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ABSTRACT

Nondestructive crack depth measurement is necefiwatlye evaluation of material strength in agedlear power plants. If a stress
corrosion crack (SCC) is closed because of residtedssor by oxide film, the crack could be undémested or overlooked. Thus
far, to simulate SCCs generated in nuclear powergqlaarious formation methods were used. HoweVer difference in closure
behavior between the formation methods has ye¢ texamined. Here we formed two kinds of SCCs irspieeimens with a starting
notch and a deep fatigue crack, respectively. Tieimaged them using linear phased array (PA) abtiamonic phased array for
crack evaluation (SPACE). By comparing these resuitsthe optically-observed cross section, we dssmlishe formation-method

depenedence of crack closure behavior.
1. INTRODUCTION

Fatigue cracks and stress corrosion cracks (SCCOsajig
been generated in the important structure of nugleaver
plants. Fatigue cracks are generated by repetitbas,
whereas SCCs are generated by three factors whichaee
rial, tensile stress and corrosive environment.iRstance, it
has been known that, in recirculation pipe of dcplants,

SCCs have been generated in heat affected zone Idsded
residual stress in high temperature pressurizederwat

To simulate them strictly, SCCs should be formedan
autoclave which can endure high temperature prizgesur
water. This is not easy because of high cost and tone.

Thus far, various SCC formation methods have beed. use

For example, the method to extend SCC from the ti@a of
short fatigue crack has been reported by Brown fi@] @hoji
[3]. The short fatigue crack was used only to gateeSCC
readily for examination of growth rate and growhineshold.
On the other hand, the mechanism of the SCC generati®

also been studied as follows. SCC extension is gkyera

considered to be parallel to the direction of tHang of
maximum tensile stress.[4] It has also been regdhtat SCC
is not a mechanical fracture phenomenon directfindd by
stress states but a dissolution phenomenon defiyethe
texture of materials, such as slip band, and thdaram
ment.[1] This relates to the fact that SCC genenatidgi-
nates in the dissolution of a path activated byimlmnd in
the high shear stress area around the crack tipi¢sever,
the difference in extension mechanism and closetebior
between the formation methods has yet to be adrifal-
though this might strongly affect the measuremextieacy.

Here we formed two kinds of SCCs. One from atiatar
notch and another from a deep fatigue crack, réispdg
with different stress fields around their tips. hee imaged
the SCCs and examined their closure behavior usidgC&P
Finally, we discuss the difference between fornmatioeth-
ods by the comparison of ultrasonic measurementtseand
optical observation of the cross sections.

ICA 2010

2. LINEAR ULTRASONIC PHASED ARRAY (PA)
AND SUBHARMONIC PHASED ARRAY FOR
CRACK EVALUATION (SPACE)

To ensure the safety and reliability of nuclear poplants,
the accurate measurement of crack depths is reffarethe
evaluation of material strength of the structuf@sck depths
can be measured by ultrasound if they are opereg sine
ultrasound is strongly scattered by the crack lHpwever,
ultrasonic inspection can sometimes underestimatd a
overlook fatigue cracks because some of them avsed|
owing to residual stress.[6] On the other handjai$ been
known that SCC is open because it is generated and
propagated only by tensile stress. For exampleadt been
reported that SCC depths were measured with standard
deviation of less than 2 mm by laser ultrasound-{@{vever,
ultrasound is transmitted through the SCCs that are
closed by oxide films. These crack closure coulslitein
catastrophic accidents such as radiation leaksukecthe
closed cracks may be propagated by large extetredsgs.

To solve this problem, nonlinear ultrasound isrtiaest prom-
ising means of evaluating closed cracks. Nonlinglra-
sound is based on the detection of nonlinear coemtsne.g.,
superharmonic wave2f( 3f,...)[8,9] or subharmonic waves
(f/2, f/3,...)[10,11], generated by the interaction of large-
amplitude ultrasound with closed cracks, wheeethe input-
wave frequency. This phenomenon has been refeaeas t
contact acoustic nonlinearity (CAN),[9] and a rethtaeas-
urement is often called nonlinear elastic wave spscopy
(NEWS).[12] Among nonlinear components, subharmonic
waves are specifically useful because of their kweselec-
tivity for closed cracks and high temporal resa@ntj10,11]
Thus far, we have developed a novel imaging method,
namely, the subharmonic phased array for crackuatiah
(SPACE)[10,11], on the basis of subharmonic waveas an
phased array algorithm. We have demonstrated its
performance in closed fatigue cracks and the closed
cracks generated in material manufacturing process.

