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Abstract:

This paper presents a review of the methods byhwpliased-array formed beams can be analysed &imrgieand
resolution limitations. In-house methods have l@@reloped by several users and an ASTM StandaideGias
also been produced that provides some options.ek#awthe concepts of beam characterisations cfguharray

generated pulses for NDT seem to require furthggudision to avoid misuse.
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Introduction:

Phased-array applications in NDT have been onisiecfor the past decade. The advent of the perisidhsed-
array instrument accompanied with recent reductiormice has provided easy access to the techyolag with
the previous single-channel ultrasonic instrumephssed-array ultrasonic units are digitally colfecband have
a variety of menus requiring user input. But thenoms provided by phased-array instruments genewegilyire
more input data. Both single channel and phasetdranits provide pulser voltage and duration aalstrA-scan
range and delay controls, plus many other identispects. But some of the items in the phaseg-aniss are
unique to the technology. Until users become doousd to the menu options they may forget to einteortant
parameters or, equally critical, they may enteueslthat are inappropriate.

Beam focusing and beam steering are the two matnries that set the phased-array instruments fpartthe
traditional mono-element units. These featurema@lith the informative displays (B-scans C scamg S-scans)
provide the user with the potential to produce gutipn images that greatly improve the optiondriterpretation
and evaluation of indications.

However, in order to provide “useful” images themushould keep in mind the limitations of phasecyar
technology. But this also requires that they hebetter understanding of the basic aspects @fadtric
inspection principles.

Too often it is seen that a scan-plan has an apecanfigure the instrument with an angular sweefl beyond
all practical limits (of both capabilities of thgstem and display parameters for interpretati@®yt even more
disappointing is the failure of the operator toogrtise the basic limits of ultrasound. After #ilis is still just an
application of ultrasonic testing and the principlaught at Level 1 still apply!

Varying the focus of the beam is a capability & pihased-array instrument not available to the netement
units.

But when did the average ultrasonic technician geeus” a beam in normal weld inspections? Pipeli
girthweld inspections using zonal discriminatioe grobably the only place in which a focused besamsed in
the interrogation of the weld for flaws. Some esetsizing assessments might use a focused besrthib is
only after a flaw has been detected by another odeth




Generally focusing in weld inspection is not themo In fact, most weld inspection codes assumertttano-
element techniques are used and these are unfdgeasts. It should be recalled that most pulse-ecthd
inspections are done using some form of “distameglidude correction”. These are based on a basiob
divergence. Therefore, unless the applicatioryreafjuires the resolving advantage of a focusedrbthe focal
law should be unfocused. For most probe aperthiesan be accomplished by entering a very laedeevfor the
“focal distance”(the writer typically uses 500mmiljhe important aspect here is to enter a value gteater than
the natural focus (i.e. the near field distancettier equivalent flat monoelement probe). Everrgdaperture of
500mnf at 5MHz in shear mode in steel will have a nearezof only about 250mm.

Beam steering limits are described in various smift,2,3]. This is generally a function of pralesign (and to
some extent instrument timing limitations). Howewehen beam steering is combined with focusingiesof the
“generalities” made by these “rules of thumb” mayitadequate to define the limits. In fact, it nmay be
appropriate to consider the steering limits of@uf®d beam by the same methods used for an unfbbaae.

To assess the actual performance of a phasedsystamn will require that the capability requirenseate well
defined and matched to the needs of the applicatidmess there is a specific need for high resmiutapabilities
then there should not be a requirement to assessptit size or temporal or angular resolution. éiew, if
temporal and/or angular resolution is requiredhdwdd be considered with the needs of the apptinati mind.

Steering and Focusing Assessments:

Several methods of performance assessment arétaebor ASTM E-2491[4]. Annex A2 describes a metiod
steering assessment using side drilled holes (%Btdnhged in the plane of focusing (to be determimethe user).
But this option (see Figure 1) combines the foaysiapabilities with the steering assessment.

