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1. INTRODUCTION

It is commonly known that each ultrasonic examorarequires specific ultrasonic probes
chosen for their intrinsic parameters such as #aqy, refracted angle, beam width, focal depth,
etc. As an advanced NDT procedure developer amadpasbe manufacturer among others, Vincotte
has to handle this problematic from the probe aetighe final application.

Ultrasonic beams generated either by a conventionaly a phased array (PA) probe are
usually modeled as a simple line segment whicimisedy defined using three essential parameters:
the refracted angle, the exit point and the praddayd These are necessary to locate and to size the
detected indications in the required examinaticome.

These parameters are calculated during the sadcpilebe characterization process that is
achieved using fully or semi-mechanized acquisigsgatem on specific calibration blocks. Given
that the inspection performances are based on ¥@Q%red volume coverage, on good detection
performances and on accurate localization andgiairthe indications, it is crucial to find the bes
method to calculate these parameters. Thus, irr dodautomate the entire probe characterization
process and to compare the efficiency of severgulzion methods, Vingotte has developed a
specific software called APC (Automated Probe Ctiarézation). The first part of this document
introduces this process and this new software.sEgend part presents a comparison between some
results given by conventional calculation methodd aome results given by the new advanced
method.

2. PROBE CHARACTERIZATION PROCESS

In ultrasonic testing, according to our quality teys, several forms of characterization or
calibration must be achieved:

* The electronic devices must be annually charaaério ensure that the system
performs as designed, this will not be discussetigpaper;

* At each inspection, generally before and after,diigre system has to be calibrated
in order to guarantee that the required accuraccigeved. This step is more a
verification than a real determination of speciharameters. This will neither be
discussed further.

* At the probe manufacturing and then annually, tteb@ can be fully characterized
ideally using the same equipments (cables andretaéctdevices) than for further
use. For every ultrasonic probe, either conventi@ngphased array, this process
results in some intrinsic parameters and curves:réffracted angle (RA), the exit
point (EP) and the probe delay (PD), as well as#wsitivity curve, the beam width
curve and the spectral analysis (FFT). This wiltdeated in this paper;

Since innovations and developments are at the h#adur philosophy, and with the
constant evolution of ultrasonic acquisition softeyea new approach had to be considered to this
basic process.

In a first time, in order to improve the represémemess of the main scanning
configurations (pipes and planes from the outee)si¥incotte has developed and manufactured
several blocks, each containing specifics reflectarhalf-moon (HM) and a set of side drilled holes
(SDH) perpendicular to the scan direction at déférdepths. An encoded acquisition on such a
block will provide the required data to characterilze probe.

In a second time, in order to automate the entiabe characterization process and to
optimize the calculation method, the APC softwaies wleveloped. This processes raw ultrasonic
data to calculate the probe parameters. It alsgpotes the average distance between real reflectors
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positions and relocated ones using the parametevgpsly calculated. This allowed us to compare
the different implemented computation methods andevelop a new advanced method based on
results optimization.

2.1. Ultrasonic equipment

2.1.1. Probes

This process can be applied to any kind of conweati probe and to any kind of phased array
probe associated to a specific focal law (e.gglsiprobe, twin side by side, twin tandem).

2.1.2. Mechanical settings

According to the working configuration (axial scamm circular scanning or planar scanning), there
are two different mechanical settings, one fullychnized for circular configurations (see Figure 1
on the left) and one semi-mechanized for planaraaial configurations (see Figure 1 on the right).

Figure 1: Characterization system

2.1.3. Ultrasonic device

In order to be as close as possible to the regkeri®n configuration, the same device has to be
used to perform ultrasonic acquisition. The sanpe tgf cables (e.g., cable length can influence
probe delay results) must also be used.

2.1.4. Ultrasonic software

Actually, only a few different versions of Ultraios (from Zetec) or Tomoview (from Olympus)
can be used to perform probe characterization.

