/t=0.8, /=20 mm, Circumferenrial
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Case of d/t = 0.8 and ¢ = 20 mm

Fig. 3.8(i) Failure surfaces obtained from experiment (top) and

FE analysis (bottom)
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d/t=0.8, [=40 mm, Circumferenrial
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Case of d/ t= 0.8 and ¥

= 40 mm

Fig. 3.8(j) Failure surfaces obtained from experiment (top) and

FE analysis (bottom)
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Strain,s

1.0

T

0.8

0.6

0.4

0.2

Specimen No. : SGT-ANAS
Thinned ratiod/t=0.3
Thinned length|=20mm

0.0

Fig. 3.9(a) Estimation of crack initiation by &,y and &ns

Fracture ductility{ ) calculated

by modified Weiss's theory

3 ..(Cal) \ .
Equivalent strainy )

/ calculated

by equivalent stress

80

=== 1 1 1 !
60

Load-line displacemens(mm)

Case of d/t = 0.3 and ¢ = 20mm

[Case of the crack initiation]
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Strain,s

1.0

Specimen No. : SGT-ANABb
Thinned ratiod/t=0.6
0.8 | Thinned lengthl=5mm

06 Fracture ductility¢ ) calculated

by modified Weiss's theory

Equivalent strairy( )
calculated byequivalent stress

5. (Cal.)

craci

1 1 1 1 1
20 40 60 80
Load-line displacemens(mm)

Case of d/t = 0.6 and ¢ = 5mm

Fig. 3.9(b) Estimation of crack initiation by &, and &ms

[Case of the crack initiation]

_67_



Strain,s

1.0

0.8

T

0.6

0.4

0.2

0.0

Specimen No. : SGT-ANAG

Thinned ratiod/t=0.6
Thinned lengthl=20mm

Fracture ductility{ ) calculated

by modified Weiss's theory

Equivalent strairg )

5,..(Cal) / calculated by

equivalent stress

-

sl 1 . L 1 .
60 80

Load-line displacemens(mm)

Case of d/t = 0.6 and ¢ = 20mm

Fig. 3.9(c) Estimation of crack initiation by &ms and €ms

[Case of the crack initiation]
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1.6

14
1.2

1.0

Strain,s

0.4

0.2

0.8

0.6

T

T

0.0

! Specimen No. : SGT-ANA|
! Thinned ratiod/t=0.8

! Thinned lengthl=5mm

' 5. (Cal)

1 cracl

Fracture ductility¢ ) calculated

/ by modified Weiss's theory
1 1 1 1

20 40 60
Load-line displacemens(mm)

Case of d/ t= 0.8 and ¢ = 5mm

80

Fig. 3.9(d) Estimation of crack initiation by &ms and &ms

[Case of the crack initiation]
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Strain,s

1.0

80

Specimen No. : SGT-ANAL
Thinned ratiod/t=0.0
0.8 Thinned lengthl=0mm
0.6
Fracture ductility{ ) calculated
0.4} by modified Weiss's theory
0.2 , .
Equivalent strairy( ) calculated
by equivalent stress
0.0bece=c=22- e :
20 40 60

Load-line displacemens(mm)

Case of d/t = 0.0 and ¢ = Omm

[Case of the non crackl]
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Fig. 10(a) Estimation of crack initiation by emf and ems



1.0

Specimen No. : SGT-ANA2
Thinned ratiod/t=0.3
0.8F Thinned lengthl=5mm
0.6}
W
k=
© Fracture ductility¢ ) calculated
A 0.4 3 4
by modified Weiss's theory Equivalent strairg ) calculated
by equivalent stress
0.2}
0.00 - N U0 R : .
0 20 40 60

Load-line displacemen&{mm)

Case of d/t = 0.3 and ¢ = 5mm

80

Fig. 10(b) Estimation of crack initiation by emf and ems

[Case of the non crack]
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1.0

Specimen No. : SGT-ANA4
Thinned ratiod/t=0.3
0.8 Thinned lengthl=40mm
w 0.6
S
(‘5 ™
e Fracture ductility{ ) calculated
D 04} by modified Weiss's theory
0.2l Equivalent strairy( )
calculated
————————————— ~—_ by equivalent stress
0.0l=e===C - ] \ ] A 1 A
0 20 40 60 80

Load-line displacemens(mm)

Case of d/t = 0.3 and ¢ = 40 mm

Fig. 10(c) Estimation of crack initiation by emf and ems

[Case of the non crack]
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Strain,s

1.0

0.8

0.6

0.4

0.2

Specimen No. : SGT-ANAY
Thinned ratiod/t=0.6
Thinned lengthl=40mm

T

Fracture ductility{ ) calculated

by modified Weiss's theory

Equivalent strairy( )
calculated by

1 1

1 1

0.0

80

5 "_Sa\ininiih. 1 .
20 40 60
Load-line displacemens(mm)

Case of d/t = 0.6 and ¢ = 40 mm

[Case of the non crack]
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Fig. 10(d) Estimation of crack initiation by emf and ems



1.0

0.8

T

0.6

Strain,s

T

0.4

0.2+

0.0

Specimen No. : SGT-ANA
Thinned ratiod/t=0.8
Thinned lengthl=20mm

Fracture ductility{ ) calculated

by modified Weiss's theory

Equivalent strairg )

calculated by

. / equivalent stress
1 I 1

80

! 1
40 60

Load-line displacemens(mm)

Case of d/t = 0.8 and ¢ = 20 mm

Fig. 10(e) Estimation of crack initiation by emf and ems

[Case of the non crack]
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Strain,s

1.0
Specimen No. : SGT-ANALD
Thinned ratiod/t=0.8
0.8 Thinned lengthl=40mm
0.6+
Fracture ductility{ ) calculated
04} by modified Weiss's theory
Equivalent strai
0.2+ T
calculated by
/ equivalent stress
0.0L== =N 1 L 1 L 1 L
20 40 60 80

0
Load-line displacemens(mm)

Case of d/t = 0.8 and ¢ = 40mm

Fig. 10(f) Estimation of crack initiation by emf and ems

[Case of the non crack]
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Table 4.1 Mechanical properties of inconel 690 tube

Tensile Yield
Elongation
Material strength strength
(%)
oy, (MPa) oy-(MPa)
Inconel 690 758 358 40

Table 4.2 Chemical composition of inconel 690 tube [wt% ]

Material Ni Cri Fe Mn Si C Al

Inconel 690 DBal 29 9 035 025 001 025
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Loading direction

-

Loading roller
Suppurting\ roller P ‘l\ P o
ipe
O YOI 0L (O] /
TETT e T
Ol 1OQ O
. s0mm
. 240 mm R

Fig 4.1 Type of bending moment test for four point loading
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(b) Partially wall thinned tube specimen

Fig. 4.2 Detail of (AA) region in figure 1
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Fig. 4.3 Experimental setup for the measurement of AE test of
inconel 690 tube specimen. with all-circumferential wall

thinning (unit’-mm)
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Fig 4.8 Event account of specimens with partial wall thinning
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Fig. 4.9 FEvent account of specimens with all-circumferential
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Time response

Fig. 4.10(a) Time response for frequency analysis and wavelet

analysis of AE signal(d/t = 0.3, ¢ = 5 mm, CIR)
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