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ABSTRACT

Phased array transducers are playing an increadi@gn ultrasonic nondestructive evaluation
inspection applications, and one area of theirisige the inspection of critical jet engine compotsesuch
as titanium alloy turbine disk forgings. Inspectmfithese forging disks is performed during staafetbeir
manufacturing, particularly at an intermediate stagnen the forging disk has a deliberate “sonipstiaA
forging’s sonic shape, from which the final dislapk will be machined, is conducive to ultrasongtitey
inspections due to its simple entry surfaces. Tlease surfaces are primarily planar or conicafaes.

In prior work, forgings from General Electric Aieft Engines, Pratt & Whitney, and Honeywell
Engines and Systems were ultrasonically inspettexigh their planar interfaces, accomplished witlda
MHz, segmented annular, compound spherical, phaseasgl transducer designed to perform inspections
through planar interfaces. Proof-of-concept reseased this array along with surface compensating
ultrasonic mirrors to inspect through the coniaghgsurfaces in these forgings. While successgfwas
believed that the results of these inspectiondfbw what would be possible due to non-ideal ooy
conditions and other focusing aberrations.

To correct for focusing aberrations when insperthrough forging material planar and curved
interfaces, three progressively more sophisticedgetracing algorithms were developed to generatayd
time sets for phasing transducer array elementkjding an initial 2D method from prior work, a irefd
2D method designed to more accurately accoungfioaction at interfaces, and a 3D method desigoed f
circumferentially phasing the segmented annulayarr

Ultrasonic inspections using these methods wer®meed on two sets of forging material
specimens, with either planar or curved interfat@sknesses ranging from 0.2 inches to 2.7 inchied,
each containing a 1/128-inch-diameter flat bottare t{#1/2 FBH) reflector. FBH responses from planar
interface specimens allowed comparison of theahitnd refined 2D inspection methods. The refined 2
inspection method used on the planar and curvedfate specimens evaluated the performance of the
surface compensating mirror. The refined 2D andr3pection methods were compared using the curved
interface specimens.
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CHAPTER 1. GENERAL INTRODUCTION

Introduction

This dissertation studies an improved method &ecting flaws in critical rotating components of
gas turbine engines. Increasing flaw sensitivitgénospace titanium alloys such as Ti-6Al-4V isggduo
improve flight safety, since the impact of not d¢itey a flaw can have severe consequences. Suctheas
case in the Sioux City crash of a United AirlineS-0 in 1989, the result of the rupture of a Ti-8AM
rotating disk. Later investigation found the soun€¢he failure to be a fatigue crack originatimgrh an
internal region made brittle by a high contentrgérstitial nitrogen, also known as a hard alplypore In
addition to fatigue cracks, voids can also be aaset with the hard alpha defect. The preferrechowfor
detecting such internal defects is ultrasound.dased sensitivity can be applied to critical rogfparts at
either the billet stage, forging stage, or botlspkrtion of billets provides the opportunity toritify
defective material before large value has beendhddthe manufacturing process. However, inspeatifon
forging disks allows for higher sensitivity duedioorter material paths than those required foetill
inspections. In general, inspection sensitivitgaibrated to flat-bottom-hole (FBH) defects maeurinto
material similar to that being inspected. The aurflaw detection capability for production inspiect of
forgings is a FBH sensitivity of 1/64-inch diametaiso known as a #1 FBH. A #1 FBH sensitivity is
specifically taken to mean that within each insjpeczone, the peak noise seen in the ultrasonpeit®on
of all locations within the forging material, incling the noisiest volumes of the forging microstuue,
should be at least 3 decibels (dB) below the peaganse from a #1 FBH located in that zone. This
corresponds to a minimum signal-to-noise ratio (pdfFapproximately 1.4. It is assumed that the
application of a four-fold increase in sensitivitg,., inspection at a FBH sensitivity of 1/128kmdiameter
(#1/2 FBH), will also increase the sensitivity tarth alpha defects.

Ultrasonic inspections of critical rotating paate typically performed under immersion with fixed
focus, single element transducers. Calibrationdsteds with 1/64-inch diameter FBHs at several ndter
paths are used to achieve a #1 FBH inspectiontsétysiwhile a depth amplitude correction adjugtsn
as required to maintain #1 FBH sensitivity througghthe inspection depth. Once noise becomes tad,gre
a second scan is performed with the beam focuslaeper region of the material by moving the larati
of the transducer closer to the material surfadeyarsing a different transducer with differentdsing
characteristics. In this way, several depth zoaeshe inspected ultrasonically wherein the beamdas
maintained as a tight beam throughout the deptheopart. Hence, the ultrasonic noise is managatdéy
application of a small beam diameter that sam@esdrains at a given time in the inspection volume.

Ultrasonic phased arrays, a technology relatinely to aerospace that has been developed over
several decades in other acoustic areas of endeagluding medical, offers an alternative to fixedus

transducers in immersion inspections of rotatingiftg disks. A properly designed ultrasonic phaasedy
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positioned at a constant distance from a mateuidhse can be used in place of a set of fixed fosingle
element transducers at variable distances fromsuHace. This substitution is possible due to thaspd
array's ability to electronically vary its focushd focus can be varied so swiftly that multiple tleqpnes
can be inspected nearly simultaneously, allowingafsignificant reduction in overall inspection &when
compared to the multiple scans required by fixeai$ single element transducers. Additionally,asiémic
phased arrays can achieve wider apertures, ane lsemaller focal spot sizes, relative to the curstatie-
of-the-art fabrication technology of conventiorgihgle element UT probes.

Significantly, Howard and Gilmore demonstrated rslationship that the ultrasonic SNR from a
point defect in a noisy microstructure varies isedy to the volume of the ultrasonic pulse [1] by
examining SNR from FBHs in noisy titanium microstiures using different degrees of focus, center
frequency and bandwidth. The volume of the ultraspualse can be viewed roughly as the product ef th
spatial extent of the pulse in the direction ofgagation and the ultrasonic beam area. In turnsphadal
extent of the pulse in the direction of propagatian be seen to be the product of the wavelengthiben
number of wavelengths in the pulse for a given@efmequency and bandwidth. Following this
experimental work, Margetan predicted the resulioivard and Gilmore theoretically by using an
independent scattering approximation for a poiattecer in a random microstructure [2]. Margetaoveh
that the SNR varies in inverse proportion to theasq of the pulse volume, which will be referredntohis
dissertation as theulse volume model

The pulse volume model can assist in the desidarging inspections to meet specific detection
sensitivity targets. Once an embedded referenéectef such as a FBH is located in the highestenois
region in a forging, where SNR for any defects temte smallest, SNR is measured for several chaite
the pulse volume to establish the linear dependbrtyeen the inverse of SNR and the square ratbteof
pulse volume. From that dependency, one can thienrdime the largest pulse volume that can be tmdra
to keep SNR sufficiently large.