2.1.5. Characterization blocks

In order to cover the main scanning configuratiovis)cotte has developed and manufactured
several blocks containing a HM and a set of SDldr{giter 1 mm) at different depths (see Figure
2). These carbon steel blocks exist for each otlinee main working configurations (AX for axial
scanning, CIRC for circular scanning and FLAT fdaurpar scanning) from 3” to 36” diameters in
order to cover most of the existing pipes configjores.

Figure 2: Schema of a flat characterization block vth a set of SDH



2.2. APC software

The probe characterization process is achievedgusirparallel the ultrasonic testing (UT)
chain to perform the acquisitions and the APC saifenas the main guideline. The APC software is
always associated with files: one describing theckd, one describing the initial software
parameters to use, one storing the temporary daetaesults, others containing the raw data from
the acquisitions and others containing the finalits.

This whole characterization process including thiénsare use is fully described in our internal
instruction mul2906_Ed. B: “Automated characteraratof UT probe on specified blocks with
HM and SDH reflectors”.

At each process step corresponds a specific APQlomin The operator has to fulfill
progressively all the software cells with the prgasameters, eventually the associated focal laws
parameters, the characterization block chosenetlbetronic devices used, and the acquisitions
parameters such as the acquisition file name, dive g

Using dedicated predefined setups for the ultrassaftware according to the probe type and
to the chosen block, the APC software will suggbst last parameters to eventually adjust: the
mechanical resolution, the time base, the digijzirequency, the voltage, the pulse width, the
wave type and the sound velocity. All the otherapagters have to remain unchanged; particularly
the scan axis offset, the index axis offset, tlieoted angle, the exit point, the probe delay ted
skew angle have to remain equal to zero. For PAgspothe focal law has to be correctly
introduced respecting the previous recommendations.

The operator can now perform the acquisitions Egare 3), and can next export the data in a
raw format that will be read by the APC softwaréeTassociation between the echoes and the real
SDH will be automatically made by the APC softwafee next steps concern the choice of the
calculation method with the associated options, dakeulation of the parameters and then the
calculation of the SDH repositioning. The last stafjlow the operator to display the results through
tables and charts in order to verify the coherevicthe whole process and then to export these
results to several different files allowing finatlye generation of the characterization report.
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2.3. APC software: implemented calculation methods

In this section, all the computation methods wel ltriefly presented. The basic equations
behind these methods are described in the annexes.

* Method 1. HM acquisition used for EP and PD calculation,Hs&cquisition used for RA
calculation from TOF measure. If acquisition on Hilgl reflector is available, this can be
used to calculate the probe EP and PD. The RA eataltulated on each SDH using the
time of flight (TOF) measure.



Method 2: HM acquisition used for EP and PD calculation,Hs&cquisition used for RA
calculation from position measure. If acquisitiom the HM reflector is available, this can
be used to calculate the probe EP and PD. The RAeaalculated on each SDH using the
position measure.

Method 3: HM acquisition used for EP calculation, SDH asifion used for RA
calculation from TOF measure with PD fitting. If cagsition on the HM reflector is
available, this can be used to calculate the pE®eTrying all the possible PD values, the
RA can be calculated on each SDH using the TOF unea$he PD finally chosen will be
the one reducing the difference between the caldiiRA’s on each SDH.

Method 4 or conventional method HM acquisition used for PD calculation, SDH
acquisition used for RA calculation from positiorasure with EP fitting. If acquisition on
the HM reflector is available, this can be useddtrulate the PD. Trying all the probe EP
values possible, the RA can be calculated on et &ing the position measure. The EP
finally chosen will be the one reducing the diffeze between the calculated RA’s on each
SDH. This method is the most common method and wsesl during years for probe
characterization.

Method 5: SDH acquisition used for EP, PD and RA calcutatltwy SDH pair, TOF
measure used for RA calculation. SDH can be usepllnyto calculate the parameters. RA
calculation will be done using the TOF measure.