Figure 1 shows the schematic diagrams of linéaasonic
phased array (PA) for open-crack imaging and nealin
ultrasonic phased array for closed-crack imagingAGE
developed by us. Phased array can steer ultragowspbcific
directions and can focus it to a specific poinelgiting each
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element of array transducer following proper ddéay. Gen-
erally, PA utilizes an array transducer exciteddyy-voltage
pulses. This can image open cracks. In SPACE, a QiNb
single-crystal transmitter with a polyimide wedgeuised to
generate intense ultrasound, and a phased arragrssrused
as a receiver for focusing on reception.[13] By itipg in-
tense ultrasound, the scattering of fundamental sardhar-
monic waves occurs at the open and closed partsacks,
respectively. The scattered waves received by sy &en-
sor are digitally filtered at fundamental and subfanic
frequencies. Then, they are phase-matched follovihng
delay laws. Fundamental image (FA) and subharmiomge
(SA) can indicate the open and closed parts okstaespec-
tively.[11] Here both PA and FA can image open ksac
whereas the following points are different. PA taahigh
spatial resolution because of focussing both onstrassion
and reception, and it is easy to mechanically stae. pre-
sent implementation of SPACE does not have dead zone
caused by the effect of excitation signal becabhsdransmit-
ter and the receiver are separated, but the mezdiastan is
not easier than PA because of using two transducers
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Fig.1 Schematic diagrams of experiment to imageks:éa)
Linear phased array and (b) Nonlinear phased 48BACE).

3. SCC specimens
3.1 Formation of SCCs from starting notches

We formed SCCs from starting notches in specimens
which are butt weld composed of weld metal madeéNief
based alloy, commercially available as Inconelya60, and
a base material made of an austenitic stainlesd sipe
316L. As shown in Fig.2(a), we formed SCCs from stgrt
notches which are perpendicular to weld lines. diotiol the
SCC depths, we applied a following method. First,dug a
volume with a depth slightly larger than target ttheip weld
metal by electric discharge machining (EDM). Theine
volume was molded with another Inconel alloy 60Qhwi
higher carbon content where SCC could be generatelilye
The starting notches of 0.2 mm width and 0.5 mntiiegre
fabricated at the center of the molded parts by EDRkir
tips are not very sharp in contrast to those ofpdietigue
cracks. Subsequently, the thermally-expanded smesEm
were welded into a jig, and then they were cootedobm
temperature. Thus a tensile stresses in the dregterpen-
dicular to each starting notches were loaded becafither-
mal contraction. The tensile stresses were measirdie
250-300 MPa on strain gauges bonded on surfacdbeof
specimens. Under this condition, the local aredh sfiarting
notches were exposed in tetrathionate solution hwiias
been often used for SCC formation. Thus, we forme€s
with different depths from the starting notchesteAforming
the SCCs, the staring notches were eliminated.
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3.2 Formation of SCC from a deep fatigue
crack

The method to extend SCCs from the tip of shorgtei
crack has been reported by Brown [2] and Shoji [Bje
short fatigue cracks were used only to generate S@@ily
for examination of growth rate and growth threshdfire
we proposed a method to fabricate a deep SCC fooid sh
time. First, we formed a fatigue crack with a depthap-
proximately 10 mm in a sensitized austenitic staslsteel
specimen (SUS304 sensitized at 600°C for 4 h) byreet
point bending fatigue test with maximum and minimum
stress intensity factord,,=28 MPa-m? and K,;=0.6
MPa-nt2. Subsequently, we extended an SCC from the tip of
the deep fatigue crack using an SCC apparatus, amsho
Fig.2(b). This apparatus was designed to immerseettiire
fatigue crack specimen in a cell with a corrosimgi®nment
under a static bending load with a maximum of 180 Khe
temperature of the corrosive environment and ttaal lare
controlled with a thermostat and a hydraulic pumgspec-
tively. The extension of SCC on the specimen surfacebe
monitoredin situ visually. In this study, the corrosive envi-
ronment was a solution of 30 wt % MgGit 90°C, and a
nominal bending stress of 124 MPa was applied eéoctiack
for 650h. Thus, we formed an SCC more than 10 mmhdept
for relatively short time.

atigue specim

Fig.2 SCC testing: (a) INCONEL 600 weld metal withrtste
notch subjected to tensile stress in tetrathiosatetion and
(b) SUS304 with fatigue crack subjected to 3-pdiehding
stress in MgGl solution.

4. Experimental results

4.1 Imaging of SCCs extended from starting
notches

To examine the closure behavior, first, we imag&C$s
extended from starting notches using PA and SPAGHe H
we used an array censor with a center frequendy Hz,
32 elements at a maximum and an element pitch 55fiul.
for PA. In SPACE measurement, LN transmitter witbea-
ter frequency of 7 MHz and that array sensor wesedu

As an example, imaging results of an SCC are shiown
Fig.3(a). In PA and FA, images of SCC were obtained a
the crack depths were almost the same althougle ther
difference of images caused by different propagapiaths in
weld metal with strong anisotropy. In contrast, 8€C was
not imaged in SA. These results suggest that the &<
dominantly open.This trend was also shown in déffier
depth SCCsThus, the crack depths were measured by PA
which has same propagation paths in transmissidirexep-
tion.