In prior work which led to the topic of this distgion, an annular phased array transducer was
designed and fabricated to perform #1/2 FBH seuitsitinspections through planar interfaces of fiem
alloy forgings [3] (See Figure 1.1). The pulse vokumodel was the engineering tool used to defiae th
design of the annular phased array. Suppliers weable to fabricate fixed focus, single elemenbproof
sufficient aperture using current state-of-thet@msducer fabrication technology. Since forgirgkdihave
both planar and conical entry surfaces, proof-afeept research was conducted, using this arragalon
with surface compensating mirrors, to see if thedyacould be used to successfully inspect thrahgh
conical entry surfaces of these forgings. Whileabecept was successfully verified experimentally,
guantitative evaluation of the results of thes@étsions indicated that the performance fell beldvat
would be possible. It is postulated that this was tb non-ideal focusing conditions and other fowys

aberrations.
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Figure 1.1: 10 MHz, segmented, annular, compound &prical, phased array transducer.

It is the hypothesis of this dissertation thatnbe-ideal focusing that limited the performance
realized in the above, proof-of-concept, experim@atn be improved through the development of more
sophisticated focusing algorithms that take adwgt the great flexibility of phased array teclompl.
The major emphasis has thus been on the develogrhsath algorithms which minimize focusing
aberrations during ultrasonic inspections throuiging@r and curved entry surfaces, as compensated by
surface mirrors.

It is the goal of this dissertation to minimizedising aberrations during ultrasonic inspections
through planar entry surfaces, and curved entrfiaseis using surface compensating mirrors, of titani

alloy forging disks when employing the previousbsiyned phased array transducer.

Dissertation Organization

This dissertation has been organized in the fatigumanner. Chapter 1 provides a general
introduction into the nondestructive evaluatiorfarfjing disks during ultrasonic immersion inspenf@s
well as the basic principles behind phased arraytelogy. Chapter 2 is an introduction to ultrasoni
phased array inspection through planar and cumedfaces of forging disks, including the initiadldy
time generation method, a description of surfacgepansating mirrors used during inspections through
curved interfaces, and sources of focusing aberatiChapter 3 presents several delay time geoprati
methods, each more sophisticated than the nextwira developed to reduce or eliminate sources of
focusing aberrations found during forging disk iesions. Chapter 4 shows the results of experirignta
attempting each proposed method. Chapter 5 corshidedissertation with general conclusions and

suggests ideas for future research.

www.manharaa.com



Basic Principles of Phased Arrays

Transducers used in conventional ultrasonic tg4tiil) and nondestructive inspection (NDI)
applications can be manufactured as a single ntbimtransducer or arranged as an array of indalidu
transducer elements. Conventional UT probes prodlicesonic beams via fixed focus, single element
transducers. As a mature area of interest, reseatlpplications when using conventional UT praires
extensive and will not be specifically addressem he

An ultrasonic phased array system uses a multi-@hprobe for the transmission and reception
of ultrasonic beams. Individual elements of a paseay may be arranged in a variety of configorati
(See Figure 1.2). One-dimensional or "linear" asrage the simplest and most common configuratidt, w
all elements arranged in a line. The charactesistialtrasonic beams generated by linear arrays haen
well documented [4, 5]. Elements may also be aedrig a two-dimensional rectangular matrix. Annular
arrays have elements arranged in concentric civaisseither whole rings (1-D annular array) orags
segmented into sections (2-D segmented annulaixnais needed, specific applications have lechto t
design of additional configurations, including pbasrrays with cylindrically-shaped, sphericallygad,
and other types of curved transducer faces.

Ultrasonic waves are mechanical vibrations gendriat@n elastic medium by a piezoelectric
crystal excited by an electrical voltage. Eachvactlement in a phased array probe generates atedd
combine to form a resultant wave front. This remuflultrasonic beam can be electronically steered.
focused, or both by applying a time delay to edement (See Figure 1.3). A set of delays for ah@nts
is known as aelay lawor focal law By changing the timing of pulse generation actbssarray of
elements in a phased array transducer, featurbsasugceam angle, focal depth, shape, and emissiah p
can be electronically controlled. Analogous conseqply upon detection of ultrasonic waves by the

phased array.

(a) (b)
(c) (d)

Figure 1.2: Typical geometries of phased array proés: (a) 1-D linear, (b) 2-D rectangular matrix, (c)
1-D annular, and (d) 2-D segmented annular matrix.
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(a) (b) (c)
Figure 1.3: lllustration of wavelets (red) generatd with sets of delay times (green) for individual
elements (yellow) of a 1-D linear phased array wherthe resultant beam is (a) focused, (b) steered,
and (c) focused and steered.

A linear array can generate a synchronous beam éegtronic scanning with a set of delay times
multiplexed over a group of active elements), aifatl beam, perform beam steering, or simultaneously
perform beam steering and focusing. A two-dimereioectangular grid can perform beam steering and/o
beam focusing in two planes. A 1-D annular arrayncd perform beam steering, but can generate a high
quality, axially focused beam at varying depth-B segmented annular matrix is capable of
simultaneous beam steering and focusing, the gu&litvhich depends on the degree of individual ring
segmentation, through a wide range of focal depths.

The number of elements in an ultrasonic phasex afenerally ranges from 16 to 512. Both the
maximum number of elements and delay generatgrkased array instrumentation are expected to
increase as further advances are made in compuateegsing speed, computer memory (dynamic as well
as hard drive memory), and transducer array fatiwicgapabilities. Phased array instrumentatiorilavie
to energize and phase the 10 MHz, 110-elementingg-segmented annular array, with a compound
spherical transducer face, used in this work hiadrdware limitation of 128 elements and 32 delmeti

generators.

Acquisition and Presentation of Ultrasonic Data

The raw ultrasonic data obtained with a phaseslyasuch as that presented in this dissertation,
takes the form of non-rectified waveforms, alsownas A-scan data (See Figure 1.4). Such data are
captured at each scan-index position in the ingpedParameters are then deduced from each A-eagn,
the maximum or absolute maximum amplitudes withiimee gate, and stored. The set of such data,
captured over the course of an inspection scartharepresented as color or black-and-white imadmsy
with their palettes (See Figure 1.5), plotted &sation of scan coordinates. Possible color scheatettes
include grayscale and rainbow, among others, alsaselser-defined color schemes. Such plots arekno

as C-scans. C-scan images of captured data callediiee presented using a rectified grayscalefpel
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Figure 1.4: Typical non-rectified A-scan waveform ata.
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Figure 1.5: Overall amplitude C-scan results preseied as (a) rectified image with (b) color palette.
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CHAPTER 2. INTRODUCTION

Introduction

During prior zoned inspections of curved entrygfog surfaces using compensating mirrors, the
transducer array designed specifically for zonedifg inspections was phased with the same timaydel
as those used during planar entry forging surfaspdctions. Thus, in this previous proof-of-conceptk,
it was assumed that the compensating mirrors pérfearrected for the focusing effects at the partface,
and focusing aberrations due to non-ideal mirrafquenance were mostly ignored. As mentioned in the
introductory chapter, this dissertation presentdiss on corrections for focusing aberrations,uduig
those due to non-ideal mirror performance, whengusurface compensating mirrors to ultrasonically
inspect through the curved entry surfaces of tisanalloy forgings. This chapter identifies and dimes
the causes of focusing aberrations. Correctionthfese observations will be proposed in the neaptr.

