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Abstract

This paper describes the study carried out by EXDEMNnd the General Technical Division of EDF on the
detection of defects located in a cast steel compibimcluding shrinkage cavities. Such casting cisfappear
within the material during solidification. Experim@l measurements and simulations performed witACI
showed that the presence of such cavities, espeerabn positioned at mid-thickness of the compdnean
mask planar type defects located at the bottorh@fpiart and therefore prevent their potential dietecWhile
conventional inspection with single element probesinot ensure breaking backwall notches detedtitmcan
be achieved with phased array technology, provithed Signal to Noise Ratio is sufficient. Phaserhys,
thanks to their deflection and focusing capabgitiemit the negative impact of shadowing but addlow to
obtain high resolution images as the ones resuftiogy the Total Focusing Method (TFM). This inndvat
imaging technique proved its efficiency in detegtadl the defects in the component while improviefect’s
provenance.
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1. Introduction

Conventional hydraulic and thermal production pdaoit EDF contain many ferritic cast steel
parts which are subject to high stresses and @ntgrdue to water pressure and damage by
corrosion or thermal fatigue (see example in FigliteThese parts are mainly inspected by
surface testing performed from the inside becauseventional ultrasonic controls reveal
defects likely present since manufacturing. Thésed are considered non-progressive and
harmless when they are not open to atmosphere. dfaste time, they consist in internal
porosities as shrinkage cavities (typical manufactudefects appearing during solidification
of cast steel parts). The presence of these pm®sitoften present as clusters - can mask
planar type defects located at the bottom of the @ad therefore prevent their potential
detection. In this context, the General Technicaidibbn of EDF is studying the feasibility of
an ultrasonic control, performed from the outerlwaf backwall breaking planar defects
located beneath a shrinkage cavities network. TEXS,ENDE has evaluated by simulation
the feasibility of such an examination. Various Inogels have been studied: from conventional
single-element inspection to phased array techiyoldgough the evaluation of innovative
technigues such as the Total Focusing Method (TFNMhis paper describes the results
obtained with the CIVA simulation software.



Figure 1 : Example of a cast steel part from a eatienal thermal plant — example of creep damagadan
inner wall.

2. Inspected component and flaws to detect
2.1 Specimen

The specimen to be inspected is, for simplicitypose, a perfect portion of cylinder with
dimensions equal to 285x100x70mm and 1400mm inteadidus. The considered material is
isotropic ferritic steel where noise and attenuatice neglected. Its characteristics are:

- Density: 7.8g.ci

- Speed longitudinal waves: 5900th.s

- Speed shear waves: 3230m.s

The main objective of the work carried out by EXTHN is to study the feasibility of an
ultrasonic inspection of a notch located below awoek of cavities. Therefore,
simplifications in terms of geometry and materia pustifiable.

2.2 Flaws

The considered flaw is a backwall breaking notchdiofiensions 40x10mm (Lxh). To study
different scenarios (few shadowing, shadowing bg,dwo or three cavities), the notch is
positioned at four positions relatively to the skege cavities cluster. The porosities are
defined by tracing their contour at -6dB from echoecorded on an acquisition performed at
EDF-DTG with a 1D smart flexible 2 MHz phased arg@pbe used in manual mode (see
Figure 2). The contours were then extruded on 20imrthe plane perpendicular to the
incidence plane; the cavities are assumed to bgaotin this plan.

Thus, seven (7) shrinkage cavities are definedpasitioned at mid-thickness of the sample
as shown on Figure 3. An eighth porosity is alsacetl at the bottom part to study the
influence of interactions between casting defeotsitially present in the vicinity of the inner
wall and the target flaw.
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Figure 2 : Bscan showing the presence of shrinkaggies in a cast steel specimen. The Bscan has Wsed to
draw the porosities.
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Figure 3 : Target notch positions relative to therkage cavities network.

3. Evaluation of a single element ultrasonic conventional contr ol

The backwall breaking notches located under thevarét of shrinkage cavities positioned at
mid-thickness of the sample were inspected witlraventional OL45° single element probe
of 2MHz and @24mm diameter.