Method 6: SDH acquisition used for EP, PD and RA calculatily SDH pair, position
measure used for RA calculation. SDH can be usepllnyto calculate the parameters. RA
calculation will be done using the position measure

Advanced method SDH acquisition used for EP, PD and RA calculatiitting EP, PD
and RA to minimize SDH repositioning. Here, the ABGftware will try each possible
parameters trio (EP, PD and RA) in order to minanthe relocation of the SDH by
comparing them to real positions. The final solutis thus the one that gives the best
relocation of the indications in the probe rangessm.

2.4. APC software: advanced features

Some special features have been developed andnmapted in the APC software in order to
improve the quality of the results:

Corrections due to the SDH diameter are takendantmunt during the calculation process;
From a set of SDH, for the geometrical calculatioethods, the RA, EP and PD can be
calculated through the simple average of the paemhealculated on each SDH, through
the average with a virtual weight depending ondistance between the considered SDH
and the reference SDH (the one with the maximunsiBeity), or simply by taking the
values calculated on the reference SDH. The optfmsen in the examples here below is
the simple average.

A special smoothing algorithm based on Bézier esirias been implemented in order to
increase the maximum amplitude position measureigpon (see Figure 4).

Figure 4: Example of non-smoothed and smoothed refieed signal on HM reflector



3. NUMERICAL RESULTS

3.1. Measurements on carbon steel characterizatidsiocks

This section presents some comparisons between séweral calculation methods
implemented. These methods are described in th®seét3 and 5. The most important values are
the delta positioning which are the average ofdiséance between the SDH real position and the
SDH calculated position based on characterizatemarpeters. Accuracy increases with a decrease
of this delta.

Two different examples are presented here beloautir:

* A table containing the numerical characterizatiesults for the several calculation
methods and for the different focal laws;

* A chart comparing the delta positioning values tftg several calculation methods
and for the different focal laws;

* A repositioning chart generated by the APC softwdoe the conventional
calculation method and for the new advanced caiomanethod.

Since the focal laws are calculated for stainléssl{Vss. = 5700 m/s) and characterized
using a carbon steel block & = 5920 m/s), an adjustment has to be made foretinacted angle

simply by using Snell’s Iaw:S'n(RASSL) = S'”E/RAC&). In the advanced method, the EP and the PD
SSL CcsL
are considered equal between different materials.
Description of the focal laws nomenclature usingéRampld.30HP30:
* L means longitudinal waves (T for transverse waves);
* 30 means a 30° theoretic refracted angle;
 HP means half path (TD for true depth, PR for progetct PL for plane), it is the
focalization type;
» 30for a 30 mm focalization distance.

Transmitter-receiver Phased Array 2 MHz probe (type WR2TS45L00_2M4x8A2A) on 6”
carbon steel circular characterization block

Half Moon reflector SDH reflectors
Focal Method RAss. Theoretic|Sensitivity on HM|HM Pulser Voltage| BW -6dB | EP |Delay | RAcs. | RAss. | Delta Positioning
Law 0 (dB) (V) (mm) f(mm)| (us) | O (§) (mm)
Adv 0 29.3 90 2.7 1921163 | 14 1.3 0.56
1 0 na na na na na na na na
CIRC 2 0 29.3 90 4.5 2241 16.1 | 9.5 9.1 1.61
LOTD20 3 0 29.3 90 4.2 22.4| 15.7 | 20.6 | 19.8 5.61
4 0 29.3 90 45 190|161 | 1.3 1.3 0.66
5 0 29.3 90 3.4 26.8 | 15.8 | 20.6 | 19.8 3.44
6 0 29.3 90 3.7 185 164 | 05 0.5 0.65
Adv 30 20.2 90 6.1 1441 153 | 27.2 | 26.1 0.48
1 30 20.2 90 6.8 17.0| 148 | 31.9 | 30.6 1.41
cIRC 2 30 20.2 90 6.8 17.0| 148 | 31.2 | 29.9 1.19
L30HP30 3 30 20.2 90 7.9 17.0| 156 | 24.4 | 23.4 3.54
4 30 20.2 90 7.4 14.3| 148 | 27.0 | 25.9 1.43
5 30 20.2 90 4.4 24.3| 13.4 | 39.6 | 37.9 3.36
6 30 20.2 90 6.8 115 156 | 225 | 21.6 1.25
Adv 40 19.7 90 9.2 11.3| 146 | 35.3 | 33.8 0.72
1 40 19.7 90 7.6 16.4| 146 | 388 | 37.1 1.77
CIRC 2 40 19.7 90 7.4 16.4| 146 | 38.9 | 37.2 1.78
L40HP30 3 40 19.7 90 9.8 16.4| 159 | 34.3 | 32.9 4.83
4 40 19.7 90 6.8 95 | 16.0 | 34.2 | 32.8 3.07
5 40 19.7 90 9.4 13.9| 14.7 | 37.2 | 35.6 1.61
6 40 19.7 90 10.9 85 | 16.1 | 34.8 | 33.3 1.11