This chapter begins with a description of thei@hinethod by which delay times, necessary in
phasing the designed transducer array, were gewkfi@t zoned forging inspections through planarnent
surfaces without compensating mirrors during proetoncept research by the FAA-ETC team. Surface
compensating mirrors, as employed in the zonedrfgripspections, will also be described, emphagizin
reasons that the application of these mirrors aplyroximately compensated for forging surface
curvatures. These descriptions will be followedly identification and description of all the fotws

aberration sources found in zoned forging inspeastio

Phased Array Inspection Setups

Two immersion inspection setups were requiredtferphased array system when gathering data
for this dissertation. The first setup was a X-¥tea scan for gathering reference data from thegpla
interface calibration specimens while another sedutational-radial turntable scan incorporasagface
compensating mirrors, was used to inspect the dunterface calibration specimens (See Figure Zh¢.
ultrasonic mirror was placed in the water path leetathe transducer and part, oriented at 45° angle
relative to the centerline of the transducer'sasttnic beam through the use of a transducer-mirror
assembly (See Figure 2.2). In both inspectionsgaiavaveform data was captured for the volumeef th
calibration sets containing #1/2 FBH referenceecttirs.

The element layout of the phased array transdpbetographed in Figures 1.1 and 2.2, are
provided in Appendix A of this dissertation. Thénepcally shaped transducer face partially focuses,
pre-focuses, the emitted ultrasonic beam prioti@spg, thus providing the overall focusing rangetiie

phased array while continuing to meet #1/2 FBH étsjon sensitivity [6].
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Figure 2.1: Schematics of immersion inspection sats, including (a) X-Y raster scan and (b)
rotational-radial turntable scan.
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Figure 2.2: Mirror and transducer holder for rotati onal-radial inspections.

Calibration Specimens

Two sets of coupons machined from titanium allsskdorgings were inspected to evaluate the
methods presented in this dissertation. Each sglidifration specimens contains a #1/2 FBH refexenc
reflector at a known depth. The set of 13 plantarface calibration blocks are shown in Figure 2ile
Figure 2.4 shows the complete set of 19 curvedfaite calibration specimens. The sets of planar and
curved interface coupons were machined from Praltdtney (PW) and Honeywell Engines, Systems &
Services (HW) Ti-6Al-4V forging disks, respectivelphe first 13 coupons from each set have matching
metal path hole depths for #1/2 FBH reference cdls. Table 2.1 tabulates the metal path holehdiegpt
blocks 2 through 13, the subset of blocks inspefdethis dissertation, for both sets of forgingipon

calibration specimens.
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Figure 2.3: Set of planar interface calibration bl@ks.
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Table 2.1: Metal path depths of #1/2 FBHSs for botlsets of forging coupons.

Specimen # Metal Path Hole Depth (inches)
2 0.200
3 0.450
4 0.700
5 0.900
6 1.150
7 1.350
8 1.600
9 1.800
10 2.050
11 2.250
12 2.500
13 2.700

To perform an immersion inspection of the curvaeéiface calibration set with the rotational-
radial scan described, each curved entry surfaggnip coupons required suspension at an angle and

rotation on a turntable so as to pass beneatlmahsducer/mirror apparatus at a constant water path
distance (See Figure 2.5). This was accomplishag&ssembling the forging disk from which the cdrve

entry surface coupons were cut, such that thefdisitioned as a holder for the forging couponssweited
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into their original positions (See Figure 2.6). @alectron-discharge-machining (EDM) was the mangin
method used to cut the original HW forging diskracise machining method that can section metas par
with only small amounts of material loss. Figuré 2hows a schematic of the wire EDM cuts used to
section the HW forging disk. Upon examination df tirientations of the coupons reinserted into thke d
holder, each coupon were found to be very near thigjinal position. It was noted, however, thattea
coupon was slightly recessed beneath the origimglrig disk surface. This elevation change was

compensated for during positioning of the transduaieror assembly before inspections of each coupon

T T N I A L
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Figure 2.6: Complete HW forging disk after wire EDM, including forging coupon set, excess forging
material shards, and reassembled disk as holder.

Figure 2.7: Schematic of wire EDM sectioning cuts ade in Honeywell forging disk.
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Surface Compensating Mirrors

In prior work, the phased array used here wasgydedifor #1/2 FBH sensitivity inspections of
disk forgings through the planar entry surfaceasfis shapes up to a maximum metal depth of 2.7@eisic
when using a water path distance of 3.00 inchegntsiaing an F6 beam focus at this water path dista
and maximum metal depth required the maximum apedfithe transducer. Proof-of-concept experiments
was conducted, using this array along with a ssudface compensating mirrors, to see if that acoayd
be used to successfully inspect through the comicay surfaces of these sonic shaped disk forgitigs
curved mirror placed between the transducer angdhieunder inspection pre-distorts the ultrasteiam
before the beam enters the part. After passinggt@ucurved entry surface interface, this pre-distb
ultrasonic beam is again distorted by refractibthé surface compensating mirror is properly desi
this final distortion returns the ultrasonic beaatkinto approximately the same shape the beam had
during inspections beneath planar entry surfacdsowi surface compensating mirrors.

A cylindrical, concave mirror was employed durihg rotational-radial inspections reported upon
in this dissertation to compensate for the curveéerface surfaces of forging coupons. The mirraigte
involved a procedure wherein rays were traced facsesired focal depth point source in the solithéo
transducer face after refracting through the cuiaegtface and reflecting off the mirror surfacéeTray-
tracing procedure was iterated to provide a cyloadly shaped surface compensating mirror radius of
curvature that would produce equal wave front clumes along orthogonal directions, identified adival
and out-of-plane directions in Figure 2.8, from tleater of the face of the transducer. Equal wewet f
curvatures were desired since the transducer faaal were designed to produce a spherically focused

beam.

{Curvature in vertical direction} = Radial-axial
{Curvature in out-of-plane direction}

|
Vertical dlrectlon\

® .
Out-of-plane direction— mirror

|

|

|

|

|

|

Point source v

Figure 2.8: Schematics of surface compensating mior configuration and design.
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The mirror design procedure used as input paramate/ater path distance of 3.50 inches with a
depth of focus in the forging material of 2.50 iashThis water path distance, increased from $i€l@eis,
was selected to accommodate the transducer-miotdehassembly (See Figure 2.2). A concave surface
compensating mirror with a 26.55-inch cylindricatlius of curvature was determined to be required fo
3.50-inch water path distance and a 2.50-inch fe®ygs in the HW forging disk, using the averageweon
surface radius of 8.60 inches as an input intothreor design. In prior proof-of-concept experimgrd
different forging required a concave mirror radidi®7.5 inches to compensate for its convex surfAce
single concave mirror of radius 27.0 inches wasi¢aked to compensate for both the 26.55- and Ric/5-
radii of curvature forging surfaces. The mirror Vialsricated from stainless steel, and had a sudee& of
3.0 inches by 4.5 inches. As will be discussed egibently, several factors were neglected in thisani

design such as diffraction and variations in diskvature.