Amplitudes are calibrated with the one of a @2muheSdrilled Hole (SDH) located at 70mm
from the surface and detected with the same probe.

Figures 4 and 5 show simulated Bscans for the netem located at position 1 and 2 under
the porosities cluster. For each position, the Bstmulated with the notch is compared with
the one simulated without notch in order to be shat the echo on the Bscan belongs to the
notch and not to a porosity.

Figure 4 presents the results when the flaw isoattipn 1. The comparison of Bscans with
and without notch allows to confirm that the notshwell detected with a corner echo
amplitude of 0.1 dB relatively to the SDH.

Despite the shrinkage cavities network, there ipmodlem for detecting the notch at position
1 which is not the case at position 2.



(a) (b)

Figure 4 : OL45° detection of the notch at positlorfa) Bscan with notch, (b) Bscan without notch

Figure 5 shows simulated Bscans with and withoatribtch for position 2. It can be seen the
corner echo is not exactly where it is expectedetoFurthermore, it has very low amplitude
(-14 dB). Weak detection and bad positioning of tleener echo are due to the shrinkage
cavities which mask the notch and deflect the aoobsam.

(a) (b)
Figure 5 : OL45° detection of the notch at posit®rfa) Bscan with notch, (b) Bscan without notch

The simulation results show that inspection with @Qb45° single element probe cannot
ensure notch detection for all positions underghenkage cavities network. The porosities
located at mid-thickness can mask the notches wbowér and/or prevent their detection.

4. Evaluation of the phased-array technology used in echographic mode

The simulation study with OL45° single element mraiowed that it is not possible to ensure
the notch detection for all positions under theiteas network. Therefore, phased-array
technology has been evaluated under the same mrsdih order to estimate its advantages
relatively to conventional inspections.

The phased array probe used for simulation is & RIAz contact probe (48 elements, 0.8mm
pitch) fixed on an OL45° Plexiglas wedge.

The amplitude of a @2mm SDH located at the notgbtld@and detected with a delay law
focusing OL45° waves at 70mm depth. The simulatehection consists in a mechanical
scanning (0.05° step) associated with a sectogahrsing (from 0° to 60° with 2° step)
focusing at 70mm depth.

Figures 6(a) and 7(a) show, respectively for posifi and 2, sectorial Bscans where the notch
corner echo is correctly detected. They are congparth simulations without notch in order
to ease and confirm the echoes identification.

As presented on Figure 6, the notch echo can bifieéel. The inspection angle leading to its
detection at position 1 is OL44° which is closetlie angle used with the single element



probe. Therefore, at position 1, the shrinkage tesvinetwork is not detrimental to the
detection of the flaw when using approximately OLd&ves.
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Figure 6 : Angular Bscan at position n°1 : (a) witstch, (b) without notch

Simulated sectorial Bscans with and without theheit position 2 are displayed on Figure 7.
The comparison between simulated Bscans with atitbwi the flaw confirms that the echo
bordered in white belongs to the notch.

While inspection with OL45° single element probeeslaot lead to the clearly detection of
the notch corner echo, inspection with focusedosettscanning allows it. However, contrary
to position 1, for the second position the suitaigle for the flaw unmasking is OL30°.
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Figure 7 : Angular Bscan at position n°2 : (a) wittch, (b) without notch

An OL30° inspection seems more adapted for the hnotetection when it is located at
position 2. Figure 8 (a) and (b) show the mechargscanning True-Bscans obtained with
phased-array technology when using OL30° and OLe&pectively. Their comparison
highlights the importance of the inspection angieposition 2, the notch location relatively



to the shrinkage cavities network is not favourdablean OL45° inspection because of the
beam is stopped and/or deflected by the poroséres thus leading to poor results. This
explains the bad results obtained with the sinfglmment probe transmitting OL45° waves.

(b)
Figure 8 : Comparison of OL30° and OL44° Bscangosition n°2: (a) OL30° Bscan, (b) OL44° Bscan

The results obtained with the phased array prob& ghat it is possible to detect the notch
with the same transducer whatever its position utitee shrinkage cavities network. Angular
deflection limits the impact of the masking effeitte various angles of inspection maximize
the notch detection according to its position re&y to the porosities cluster. Furthermore,
the use of the phased-array technology increaseduteon and positioning of the echoes in
the CAD specimen by its focusing ability.