Table 1: Numerical results for circular configuration
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Table 2: SDH repositioning for circular configuration




Transmitter-Receiver Phased array 2 MHz Probe (typeWR5TS45L00 2M3x11A5B) on 14”
carbon steel axial characterization block

Half Moon reflector SDH reflectors
Focal Law | Method RAss. Theoretic|Sensitivity on HM|HM Pulser Voltage| BW -6dB | EP |Delay | RAcs. | RAss. | Delta Positioning
Q (dB) M) (mm) J(mm)| (@s) | O O (mm)
Adv 35 24.3 90 5.0 30.6 | 185 | 33.3 | 31.9 0.12
1 35 24.3 90 6.5 31.2 ] 18.0 | 36.1 | 34.6 2.45
2 35 24.3 90 6.7 31.2] 18.0 | 33.9 | 325 1.24
AX L35HP70 3 35 24.3 90 6.8 31.2| 18.7 | 32.3 | 31.0 1.57
4 35 24.3 90 6.5 30.5] 18.0 | 36.1 | 34.6 3.13
5 35 24.3 90 6.5 30.6 | 18.6 | 32.6 | 31.2 0.62
6 35 24.3 90 6.5 30.6 | 18.6 | 33.2 | 31.8 0.26
Adv 45 24.6 90 7.5 28.7]1 18.3 | 44.1 | 42.1 0.21
1 45 24.6 90 9.1 30.6 | 17.7 | 46.6 | 44.4 1.45
2 45 24.6 90 9.2 30.6 | 17.7 | 45.9 | 43.7 0.98
AX L45HP70 3 45 24.6 90 9.6 30.6 | 18.4 | 43.7 | 41.7 2.21
4 45 24.6 90 9.1 28.8| 17.7 | 46.6 | 44.4 3.07
5 45 24.6 90 9.2 29.0| 18.2 | 44.0 | 42.0 0.35
6 45 24.6 90 9.2 29.0| 18.2 | 44.0 | 42.0 0.36
Adv 55 22.5 90 9.9 25.3] 19.8 | 53.7 | 50.9 0.36
1 55 22.5 90 114 28.6 | 185 | 56.9 | 53.8 2.13
2 55 22.5 90 11.7 28.6 | 185 | 56.1 | 53.1 1.52
AX L55HP70| 3 55 22.5 90 12.3 28.6 | 19.9 | 53.6 | 50.8 3.78
4 55 22.5 90 114 25.3] 185 | 56.9 | 53.8 5.17
5 55 22.5 90 114 26.9] 19.4 | 53.7 | 50.9 1.08
6 55 22.5 90 11.3 26.9] 19.4 | 54.0 | 51.2 0.77