Initial Delay Time Generation Method

For prior proof-of-concept experiments, an inigab delay time generation method was
developed to phase, i.e., electronically focusthmesducer array along a direction normal to ttudbe face
to inspect the aforementioned planar interfaceifigrgpecimens containing #1/2 FBHs at various depth
This initial delay time method generated sets oafdaws designed to electronically focus the tdaicgr
array at the depth of these FBHs. Several parametere selected or determined before generatirsg the
focal laws, including flaw depth in the part, wapath distance, longitudinal sound velocity in gast, and
transducer aperture diameter. These all servetpassi to the focal law calculation. Prior deterrtiima of
these initial focal laws used flaw depths as taledlan Table 2.1 and selected a 3.00-inch watdr pat
distance between the transducer face and the phatar-forging interface of the part.

The longitudinal sound velocity of the planar nfaiee forging coupons inspected in prior work
using the initial delay time generation method weaesasured experimentally. These longitudinal vé&jyoci
measurements were performed using a conventionairidlersion transducer with a planar focus, 10 MHz
center frequency, and a 0.5-inch-diameter ape(Rmeametrics Model V311, S/N 157470), energized in
pulse-echo mode with a UTEX Model UT-340 pulserereer unit set to a 300 V driving voltage, 10 ns
pulse width, and 30 dB gain. Time-of-flight (TOFeasurements were performed on each coupon over a
1.4-inch by 1.4-inch scan area with a 0.020-incokgion. TOF differences between the first back wa
(BW) echo to the second BW echo, and also fronfiteeand third BW echoes, were averaged over the
scan area, then averaged together. The heightbf@anar coupon was precisely measured with a dial
caliper. The longitudinal sound velocity was castetl by dividing twice the coupon thickness by the
average roundtrip TOF for each planar interfacébration specimen, as tabulated in Table 2.2.

The transducer parameterdefined as the ratio of focal length to apertliseneter, is a common

optics term referred to &number F/numberor focal ratio [7]. This quantity determines, for a given
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Table 2.2: Longitudinal sound velocities of planainterface forging coupons.

Block Block Height BW, - BW; BW; - BW; Average TOF  Longitudinal Velocity

# (in.) (1) () (1) (ms)

2 0.280 2.297 4.590 2.296 6200
3 0.530 4.358 8.698 4.354 6180
4 0.780 6.395 12.793 6.396 6200
5 0.980 8.042 16.109 8.048 6190
6 1.230 10.112 20.210 10.109 6181
7 1.430 11.754 23.493 11.750 6182
8 1.680 13.787 27.596 13.793 6188
9 1.880 15.458 30.917 15.458 6178
10 2.130 17.512 35.008 17.508 6180
11 2.330 19.129 38.286 19.136 6185
12 2.580 21.203 42.422 21.207 6180
13 2.780 22.842 45,722 22.852 6180

wavelength, how tightly a beam will focus. As showrtEquation (2.1), the transducer aperture diamete
D, must be directly proportional to focal lengthin order to keep the-number and hence the focal spot
size, constant. For a spherical radiator, the b#iameter in the focal plane is commonly definetd¢o
twice the distance from the central beam axis éddlation where the pressure amplitude is redbgegl
decibels (dB) as given in Equation (2.2), whé#ds the focal plane beam diametérthe wavelength of
the ultrasonic beam, adlthe transducer aperture diameter [8]. Equatio?) (ghows how the 6 dB beam
diameter W, depends ofy D, andA (wavelength). This shows that the transducer diam@, must be
inversely proportional to the desired beam diamietéine focal plane (See Equation 2.2) to mainsain

constant beam diameter at a fixed wavelength.

F=— (2.1)

W, (—6d B): 1.0281[%) =1.028iF (2.2)

To meet a #1/2 FBH sensitivity, prior work basedtioe pulse volume model for SNR determined
that the inspection must be performed with beammdtars no larger than 45 mils (0.045 inches) within
inspection zone when using a 10 MHz center frequéansducer with a 60% bandwidth [6]. When a
transducer focuses at a particular depth, theagamge of depth, i.e., inspection zone, in whitghbieam
diameter meets the inspection criteria. Based eridbal properties of the transducer(s), multigaes
covering the entire depth of the part can be ddfine forging inspections. A transducer with a foedio
of F6 was determined to meet this inspection seitgitbecause a F6 transducer has the abilityetregate
a beam with a minimum beam diameter of 36 mils¢safoical plane and does not exceed a beam diameter
of 45 mils within the inspection zone [3].

When the focused beam produced by a transdueegiter enters a solid, refraction causes the

rays to converge more rapidly. Hence the distarara the water-solid interface to the focal poineiss
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than it would have been had the beam continueddpggate in water. Put in other terms, the foaagtle
in water is always greater than the distance ticalfpoint in a solid. Equation (2.3) quantifiesth
relationship, a result that depends on small armfiéise converging rays such theihé ~ € as will be
derived in more detail below. For example, focusinga flaw at a 0.20-inch metal path depth in titem

when using a 3-inch water path distance corresptmadocal distance of 3.83 inches in water.

Vpart

corresponding focal distance in watewaterpath- (metal path to focu)s (2.3)

Vwate r

Converting metal path distances into a corresponding disitamager before calculating delay
times is the unique feature of the initial delay time generatiethod when compared with the delay time
generation methods presented in the next chapter of thistdiésn. Focused, single-element immersion
probes are traditionally labeled by their manufacturers withlflengths in terms of inches in water. Ease
of use led to an engineering rule often used in UT whereipdint/water velocity ratio is approximated as a
factor of 4, allowing a water path and metal path focal distambe tonverted into a corresponding focal
length in water, and vice versa. For example, a single-elesm@mrically-focused, immersion UT
transducer with a nominal focal length of 5 inches in wattfocus at approximately 1 inch deep in a
metal part, i.e., equivalent to approximately 4 inches ieryétthe transducer is at normal incidence to the
metal interface at a water path distance of 1 inch.

Converting a metal path distance into a correspondinghdista water is based on Snell's Law of
Refraction (See Equation 2.4) [9, 10] when applying thdlsagle approximation, as illustrated in Figure
2.9. Both scenarios show incident rays being traced thromgimedium before passing through an
interface, after which the rays focus to a point in a secondumedlso, the incident ray intersects with
the interface at an incident angleat a distanc& from the beam center. In the scenario on the left, the
upper medium has a slower material velocity than the lowerumeddelow the interface, the ray refracts
with angleé, before propagating to the beam focal point at a depgh &f the scenario on the right, the
lower medium is identical to the upper medium. Thereforergfmacted anglé is identical to the incident
angled (See Equations 2.5 and 2.6). The ray reaches the beam fatatpmidepth of,.