Figure 1 Example Tar gets for combined Steering and Resolution
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It is noted in the ASTM guide that corrections vl required to compensate for movement of thedegp” exit
point along the block entry surface. Thereforanipst cases, it will be necessary to compare ¢rdyatljacent
responses from a peaked position because thenfgilllar sweep of the used angles will not provigeaked
response for all targets due to the exit point nmuamst.

ASTM E-2491 also makes provision for other optiohsteering assessment. An alternative assessmantse a
single SDH at a specified depth or sound path wiigtaDisplaying the A-scan for the maximum and mimin
angles used would assess the steering capabiliipdmrving the S/N ratio at the peaked respondés T
assessment effectively measures the angular beanatsihat target distance.



The hole patterns described in ASTM E-2491 are @kesof the possible layouts that might be usefubf
general assessment. But not all applicationsusil 25mm or 50mm half-path distances and 5° angular
increments in a vertical plane 50mm from the egihpor in a 25mm deep horizontal plane. And obsigp the
small diameter closely-spaced holes will not belkeble for low frequency pulses or in highly disgiee
austenitic materials. Therefore, it may be neagdsaconfigure custom targets for specific stegramd resolving
assessments. Instead of a specific angular sépaditthe targets the user may be more interésteddefined
distance and various soundpaths or planes.

However, for the average weld inspection applicetimost operators would find it adequate to agbeskeam
steering based on the ability of the system to m&ira uniform amplitude over the angular sweemeanThis is
in effect what is done when performing angle cageégain (ACG). This is often combined with thadtion of
correcting for wedge delay. The operator simphedis the beam at a radiused surface (as in FRyuaad
software adjusts the receiver amplifiers for a amif amplitude response from each of the focal iamthe angular
sweep range. Since the soundpath to the radigett&ra constant, this allows the software toutate the total
time and subtract the equivalent time in steelttaio the time in the wedge and subtract that ftieendisplay.
This provides the necessary correction to estabfiststeel to wedge interface time and therebyrafgte the zero-
depth. for each focal law. Note; this is done docal law by focal law basis so each A-scan isexied
individually, thereby compensating for exit poiriffetences.

Figure 2 Establishing steering capability by ACG

-

=

Establishing steering “capability” using the respeiof the infinite radius reflector is perhapstecbarse and
relies heavily on the phased-array’'s amplificagatem to “compensate” for echo transmittance. évew even
with this steering assessment it can be seentibeg aire limits to which the beam can be directesnatural
refracted angle and still maintain a constant neseo

The “rule of thumb” that steering is limited to thdB angle of the individual elements is perhapegadte for this
coarse assessment using the radius from the V2 dnldtks. For the typical linear array probe thist can be
estimated. Fore example, a 5MHz linear array withémm pitch mounted on a polystyrene refractiedye
would have a pulse-echo 6dB divergence angle afoxppately 20°. On a 31° refracting wedge that ldou
indicate that we might be able to steer from 1181dincident angles and thereby reasonably achiefvacted
angles from 15° to about 70°. If instead of th& @dnge (which uses the 0.44 constant for the pedbe value)
the intent is to use the free-field equivalenttfe transmit-only, then the constant changes t.0This would
reduce the useable steering range in the wedge1d4.%°. That would reduce the working refractedlas to
about 23-63° in shear mode using the 31° refractiadge.



Greater challenges are encountered when the apptia@quires resolution as well as basic steeriimgaddition
to simply redirecting the bulk wave the phase tigniaquires the wavelets to converge. This may nmeerre
steering at the wavelet level than would be requfoe the basic steering. This is illustrated igufe 3.
Obviously this condition is most likely to occur mfocusing is attempted at or near the maximumimalm
steering angle.