Table 3: Numerical results for axial configuration
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0 o
o o
7 ° 7 °
o o
14 14
21 - 21 o
2 2
Depth © Depth °
L35HP | @m = o
22 b 12 L]
70 % °
49 - 49 -
56 ‘o 56 8
o °
63 63
o 7
10 38 66 9 122 150 178 206 234 262 290 10 38 66 % 122 150 178 206 234 262 290
SDH SDH
Repositioning Scan position (mm) Repositioning Scan position (mm)
0 0
° °
7 ° 7 °
L4 L]
14 14
21 © 2 e
28 28
Depth A Depth °
LASHP | @m = o
.
42 ° 42 L)
70 o °
49 o D L]
56 o 56 8
o L
63 63
o 70
10 38 66 94 122 150 178 206 234 262 290 10 38 66 94 122 150 178 206 234 262 290
SDH SDH
Repositioning Scan position (mm) Repositioning Scan position (mm)
0 0
° °
7 ° 7 °
o L
14 14
21 o 2 e
28 28
Depth ° Depth °
L55HP | @m = S o
.
42 LI S— 42 e
70 . s
.
49 ° D L
.
56 o 56 L
o L
63 63
o 70
10 38 66 94 122 150 178 206 234 262 290 10 38 66 94 122 150 178 206 234 262 290
SDH SDH
Repositioning Scan position (mm) Repositioning Scan position (mm)

Table 4: SDH repositioning for axial configuration

3.2. Measurements on dissimilar metal weld

The main problem associated with the charactedmaprocess concerns the material
transfer. Indeed, most of the time, representativaracterization blocks (i.e. made in the same
material type, with the same structure, thermatiment and shape as the material to inspect) are
not available. Thus the probe parameters are eémliusing acquisition data on a specific material
(generally carbon steel) and are used on anothirialagenerally stainless steel) that has difiere
ultrasonic properties. For example, a very diffictdse is the inspection of dissimilar metal weld
that presents particularly unknown ultrasonic props with an anisotropic structure. The simplest
way to handle this problematic is to assume thatRA has to be recalculated using both material
velocities applying Snell’s law, and that the El &me PD have to stay equal.

Considering the previous points, some experimetetsts were done on a “real” stainless
steel block with a dissimilar metal weld containisgme SDH reflectors. This section presents
some comparisons between the conventional methd,atlvanced method and a customized
advanced method used to relocate the SDH of thloskblThis last method can be achieved
adjusting “manually” the material velocity in ordeo improve the accuracy of the SDH
repositioning. This is possible only if a represdine block is available.

The example here after presents acquisition regulimalysis mode (B-Scan) including an
overlay representing the dissimilar weld within ®8DH. The presented comparison is only visual
and has been done by changing the focal law paessnahd the material velocity in the ultrasonic
software.



Transmitter-receiver Phased Array 2 MHz probe (type WR2TS60L00_2M4x8A2A) on 6”
calibration block ASME llI dissimilar weld for foca | law LA0OHP30

EX -_— .

Conventional method:
VsgL = 5700 m/s
RA = 40.02°
EP =17 mm
PD=17.3 us

Advanced method:
VsgL = 5700 m/s
RA =38.33°
EP = 15.3 mm
PD =16.7 us

Customized advanced
method:
Vs = 6200 m/s
RA =38.33°
EP =15.3 mm
PD = 16.7 us

Table 5:MComwbaris“on in analysis mode for focal laiL40HP30



4. CONCLUSION

In this paper, we presented an innovative charaetesn method with the new associated
software. This new approach underlined the linotati of the conventional methods based on
geometrical theory and showed the necessity todmather method. This new method is born by
developing a way to compare the efficiency of aél tonventional methods. Indeed, the advanced
calculation method is based on the optimizatiothefreflectors repositioning.

Measurements on carbon steel characterization blpoksented here demonstrate that the
new method provides an important improvement coegpan the conventional method on carbon
steel block. Another striking observation is thhe thew RA calculated can be far from its
theoretical/nominal value. Regarding all the codesms (e.g. EN12668) and standards, this casts
doubts on the necessity to limit the acceptabl@tian on the probes parameters to a certain value
linked to a nominal value. For example, a probgererally accepted wheRA = [F\’ANominal + 2°]

wherenominal means the theoretical RA. Yet the old conventionathod was generally able to
respect that condition but regarding results priesein Table 1 and Table 3, using the new
advanced method, it is obvious that it will notgmessible anymore. This condition should rather be
adapted toRA = [RAnitial * 2°] whereinitial means the first calculated characterization value.