Snell's Law of Refraction is given by

sm&upper _ Siné)Iower

(2.4)
Vupper Viower
wherev is the ultrasonic wave speed. In the right scenario of&igL9,
Vupper = Viower (2.5)
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Figure 2.9: Schematic of initial 2D delay time gerration method using small angle approximation.

sing, =sind, = 6,=6, (2.6)

In the left scenario of Figure 2.9, Snell's Lawlgs Equation 2.7. Substitution of Equation 2.6
into Equation 2.7 to eliminat relates the geometry of the two scenarios of [Eigu® (See Equation 2.8).
The depths of focus beneath the interface canlagedethrough the variable x, the distance aloeg th
interface from beam center to the ray intersegtioint (See Equation 2.9). Using the small angle
approximation (See Equation 2.10), the tangentderfitquation 2.9 can be substituted with the w@nms
of Equation 2.8. This results in Equation 2.11, rehg a metal path distangemultiplied by the
part/water velocity ratio results in a correspogdiistance in watey,, as previously presented in the

second term of Equation 2.3.

sing; sing@
> A2 2.7
Vupper Viower
sin@, sin@ sing;, v
2 _ 1 or - 1 _ Vlower (2.8)
Vupper Viower 3'”92 Vupper

X X tané
tand,=— and tafb=— = = 1 2.9
1 " 2 Y, Y2 tan, Y1 (2.9)
small angle approximatic:  cosf=1, sind=0; tard=sind=20 (2.10)
Yo = —zlower Y1 (2.11)

upper
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It can also be shown that, within the small aragiproximation, the 6 dB diameter for a beam
focused in a metal part is the same as it woule: teen had the 6 dB diameter been measured atcthle f
plane in water. This can be proved by simple trggoatry or intuitively understood from Equation (2.2
When the beam enters the solid, Farumbereffectively decreases because refraction causasyls to
converge more rapidly. However, the wavelengtheases and, to first ordeff: remains constant.

The forging coupon with the deepest flaw at 2rihes (see Table 2.1) has the maximum
required focal distance, corresponding to 14.2Bésdn water. For a F6 transducer, these minimuwin an
maximum focal distances imply transducer apertiamdters of 0.639 inches (16.2 mm) and 2.37 inches
(60.2 mm), respectively. As seen in Table A.1 frappendix A of this dissertation, aperture radiBof
mm and 30.1 mm would be achieved when using 6 dmihgs, respectively, of the designed 110 element,
36 ring phased array transducer, thereby meetmgtdted beam focus requirements.

The transducer array aperture consists of discirgge. Ideally, each ring functions in a binary
state, either energized or not. If any portion ahg is required in the transducer aperture, thahentire
ring must be energized as, given the current cépebiof phased array instrumentation, no indiitdting
may be partially energized. Apertures for a F6ddacer tabulated in Table 2.3 were calculated tiirou
the use of Equations (2.1) and (2.3), a 3.00-inatempath distance, a sound velocity in water &714
m/sbased on a water bath temperature of F3[B1], and measured longitudinal sound velocita@stiie
planar interface forging coupons in Table 2.2.

The initial 2D delay time generation method isg-tracing procedure developed to obtain the
delay times desired to phase each ring withinrdmestiucer aperture when focusing at the deptheof th
various #1/2 FBH reference reflectors located belmvplanar interface of forging coupons. Delayetim
for phasing a single ring of the transducer arrayengenerated by calculating the differences betwlee
distance from the transmitting/receiving ring te thesired point of focus, i.@,g as shown in Figure

2.10, and the ray centerline reference distancez + z, in units of time. The distanag is the height of

Table 2.3: Transducer apertures for forging couponsvhen using 3.00-inch water path distance and
F6 beam focus.

Block  Vpioek/Vwater Metal Path Focal Distance Radius Radius Rings in
# (unitless) (inches) (inches) (inches) (mm) Aperture
2 4.165 0.200 3.833 0.319 8.113 6
3 4.158 0.450 4.871 0.406 10.310 10
4 4.165 0.700 5.916 0.493 12.521 14
5 4.159 0.900 6.743 0.562 14.273 17
6 4.156 1.150 7.779 0.648 16.466 20
7 4.156 1.350 8.611 0.718 18.226 22
8 4.160 1.600 9.656 0.805 20.439 24
9 4.154 1.800 10.477 0.873 22.177 26
10 4.155 2.050 11.518 0.960 24.379 28
11 4.159 2.250 12.358 1.030 26.157 30
12 4.155 2.500 13.388 1.116 28.337 32
13 4,155 2.700 14.219 1.185 30.096 34
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the transmitting/receiving ring relative to the tahelement, as tabulated in Table A.1 of ApperAliXhe
distancez, + z is the water path distance desired for the ingpecThe distance; is the metal distance to
the focal point in the part as a correspondingadist in water.

Although not shown in Figure 2.10, the face oftifamsducer array is a compound spherically
shaped surface providing partial mechanical foausirthe transducer array (See Figure 2.11). The
innermost aperture of 12 rings, the middle apenteggon of rings 13 through 26, and outermost apert
region of rings 27 through 36 have, respectivagjirof curvature of 5.389, 11.174, and 16.481 @xh
This compound spherical surface partially focubesuitrasonic beam before electronic phasing of the
array is applied, effectively reducing the overatige of delay time values in a given focal law.

Delay time sets from the initial 2D delay time getion method for even-numbered planar
forging coupons, the subset of planar interfacgifigy coupons required for prior proof-of-concept
experiments, are plotted in Figure 2.12 and tabdlat Table 2.4. Currently available phased array
instrumentation has the limitation of a 2 ns tineéag resolution and hence the delays were roundesl h

The sets of delay times plotted in Figure 2.12%ehsaveral features common to the sets of delay
times to be presented in the next chapter of tkisedtation due to being generated for the samsigddy
geometry of phased array transducer element layttlayout of the transducer rings, as documeinted
Appendix A of this dissertation, includes the el@mof each ring. Note that each curve has &t leae

value equal to zero, and that none of the delaggiare negative in value. The compound spherically

cential elemen

transmitting/
receiving
ring

D

N y

simplified representation
of compound spherical
transducer array face z

dring
water/metal interface

Note: Metal path
distance zhas
been converted to
a corresponding
distance in water,
so refraction is not
seen to occur at
the water/metal
interface.

focal 3
point

Figure 2.10: Schematic of determining delay timessing the initial 2D delay time generation method.
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focused face of the array partially focuses, gedoaly, the transducer array to minimize the antafn
electronic phasing required to focus the arrayessiad. For example, the focal law for block 2 shthas
the geometrical focus of the transducer array netlectronically shortened because the first dgsri
have a geometrical focus length which focuses beyloa depth of the FBH when using a 3-inch water
path distance. Also, the focal law for block 12\8hdhree sections, each related to the three sgheri
curvatures of the face of the transducer array.