5. Contribution of the Total Focusing imaging Method

With the phased-array technology, the notch deieas ensured for all the studied positions
but it is mainly restricted to the corner echo tiferation because the diffraction is too weak
to be measured. In the presence of several p@wesitid structural noise, it may be difficult to
determine the origin (cavity, notch, grain,...) oétbcho supposed to be from the target flaw.
Therefore, the Total Focusing Method (TFM) has beealuated on its ability to improve
flaw identification.

A FMC acquisition corresponds to a fixed array posiacquisition of the full inter-element
matrix K(t). For an array of N active elements, it is congtitl by the NxN stored impulse
inter-element responség(t) defined as the output of the element nunmbehen the input of
the element numberr is a delta impulse [1,2,3]. TFM is a synthetic inmag algorithm
implemented in CIVA which post-processes the fater-element matriX (t) and provides a
high resolution image of a Region Of Interest (RR21B]. Its principle is to coherently sum
all elementary signalkij(t) of K(t) in order to focusa posteriori, in every point of the ROI.
The amplitude A at the point M in the image is giv®y:

AM) = 3 k(T ®
iy ]
Where'l'ijM is the theoretical time of flight between M andaarpf elementsij).

In order to evaluate the advantages of TFM imagimghe notch detection, FMC acquisitions
were performed at the positions ensuring the bestlis in echographic mode. Thus, the



detectability of the flaw according to the acquasitmethod (echographic or FMC-TFM) is
tested.

Figures 9(b) and 10(b) correspond to the TFM nasgtonstructions with LL direct mode.
The direct mode is based on the calculation ofrétezal times of flight corresponding to the
propagation time between each pair of transmiteefver {j) through a point M of the ROI.
The comparison of TFM images with associated smett@scan (Figure 9(a) and 10(a))
shows that the results are quite similar. The sao®es at the same positions are found on
both FMC-TFM images and sectorial echographic Bscan

@ 1 (b)

Figure 9 : Images of the notch at position 1: @agraphic mode, (b) LL direct mode TFM image
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Figure 10 : Images of the notch at position 2:e@)ographic mode, (b) LL direct mode TFM image

Besides providing high resolution images, the THMging has another advantage compared
to echographic imaging since it allows to imagevliaaccording to paths more complex than
the direct ones “probe/flaw”. This is possible tkarto the “corner echo” reconstruction. In
the corner echo mode, the considered times oftfligike into account the interaction of the
wave and its possible mode conversions on the katksfore reaching the defect [2, 3, 4].
This mode is very useful for imaging extended disfeach as notches.

A priori, it is not obvious to know the “corner echo modafhong the 9 possible) that will
image the notch, in the presence of the shrinkagéies, along its entire length. However,
the ray tracing tool of CIVA, although it does riake into account the elementary directivity
of the emitted waves, can help finding an appré@riaode for reconstruction. Figure 11
shows the ray paths for position 1 and 2. For tts position, the ray tracing tool indicates



that a LLL path is possible. For position 2, a Tpath can be considered for the flaw
imaging.

(@) (b)

Figure 11 : Ray tracing at 2 different probe posisi (a) position 1, (b) position 2

The paths on Figure 11, provided by the CIVA ragiing tool, are used to obtain corner echo
mode TFM images. The results are presented ond-igifor both studied positions.

(b)

Figure 12 : TFM Corner mode reconstruction imadges® notch with :
(a) LLL mode - position 1, (b) TTT mode - positi@n

Whatever the notch position under the shrinkageitieav network, the corner mode
reconstruction following the indications of the tagcing tool allows to image the flaw on its
entire length. Contrary to the direct mode, thechas no more characterized by its two
diffraction echoes.