Measurements on dissimilar metal weld presented bdemonstrate that the new method
provides an important improvement compared to theventional method but that we still are
limited by the problematic of material transferidta well-known fact that ultrasonic propagation
into anisotropic material is quite difficult to fsee. For example, the mechanical vibration
direction stays generally constant when the engngpagation direction can vary. Ultrasonic
velocity can also fluctuate according to the bedmaction. Thus, it will always be better if a
representative block with some known reflectorsld¢dae available, so the ultrasonic velocity could
be eventually adjusted. Otherwise, the new mettm@addy provides a good appreciation compared
to older methods.

5. ANNEXES

5.1. Axial or planar scanning: general coordinateystem, notations and equations on HM

The zero position for HM acquisition is set whee firobe front is at the HM beginning.
Figure 7 below shows the notations used in thecéstsal equations.

HP =USound —%elm“k Equation 5-1
HP=HM R Equation 5-2

PD=— 2 x (Usound -HM _R) Equation 5-3
EslikHM _R—-%can Equation 5-4

WhereUSound is the ultrasonic path measured (mi®jan is the scan position measured
(mm) , Velgo is the block ultrasound velocity (mm/us) ddbll_R is the half-moon radius (mm).
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Figure 7: General coordinate system and notations oHM

5.2. Axial or planar scanning: general coordinate\stem, notations and equations on SDH

The zero position for SDH acquisition is set whiea probe front is at the block beginning.
Figure 8 below shows the notations used in thecéa®sal equations. On one SDH, 2 equations are
available RA= f (EP) and RA= f(PD)) with 3 unknown values (EP, PD and RA).

Scan+ EP - Scan_real

Tang(RA) = Equation 5-5
g(RA) Depth_real quation
HP =USound _ PDxVelgoq Equation 5-6

Cos(RA) = DGpTI—EreaI Equation 5-7

Where Scan real is the center SDH real scan position (mm) &mgth_real is the center
SDH real depth position (mm).

Scan + 0

- 4

EP

HP
Honti 2
L RA Depth_Reol

Y

y

Scan_Real

Figure 8: General coordinate system and notations oc8DH
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5.3. Circular scanning: general coordinate systermotations and equations on HM

The zero position for HM acquisition is set whee firobe front is at the HM beginning.
Figure 9 below shows the notations used in thecéstsal equations.

HP =Uound _%elﬂock Equation 5-8
HP=HM _R Equation 5-9

PD = x(USound - HM _R) Equation 5-10
EP_ DegBlczkHM _R_Deg-S&can Equation 5-11
EP = Rx Sn(EP _Deg) Equation 5-12

WhereR is the block radius (mm¥can is the scan position measured €R_Deg is the
exit point in polar reference (°) aitM_R _Deg is the half-moon radius in polar reference (°).

M_R_Deg

Figure 9: General coordinate system and notations OHM
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5.4. Circular scanning: general coordinate systermotations and equations on SDH

The zero position for SDH acquisition is set whiea probe front is at the block beginning.
Figure 10 below shows the notations used in thecét®d equations. On one SDH, 2 equations
(RA= f(EP)and RA= f(PD)) are available with 3 unknown values (EP, PD aA).R

EP = Rx Sn(EP _Deg) Equation 5-13
Alpha = EP _ Deg + Scan — Scan _real Equation 5-14
HP =/R? + (R— Depth_real ) - 2x Rx (R - Depth_real ) x Cos( Alpha) Equation 5-15
2 2 _(D_ 2
Cos(RA) = R”+HP" ~ (R~ Depth_real) Equation 5-16
2xRxHP
HP =USound —%elmd‘ Equation 5-17

WhereScan_real is the center SDH real scan position (°) &#pth_real is the center SDH
real depth position (mm).

Bt (,,-‘;“

Figure 10: General coordinate éystem and notationsnoSDH
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