-0.02

-0.04

-0.06

-0.08
-15 125 -1 -075 -05 -025 O 025 05 0.75 1 125 15

Aperture Radius (inches)

Figure 2.11: Compound spherical face of transducedrray.
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Figure 2.12: Delay times for even-numbered planamierface forging specimens at a 3.0-inch water
path distance and F/6 beam focus using the initi@lD delay time generation method.

L 2 ] & I
AT I IL
n._JI__JL..w...-UJ-.I J

www.manharaa.com




20

Table 2.4: Delay times for even-numbered planar irtrface forging specimens at a 3.0-inch water
path distance and F/6 beam focus using the initi@D delay time generation method.

Ring # Block 2 Block 4 Block 6 Block 8 Block 10 Blek 12
1 28 0 0 0 0 0
2 22 4 10 14 18 20
3 16 8 20 28 32 36
4 10 12 30 40 48 54
5 6 16 40 54 64 72
6 0 20 50 68 80 90
7 26 60 82 96 108
8 30 70 96 114 126
9 34 82 110 130 144
10 38 92 124 148 164
11 42 102 140 164 182
12 46 114 154 182 202
13 42 114 160 190 212
14 30 108 158 190 214
15 104 156 192 218
16 98 154 194 222
17 90 152 196 226
18 80 150 198 232
19 70 148 200 238
20 60 146 202 244
21 142 204 250
22 138 208 258
23 134 212 268
24 128 216 280
25 222 292
26 226 302
27 220 304
28 208 298
29 292
30 286
31 280
32 274

Sources of Focusing Aberrations

Focusing aberrations are sources of errors tliraghen propagating rays do not truly converge
to a single point in space called a focus. Althoaghceptually a point in space, the focus, phylsichhs a
spatial extent. In UT, this focus is called therhespot. The finite spot size has two causes: dfffva (as
described in Equation 2.2) and aberrations. Abierratare often analyzed by a ray theory that négjlec
diffraction. Aberrations are the consequence of iatended to focus at one point actually arrivaihg
different points following transmission throughystem, resulting in focusing that is less thanlidea
optics, the design of an optical system is maioiyoerned with the calculation of the various aliema,
and their suppression below a tolerable level [EBEusing aberrations can only be minimized or

compensated for, but never completely eliminated.
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When other significant aberrations are absentstin@lest possible spot size is limited by
diffraction from the aperture creating the focusv&al criteria are used to define the smallesitmize
possible due to diffraction, such as 3 dB amplitddzps, 6 dB amplitude drops, and distance toatifion
pattern first minimum for a circular aperture. histdissertation, the beam spot size (See Equat®)ris
based on the far-field diffraction pattern of analapiston transducer as defined by a 6 dB ampitirdp
from the beam axis [13]. Larger apertures creaw@lendiffraction effects because they generatelsma
spot sizes. Aberrations tend to get worse as apetfameters increase as, in terms of geometrjtads
the appearance of the aberrations is associatédhvéitoccurrence of large angles of incidence argkl
angles of inclination between rays and the opteé# [14]. For these large angles, the small angle
approximation, which is the central idea of focgsinrough an interface, begins to break down.

Focusing aberrations reduce the efficiency witlclultrasonic beams focus, leading to losses in
inspection sensitivity. There are two classificai@f focusing aberrations: chromatic and monochtam
In UT, chromatic aberrations occur when a broadhdimdsonic beam disperses near a focal pointaue t
the frequency dependent nature of sound speedsatastic medium. Having different refractive index
i.e., sound velocities, for different wavelengtlisound results in some frequencies travelingfaster
speed in an elastic medium than other frequenbispersion of a broadband ultrasonic beam frequency
may result in elongated spot sizes. Monochroméaterations refer to aberrations that occur without
dispersion, i.e., at a single wavelength. In tingleage of optics, primary aberrations are callddspal,
coma, astigmatism, field curvature, and distorfiof]. Additional monochromatic aberrations are quist
tilt and defocusing [15]. In the materials of imstin this dissertation, there is very little \ciyp
dispersion and so the aberrations are primarilyaonbromatic.

There are several physical sources of focusingatiens in the described ultrasonic phased array
inspection of curved interface forging coupons gshe designed transducer array with compensating
mirrors. The ultrasonic beam is 1) transmittedH®ytransducer array, 2) travels through wateréo th
cylindrically curved mirror, 3) reflects from theimor, 4) travels through water to the curved fogi
interface, 5) refracts through the interface offtirging, 6) travels in the part, and 7) convergea focal
spot at a given depth in the forging material. iispections of the planar interface forging coupons
without a compensating mirror, beam travel segm@jtand (3) are eliminated. If a reflector existshe
focal spot, an ultrasonic beam response will travedverse path back to the transducer array vthere
beam is received as a reflector signal. Severatesiof focusing aberrations exist along these lptin
segments. In some cases, these aberrations maipineized with the proper modification of delay time
used to energize the transducer array. Known aimsawill be identified for the described beamipat
The ability of each delay time generation methothinimize or otherwise reduce these known abematio
will be discussed for each method.

Following the described beam path, two known sesiaf aberrations exist due to the surface

compensating, cylindrically focused mirror. Whea thitrasonic beam reflects from the mirror, some
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amount of defocusing aberration exists due to tlieors not being ideally fabricated to precise dasi
specifications, i.e., the mirrors could not phyBiche fabricated with zero tolerance to the regegsadius
of curvature. This aberration is assumed to haeadly been minimized through the use of high maechin
tolerances during mirror fabrication. Also, the mais were designed for optimal surface compensati@n
focal depth of 2.50 inches in titanium alloy whesed at a 3.50-inch water path distance. DefocLesiain
exists because the mirrors will be used in inspastof the curved forging coupons over a wide rasfge
focal depths when using a 3.8-inch water path dégtaThis additional aberration source is not yet
assumed to be minimized.

Sources of aberrations exist at the forging serfaterface. The first source, common to all of the
delay time generation methods is due to the lefvelachining tolerances used when finishing the coup
surfaces. Again, the machining tolerances are asgumbe sufficient so as to minimize this source o
aberration from both the planar and curved intedaaf both forging coupon sets. Another aberragidats
due to the conical shape of the curved interfacgans. The mirror is designed to compensate for
cylindrical surfaces. Curved interfaces found inisesshaped forgings, with the exception of cylicdily
shaped inner and outer forging diameters, are atipishaped. The mirrors were designed to compensat
for the average radius of curvature of a conicajify surface. This aberration will be attemptetbeo
minimized through cylindrical phasing of the arrtoybe discussed in the next chapter of this disten.