Figure 3 Steering limits at the wavelet level
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An application that specifies a resolution capapftir a phased array pulse may result in redutegtisg limits
as assessed by one of the assessment optionsis Tumther complicated by the fact that we mayuiegjtemporal
or angular resolution, or both. Hole patternsiguFe 1 are an effective and intuitive method afessing
resolving ability of the phased array configuration

Focusing has the effect of concentrating soundspresat a region. This tends to increase signadise ratio
locally. But the wavefront is not limited to thdB drop region. The concept of the 6dB pulse-atiop just
indicates the dimensions off the central maximunengithe pressure level is reduced to half the maxim

An obvious application for angular resolution isadled corrosion mapping. In this type of applicas we want
to not only identify the minimum wall thickness,tkalso assess the extent and shape of the corroioa
horizontal plane of SDHs as indicated in Figureofanly allows assessment of angular resolutiorSfacans, it
could be used to provide an indication of how clwge pits could be before they are blurred intongle source.
The spacing of the targets incrementally decresseslimit can be indicated by the traditional Gaparation
criterion; i.e. two peaks separated by a drop & édmore constitutes 2 separate sources.



Practical Verification of Phased Array Steering and Resolving Limits

To provide a practical view of these guidelinescaa use the performance results from a sampleobiegrand the
recommended targets indicated in Figures 1 andh&e€Tlinear phased array probes were selectedtpar@ the
steering and resolving characteristics. The prokers,;

. 2MHz 64 element with a 0.6mm pitch and 10mm pasaperture
. 5 MHz 64 element with a 0.6mm pitch and 10mm pa&saperture
. 10 MHz 32 element with a 0.3mm pitch and 10mm pasaperture

The first two probes were mounted on a refractiedge producing a natural refracted angle of 55arshmde
and the third probe on a refracting wedge produeimgtural refracting angle of 60° shear mode.

Each was configured for a sectorial scan with aguéar sweep range from 35° to 75° in 1° incremefitise
portable instrument was then calibrated on the blé¢k to produce a constant arrival time from tB8rhm
radius for each focal law (time-base delay calibrgtand the amplitude response from the 100mnusagias set
to achieve 80% screen height for each focal lawléoorrected gain). These settings were pre-sgguor both
the assessments done for the unfocussed condffams in sound path set at 500mm) and for thesassent of
the side drilled holes at 50mm sound path usin@rarb focal length for each angle of the focal laws.

Using these settings an S-scan was captured frerhGBmm radius of the 1IW block and the 50mm radiuside
drilled holes and the performances reviewed. Toekls used were made of aluminium.

Observations

Data collected was in the form of S-scans withkadiposition on the [IW or Resolution block usihg 50mm
radius of side drilled holes. This results in dtaf the exit point forward with increasing anglés a result, the
responses from the side drilled holes may have thakimums at angles indicated on the S-scan ar otian the
actual angle of refraction. A similar effect ieaefor the response from the 100mm radius of tehlock. The
maximum response from the radius of the [IW blackeen to be relatively uniform for the 2L64 prolbere a
larger beam divergence reduces the directivitycesfef the reflection off the radius. The 5L64 dd.32 probes
show a notable deviation from the uniformity ofpesse across all angles.

Figures 4 through 9 illustrate the S-scans for3ipeobes on the 2 sets of targets for the unfocasddocused at
50mm sound path conditions. Effects of focusingrioving the resolution are clearly evident. Theklaf
resolution in the near fields can be seen for tt@45nd 10L32 probes when the S-scans of the sitleddholes
are viewed.

The S-scan plots do not easily convey the relaplitudes. This is accomplished by plotting thephtude
responses from the targets with respect to theeargflrefraction. As noted above, due to the ikedaxit point
drift with varying time of each focal law sound lpan the wedge, the actual angle made from thetmdibeam
exit to the side drilled hole is not necessarily #ame as the refracted beam indicated on thers-3¢ee sweep
range is from 35° to 75° and therefore ideally wionldicate nine peak amplitudes starting and endimg
maximum. In fact in all three cases the S-scadiE#te less than nine peaks. The differences arelynin the
amplitude drops between adjacent peaks. The ardpktplotted against the refracted angles areisdégures
11 through 13.