4.2 SCC formed from the tip of deep fatigue crack

To precisely image the SCC extended from the tipeeijpd
fatigue crack, we applied SPACE at three positiafferdin
the crack-length direction. The input signal wahrae-cycle
burst of a 7 MHz sinusoidal wave with 10.3 pnamplitude,
where the displacement amplitude was measured aak cr
positions in another specimen cut from the samesnigtby
laser interferometry.[10] We used 64 elements inaamay
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transducer with a center frequency of 5 MHz to irecdoth
fundamental (7 MHz) and subharmonic (3.5MHz) waves.
We succeeded in visualizing various crack imagesaah
position. The distribution of the crack respons¢hia images
was not only in the vertical direction but alsatlie horizon-
tal direction. This result shows that the SCC did Imearly
extend but was complexly branched and had operclasédd
parts. As an example, fundamental and subharmamages
are shown in Fig.3(b). Note that the crack tipsengeeper in
the subharmonic images than in the fundamental ésal
was similar at all positions. This suggests thattths of the
SCC were closed.

Fig.3 Imaging SCCs by SPACE :(8CC extended from
starting notch and (b)SCC extended from the tip of deep
fatigue crack.

5. Optical observation of cross section and exami-
nation of measurement accuracy

5.1 SCCs formed from starting notches

To discuss the measurement accuracy, we compaeed th

depths measured by PA and reference crack deptlsboavn

in Fig.4. An optically-observed cross section i©wh in
Fig.5(a).As reference crack depths are opticallyeobed
crack depths on the cross section or target crapkhd. Con-
sequently, all the SCCs were measured without langiem
estimation.Thus, the SCCs formed from starting natche
could be measured with sufficient measurement acguby
PA.

5.2 SCC extended from the tip of deep fatigue
crack

To optically examine the depths and distributiorfs o

the SCC and to compare them with the SPACE images, the

specimen was sliced in seven thin plates with 2% area
around the crack. The cross sections were polished,
etched in 10 wt % oxalic acid for 30 s. The SCC wam-c
plexly branched from the tip of the fatigue -crack.
Here, we examined
SPACE quantitatively. The relationship between abitjc

and SPACE-measured crack depths is shown in Fig.4.
images were

The crack depths in the fundamental
underestimated for all positions, whereas the subhbaic
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ilMages succeeded in preventing the underestimation.
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Fig.4 Mesurement accuracy.

6. Discussion of crack closure behavior depending
on the formation methods with starting notches and
deep fatigue crack

We found that the SCCs formed from the starting restch
were open. This agrees with the previous resul]tslfscon-
trast, we found that SCC extended from the tip ofodiee
tigue crack was partly closed. Although two SCCs were
formed in different chemical solutions, it has fen re-
ported that the closure behavior differs dependingthe
chemical solutions for the acceleration test. Hewe dis-
cussed the closure behavior with respect to streadition
around SCC origin with starting notches and deemudati
crack.

In Fig.5(b), interestingly, the SCC extension cli@ns
were primarily oblique to the fatigue crack extemsdirec-
tions. This result can be explained by assumingtti&aSCC
generation originates in the dissolution of a pattivated by
a slip band in the high shear stress area arouaccrick
tip.[5] Although SCC extension is generally considete be
parallel to the direction of the plane of maximuensile
stress,[4this direction does not agree with the presentmsbse
vation. Thus, the present finding is consistenhwliie idea[1]
that SCC is not a mechanical fracture phenomenorthjire
defined by stress states but a dissolution phenomdafined
by the texture of materials, such as slip band, thedenvi-
ronment.

Furthermore, the tendency of crack extensiomtleralso
differed between the fatigue crack and the SCC. Tételal-
tion of the fatigue crack depths had a maximunhandentral
part. This is reasonable since the central and edgs are
under plane strain and plane stress conditionspeces
tively.[14] In contrast, the SCC extension lengthsrev
slightly larger in the edge parts than in the cnpart. This
also suggests that the SCC extension was concertiedhei
shear stress field around the crack tip, sincestiear stress
is higher in the edge parts than in the centralt. par
Thus, in contrast to starting notches of whichtthe are not
very sharp, the SCC extended from the tip of dedgufat
crack might be strongly influenced by the sheaesstrfield
around the tip of deep fatigue crack.
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1 mm LM 1 mm

Fig.5 Optically observations of SCC on cross secta) SCC
extended from starting notch and (b) SCC extendmu the
tip of deep fatigue crack .

7. Conclusions

To examine the extension and closure behavior of SC
depending on the formation methods, we formed t@CS
extended from starting notches and a deep fatigaekc
Then we measured the SCCs using SPACE. Consequently
we found that the SCCs extended from starting restehere
dominantly open. On the other hand, we found th@aCsS
extended from a deep fatigue crack was interestipgktly
closed. To discuss the difference, we focused enirfiu-
ence on the stress condition around the SCC oigjircom-
paring the SPACE-measured images and opticallyrabde
cross section, we found that the closure behavighirbe
influenced by the shear stress field around theofigleep
fatigue crack. In future, we would examine the egten and
closure behavior in the specimens made of the saaterial
with starting notches and deep fatigue crack, i@ same
corrosive environment.
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