A final source of aberration at the water/partiifstee occurs when refraction is not exactly calmda
when determining delay time sets. This type of &tiem is found in the initial delay time generatio
method due to the use of the small angle approiomatreviously described, and has been minimized in
the other methods yet to be described in this detsen by exactly calculating for refraction aeth
interface.

Other sources of aberrations are systematic tptiaeed array inspection system. Some amount of
defocusing aberration may exist due to the shapieeafransducer face being less than ideal. Fanpba
slight fabrication errors may have occurred, résglin a misshaping of the transducer face or tianan
the layout of individual elements. The design cidt®f the transducer array was crucial in minimggthis
source of aberration. More reductions to defocuaioeyrations occurred when refraction at the wadet/
interface was calculated exactly in some of thayléme generation methods presented in this datsam.

Other systematic sources of aberrations in theeiction system include piston and tilt. While not
true aberrations, as they do not model curvatuteérwave front, piston and tilt influence focusatdyjlity
during inspections. Piston refers to the mean vafiewave front or phase profile across an apertlit
refers to a deviation in the direction a wave pggtes, quantifying the average slope of a wave fson
phase profile across an aperture. Piston andkifit ® some degree within the ultrasonic phasealyar
forging inspection system as, respectively, transdarray delay time errors and misalignment ofesys

components.
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A source of aberration exists due to the arrangemfeelements in the array. Specifically, the
transducer face of the array may not be precisalyufactured to the requested design specificatlbns.
some array elements are incorrectly located, pdatily in a direction normal to the transducer faben
an aberration may exist as well as phase cancelitige ultrasonic beam due to other transducer emésn
If a matching surface had been fabricated forithestducer face, then each element’s elevatiorivelet
all other elements in the array could have beeemx@ntally measured [16]. As no matching surface f
the designed transducer array was fabricated, thessurements were not performed. The phased array
was assumed to be manufactured with sufficientaolees so as to minimized aberrations, based on a

transducer variability study performed on transd@aceays of the type used in this dissertation.[17]

Summary

This chapter introduces the ultrasonic phased anspection of forging material coupons, either
in the form of planar or curved interface calibwatspecimens containing FBH ultrasonic signal odles.
Immersion inspection setups were described, asagelie coupons being inspected. The use of surface
compensating mirrors incorporated in the immergigpection system to pre-distort an ultrasonic beam
before propagation through the curved water-forgierface of forging coupons was introduced.

An initial two-dimensional delay time generatioetimod was presented as the first of three delay
time generation methods to be discussed in thgedation. A unique feature of this first methodalves
calculating delay time sets only after convertingtathpath focal distances into corresponding dcgtarnn
water, accomplished by application of the smalll@agproximation to Snell's law of refraction. A eé
delay times or focal laws generated using thisainihethod for prior proof-of-concept experimentasw
presented and discussed

Potential sources of focusing aberration withim @iftrasonic phased array inspection system when
using the designed phased array transducer wentfidd along the path of the ultrasonic beam dyirin
inspections beneath planar interface forging cospom beneath curved interface forging coupons when
using surface compensating mirrors. One sourceaofsing error exists in the initial delay time gextien
method itself due to the use of the small angle@pmation to account for refraction at the planater-
forging interface. The second of three delay tirmeggation methods, presented in the next chaptbeas
refined 2D delay time generation method, will psety account for refraction at the forging integfas an
attempt to minimize this source of focusing erAxditional focusing aberration sources identifiadhis
chapter could be minimized through the use of afemential phasing of the transducer array, esthing
the need for a 3D delay time generation methods fitird delay time generation method, also preskinte
the next chapter, incorporates the geometry oécéfig from surface compensating mirrors and réfrgc

through conically-curved water-forging interfacests ray-tracing algorithm.
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CHAPTER 3. METHODS

Introduction

In previous chapters, an immersion UT forging éon technique using a designed phased
array transducer with and without surface compémganirrors was described. This included an initial
delay time generation method employing a simpletraging algorithm to calculate time delay sets to
electronically focus the beam launched by the ttaosr array at different depths. Sources of foausin
aberrations were identified in the inspection systene source due to the use of the small angle
approximation in the initial delay time generatimethod. Other sources of focusing aberrations ais@
identified that were not addressed by that indilay time generation method that had been develope
prior proof-of-concept experiments performed byEHTe&C-FAA team.

In this chapter, two additional delay time generatnethods will be proposed in an attempt to
reduce the previously described sources of focusi@grations. In total, three ray-tracing algorighior
generation of delay time sets will be presenteés€hmethods will be called the initial 2D, refirédd, and
3D delay time generation methods. The first metheférred to as the initial 2D method and already
described in Chapter 2 of this dissertation, withpde delay time sets for inspecting beneath plana
interface forging coupons. This ray-tracing alduritapproximates the effect of refraction at theawat
forging interface by using the small angle appration, a source of focusing error to be minimizethie
second ray-tracing algorithm by exactly calculafingrefraction at the forging interface.

This second method, referred to as the refined@By time generation method, contains a
precise numerical calculation of refraction atwager-forging interface, thereby removing a sourfce
focusing aberration found to the initial 2D meth@dtis second method was developed to generate delay
times for inspecting planar interface calibratidocks. The FBH response data acquired with theks/de
times will be compared to FBH data collected uslatpy times generated when using the initial 2D
method. This comparison, presented in the nextteha this dissertation, will provide experimental
evidence as to whether or not using the small aaggeoximation in compensating for refraction a& th
water-forging interface leads to a significant feiog aberration effect. The delay time sets geedraith
the refined 2D method will also be used to insp@its at similar depths within curved interface
calibration blocks while using a surface compensggatirror.

The third ray-tracing algorithm presented is tBed&lay time generation method. This algorithm
will generate delay times that vary around thewirference of a ring, i.e. produce circumferentteging,
in the segmented annular phased array transdueerHigures D.4 through D.15 in Appendix D). As
described in the previous chapter, several sowftfegusing aberrations can be addressed thoughsine

of circumferential phasing of the array, whereatit delay times can be used when phasing eatieelie
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of a segmented ring. The 3D method will attemphtoimize these sources of focusing errors, as it
contains a precise numerical calculation of refoacat the water-forging interface, incorporatepliekly
the use of a cylindrically curved surface compenganirror, and accounts for the conically shapeden
forging interface of the curved interface forgirgupons.

This chapter begins with a discussion of the dditeation of the additional input parameters
required for the three methods. These include neawnts of the longitudinal velocity of the curved
interface forging coupons and determination ofapertures required for the transducer array to taiain
an F/6 beam focus at a new water path distancesdsed to accommodate the mirror holder being glace
between transducer and curved interface forgingispns. This new water path distance, increased fro
3.0 inches to 3.8 inches, was used for all forgmspections presented in the next chapter of this
dissertation. This minimizes dissimilarity betweespections using the three delay time generation
methods, i.e., all will be placed on an equal fogtiAfter the presentation of these input parametiglay
time sets generated using the initial 2D delay tj@eeration method at the increase water pathndista
will be presented, followed by detailed descripsiarfi both the refined 2D and 3D delay time generati
methods.