2L 64 Probe

Figure 4 2L 64 _100mm radius unfocused

2L64 Unfocused with ACG on 100mm W 2L64 Unfocdsms SDHs at 50mm

Figure5 2L 64 50mm SDH radius focused
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50mm FL with ACG on [IW 50mm FL on SDHs at 50mm

For the 2L64 probe the plot of amplitude versuslairgdicates that not even at a dedicated foc&®ofm can the
holes at 5° separation can be resolved to the éa8.| Large amplitude responses at the extremisecfweep
range indicate the large gains added by the systetre ACG (angle corrected gain) to compensatedhio
transmittance.



5L 64 Probe

Figure 6 5L 64 _100mm radius unfocused

5L64 Unfocused with ACG on 100mm IIW 5L64 Unfoedson SDHs at 50mm

Note that for the SDHs at 50mm using this focal thev SDHs occur in the near field so amplitudeseapeected to
be irregular.

Figure 7 5L 64 50mm SDH radius focused

50mm FL with ACG on [IW 50mm FL on SDHs anaih



10L 32 Probe

Figure 8 10L 32_100mm radius unfocused

10L32 Unfocused with ACG on 100mm W 10L32 Unfeed on SDHs at 50mm

Note that for the SDHs at 50mm using this focal thev SDHs occur in the near field so amplitudeseapeected to
be irregular.

Figure9 10L 32_50mm SDH radius focused

50mm FL with ACG on [IW 50mm FL on SDHs anaih

When using a focused beam the holes are well redalith the 10L32 probe.



Overlaying the hole pattern and probe position lith S-scan display for the 10L32 probe as in Edur
illustrates the effect of exit point drift. Althgh the holes can be seen to be well resolved,apthd but not the
actual angle to the targets match reasonably Wede peak signal is indicated for the hole se€sbatand the hole
at 35° is apparently not detected in the S-scantlaatiole at 75° is weakly detected as a resuhebff-axis
incidence. Wedge path travelled, angles usedy@teon of the test materials as well as the apegize and
optical focusing factor are some of the factorg thifl have a bearing on the resolution and exinpdrift.

Figure 10 10L 32 focused S-scan display as overlay on modeled probe and SHDs
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Figure 11 2L 64 Relative Amplitude Plots
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Figure 12 5L 64 Relative Amplitude Plots
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Figure 13 10L 32 Relative Amplitude Plots
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Comments on Angle Corrected Gain

Angle corrected gain (ACG) is intended to be a mseE#frcompensating for the pressure variationsrbailt from
echo-transmittance differences for different anglésautkramer[5] instructs that the important aspe
determining available sound pressure in pulse-éetting is the transmitted pressure in round-tfighe pulse.
This is obtained by multiplying the transmittanoelie send-path by the transmittance in the rgbath. The
product is the “echo-transmittance’ and the grapmfKrautkramer (Diagram 7 in the Appendix of thed
English edition) for a Perspex-steel interfacehisven in Figure 14.

Figure 14 Echo-transmittance for Per spex-steel interface (from Krautkramer)

Figure 14 would suggest that in the range of 35°tiBre is a gradual drop in available pressune fatbout 30%
to 15% or about 6dB. Ideally the phased arrayimsent would apply ACG by adding small incremerits o
amplification to the summation amplifiers for edobal law of increasing refracted angle. Moving firobe back
and forth across the IIW midpoint of the 100mm wsdas in Figure 2 provides each focal law the patfroduce
the maximum response from the radius. WithoutAB& the amplitude response would trace out a @rafinilar
to the curve in Figure 14. A small correction Isosbe required to compensate for the attenuatiferehces with
small path differences of each focal law in the geethaterial. But this compensation is small caeréndy most
wedge plastics have attenuations of about 0.1-0r@dBand typically less than about 2-3mm of patfedéhce
might exist for the range of focal laws in a wedge.