Modes different from the ones provided by ray tngoivere tested. As a result, only LLL and
TTT modes lead in a correct reconstruction of tbelm However, when the probe is located
near the planar defect, the dynamic of the notdbLin mode is weaker than in TTT mode. It
happens for position 2 where the probe centerciaténl 30° from the notch. For this position,
the LLL mode image shows, under the probe apertrstrong artefact of reconstruction
disturbing the image of the flaw (see Figure 13(a))

The artefact corresponds to the backwall echo gaaction with LLL mode. Indeed, in order
to reproduce as precisely as possible the acopggoomena occurring in experiment, the
backwall echo was calculated in simulation. The T&llybrithm searches for each pixel of the
ROI the amplitude of the echoes — including the fmom the backwall - located at a time of
flight equivalent to a LLL path. Because a parthef ROI is located below the probe aperture,



the algorithm records information associated witd specimen backwall which creates the
artefact. This one has the biggest dynamic onrttagye because the backwall echo has greater
amplitude than the notch. In order to confirm théefact origin, a simulation without
backwall echo calculation was performed. The assedi LLL mode image is shown on
Figure 13(b). There is no more artefact, only théch reconstructed along its entire length
and with a better dynamic. Therefore, the specibaakwall echo causes the artefact in LLL
mode. The artefact does not appear with TTT modensruction since the times of flight
searched by the algorithm to image the notch arizden the ones of the backwall.

]
Artefact due to the

(a) (b)
Figure 13 : TFM reconstruction of the notch withLLtorner (a) with backwall echo taken into accogny,
without backwall echo taken into account

In view of these results, it is possible to affithat TFM imaging in LL mode provides as
good results as standard sectorial echographicingagds for the corner mode, it improves
the detection and identification of the flaw by gnay it along its entire length. Furthermore,
it allows filtering from the image the strong cae# echoes present in echographic images or
in LL mode reconstructions. Therefore, TFM is am@img method that ensures the detection
of a backwall breaking planar flaw despite the pneg of a shrinkage cavities network
disturbing the ultrasound waves path. It also atléavdetermine if the target echo observed in
direct mode or echographic mode belongs to a piyrosia notch.

This conclusion remains valid provided there isuffident Signal to Noise Ratio (SNR).
Indeed, with FMC acquisition, the firing with onbne element at a time reduces the energy
transmitted in the specimen. It may be non-impgcimlow attenuating media but this may
be more restrictive in noisy environments (SNR ddgtion, reduction of the detectability ...)
such as coarse ferritic cast steels.

6. Conclusion

This paper describes a study carried out by EXTEND#& the General Technical Division of
EDF on the detection of defects located in a céstl scomponent including shrinkage
cavities. First, a conventional single-element OL4Bspection was considered. Simulations
in CIVA showed that the presence of porosities gask planar type defects located at the
bottom of the specimen and thus potentially previtieir detection. The phased array
technology was then used to evaluate its deteg@formances under the same conditions.
Contrary to the conventional single-element inspectthe phased array probe allows the
detection of the notch for all positions. This is advantage because there is no need to



change the transducer since the delay laws caadiéfle beam according various inspection
angles and then ensure detection whatever thagositthe notch relatively to the porosities.
Therefore, deflection and focusing ability of a pba array probe help to control the negative
effect of masking but it is not obvious to affirmitmout flawless simulation that the
considered echo belongs to a notch since only dheec echo is identified. Because this one
may be confused with a shrinkage cavity echo, thiel Thethod was evaluated on its ability
to provide additional information about the origihthe echo of interest. Thus, the LL direct
mode reconstruction allows to obtain images venmyilar to echographic ones, so it does not
answer to the origin question. As for the corndnoececonstruction mode, it provides an
image in which only appears the notch imaged altsgntire length. This reconstruction
method allows to identify unambiguously the present the flaw despite the shrinkage
cavities network located on the ultrasonic waveh.pa

These results show that the detection of a breakexckwall notch below a network of
porosities is possible. However, it is remindedt ttee structural noise was not modelled.
Therefore, these results remain valid providedethera sufficient SNR, especially for TFM
imaging which FMC restricts the transmitted energyhe specimen. An experimental study
IS now necessary to validate these results.
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