However, other factors may affect the compensatplied for ACG and may result in gross over-conspdions
if not considered judiciously. The main factore #ie beam size and the design of block used f@.AC

The process of amplitude compensation from a tasgast done using the portion of the beam irfahéeld.
However, the concept of ACG becomes problematisiiig a focused beam. This is further complicitethe
fact that the focal plane may not be a fixed distafike the radius) so other methods of compeosatiay be
required.

For unfocused beams, beam divergence will provideextivity dependence. By this we mean smaller
divergences (higher frequencies and larger apesitwidl be more sensitive to the integrating effetcthe radius.
The effect of this is seen when the operator atteitgpuse an inappropriate angular sweep rangetighliw
block. The standard IIW block illustrated in Figl can be seen to have less than 90° of 100mmstatt fact,
the line connecting the centre of the radius tddlaermost point having 100mm radius is 25° frora tlertical.
Another factor to consider is the near-surfacetliniihe curves in Figure 14 illustrate the effeoecho-
transmittance up to 90° refracted angle. But tltesees are based on mathematic equations and adkendeal
“ray” of sound without considering the fact thaetreal situation is a divergent pulse having a easfgangles.



For angles less than the first critical angle theve in Figure 14 illustrates that the availablegsure returned is
significantly lower than for above the first craicangle and this drops to zero at the criticallang

With these three factors in mind, i.e. the 25° Iplimit of the standard IIW block, the incompatibjl of the ideal
echo-transmittance curve with the reality of a dijemt beam, and the effects of the critical anigiteghold; we
can soon recognise the practical limits to ACG.

At the lower angles beam divergence will mean gations of the beam less than about 25° will beaded away
from the probe. At the higher angles (e.g. >7B&am divergence will provide losses of portionthef beam to
internal reflections in the wedge and mode conuersd Rayleigh waves. Both situations will resnlportions of
the off-axis beam being lost (unavailable to retierthe probe). Add to this the significant redoretin echo-
transmittance at and below the first critical areybel it can be seen that the practical range fgulan
compensation limits the useful range of the seata@gan in shear mode.

The practical range of ACG using the standard Ilé¢bis therefore approximately 40°-70°. For some
configurations where a narrow unfocused beam candsie, this might be extended to 35° to 75° (ti8
extremely close to the critical angle). Figureus®gs photoelastic visualisation to illustrate tbtal beam
divergence of a phased array generated pulse o538 and 75° refracted angles. These are odeolaithe [IW
block outline and illustrate how the off-axis ports of the beam in the 35° and 75° refracted positare lost due
to redirection at the 35° condition and echo-traittsimce for the upper angles of divergence by ffecondition
(note the weaker intensity of the pulse above #fdie indicating that the pulse is quickly fadiagiay in the
image).

Figure 15 Off-axis effectsin the I1W Block hinder ACG

As a result of these losses, the receiver amgifieay add significantly more gain than would bedpted by the
basic echo-transmittance calculations in ordelatarce the echo amplitude for ACG

Conclusion

Standard weld inspections assume unfocused beB#€. or TCG constructions and AVG sizing techniqaes
based on normal divergence of the unfocused bédrerefore focusing in standard weld inspectionsois
generally acceptable.

For the few applications in which focusing is reedi, the operator must be aware of the limitatiofnttie beam
formed by the phased-array system. This includes:

. Probe design

. Instrument timing limits for phasing

. Plane of required focusing

. Near-zone extents of the beam (with provision fedge delay effects)
= Beam size required to improve signal-to-noise ratid resolution

. Required resolution and the method of assessingékalution



Only when the requirements of the application ataldished can a method of assessment be assiGuatom
assessment blocks may be required for specialcgpipins. Work is being carried out to establisaggu-array
beam characterisation blocks that can provide plalfunctions in this regard (ASTM E-2194 providesne
examples).

Ultimately the operator must be better aware oflithéations of any phased-array system and degign
technique with the limitations and any necessarfop@ance demonstrations in mind.
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