General Input Parameters

The longitudinal sound velocity values for thevad interface calibration specimens were
measured in a fashion similar to that describedhapter 2 when measuring the longitudinal sound
velocity in the planar interface calibration block®locity measurements of the 19 curved entrysserf
forging coupons containing #1/2 FBH reference mfles (See Figure 2.4) were measured using a planar
focus immersion transducer (10 MHz, 0.5-inch-dianaperture, Panametrics Model V311, S/N 204899),
energized in pulse-echo mode with a pulser-receingr(UTEX Model UT-340 set at 300 V, 10 ns and 30
dB). Time of flight (TOF) measurements was perfadrteedetermine the longitudinal sound velocity of
each forging coupon. The maximum height of eackediforging coupon was precisely measured with a
caliper. Unlike the planar interface forging couponeasurements, due the curved interface and tapered
geometry of the curved interface forging coupomdy a single scan location at the maximum thickredss
the coupon was used when performing this measure @ differences between the first BW echo to
the second BW echo, and also the first and third@®Wbes, were again averaged to ensure accurdog of
measurement. The longitudinal sound velocity farhegurved interface forging coupon was calculated b
dividing twice the maximum coupon thickness by tiigrage TOF. Again, material attenuation effects
were ignored. Table 3.1 tabulates the measuredmoamithickness, TOF, and longitudinal sound velocity
calculated to 3 or 4 significant figures. Companmisd the longitudinal velocity values measured friba
planar interface coupons (See Table 2.2) and timessured from the curved interface forging coupons

(See Table 3.1) show a relatively small differeat8.6% between blocks 2 through 13 for similaights.
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Table 3.1: Longitudinal sound velocity measurementsf curved interface forging coupons.

Block Block Height BW, - BW; BW;—-BW; Time of Flight Longitudinal Velocity

# (in.) (1) (1S) (1) (mis)

1 0.345 2.82 5.65 2.82 6210
2 0.470 3.84 7.67 3.84 6220
3 0.720 5.89 11.75 5.88 6220
4 0.970 7.92 15.83 7.92 6220
5 1.170 9.57 19.11 9.56 6220
6 1.420 11.59 23.23 11.60 6217
7 1.620 13.25 26.57 13.27 6203
8 1.870 15.28 30.58 15.29 6215
9 2.070 16.95 33.90 16.95 6204
10 2.320 18.97 37.95 18.97 6212
11 2.520 20.60 41.22 20.61 6213
12 2.770 22.67 45.42 22.69 6202
13 2.970 24.29 48.62 24.30 6209
14 3.220 26.31 52.77 26.35 6208
15 3.420 27.97 56.09 28.01 6203
16 3.670 30.04 60.03 30.03 6209
17 3.870 31.67 63.30 31.66 6210
18 4.120 33.76 67.63 33.79 6195
19 4.320 35.43 70.75 35.40 6199

The water path distance was increased to 3.8@&thallow for a direct FBH data comparison
between ray-tracing algorithms. Aperture valueswihgng the array at this increased water patlamiist
with a F/6 beam focus are tabulated for coupomsdugh 13 in Tables 3.2 and 3.3 for both forgingpmmn
sets.F andr refer to focal distance in water and apertureugdiespectively (See Equations 2.1 and 2.3).
Given the use of a surface compensating mirror vilgmecting through curved interfaces, curvature wa
ignored in Table 3.3 when calculating aperture® [Bimgitudinal sound velocity in water was assumtaed
be 1487.4n/s based on a water bath temperature of F3[B1]. The aperture for a given focal length,
converted to rings using Table A.1, are similarwggtothat, given the discrete nature of the armagsriand

the precision of the metal path distance, the redquinspection apertures are identical in botheabl

Table 3.2: Apertures for planar interface forging mupons at a 3.8-inch water path distance.

Block  Vpock/Vwater  FOcal Length in Ti-alloy F r r Rings in
# (unitless) (inches) (inches) (inches) (mm) Aperture
2 4.165 0.200 4.63 0.386 9.81 9
3 4.158 0.450 5.67 0.473 12.0 13
4 4.165 0.700 6.72 0.560 14.2 17
5 4.159 0.900 7.54 0.629 16.0 19
6 4.156 1.150 8.579 0.7150 18.16 22
7 4.156 1.350 9.411 0.7842 19.92 23
8 4.160 1.600 10.46 0.8713 22.13 25
9 4.154 1.800 11.28 0.9398 23.87 27
10 4.155 2.050 12.32 1.026 26.07 30
11 4.159 2.250 13.16 1.096 27.85 32
12 4.155 2.500 14.19 1.182 30.03 34
13 4.155 2.700 15.02 1.252 31.79 35
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Table 3.3: Apertures for curved interface forging oupons at a 3.80-inch water path distance.

Block  Vpock/Vwater  FOcal Length in Ti-alloy H r r Rings in
# (unitless) (inches) (inches) (inches) (mm) Aperture
2 4.1765 0.200 4.64 0.386 9.81 9
3 4.1739 0.450 5.68 0.473 12.0 13
4 41778 0.700 6.73 0.560 14.2 17
5 4.1723 0.900 7.56 0.630 16.0 19
6 4.1735 1.150 8.600 0.7166 18.20 22
7 4.1638 1.350 9.421 0.7851 19.94 23
8 4.1720 1.600 10.48 0.8729 22.17 25
9 4.1645 1.800 11.30 0.9414 23.91 27
10 4.1699 2.050 12.35 1.029 26.14 30
11 4.1706 2.250 13.18 1.099 27.91 32
12 4.1631 2.500 14.21 1.184 30.07 34
13 4.1679 2.700 15.05 1.254 31.86 35

Initial 2D Ray-tracing Algorithm

The ray-tracing algorithm for the initial 2D delége generation method was described in detalil
in Chapter 2. When employed using a 3.8-inch wad¢h distance, the longitudinal sound velocity ealu
of the planar interface calibration blocks tabuddate Table 2.1, and the aperture values tabulatfdble
3.2, the delay times presented in Table 3.4 arergéed for planar interface calibration blocks itigh
13. Figure 3.1 shows a plot of these delay timés. fesults of FBH data collected from each of thagr

interface calibration blocks 2-13 when using thetagl time sets will be presented in Chapter 4.
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Figure 3.1: Delay times for focusing on FBHSs in plaar interface forging coupons at a 3.8-inch water
path distance when using the initial 2D ray-tracingalgorithm.
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Table 3.4: Delay times for focusing on FBHSs in plaar interface forging coupons at a 3.8-inch water
path distance when using the initial 2D ray-tracingalgorithm.

~Block >, 3 4 5 6 7 8 9 10 11 12 13
Ring
1 56 3 0 0 ©0 0 o0 o0 0 o0 0 0 o
2 44 33 2 7 10 14 16 18 19 21 22 23 24
3 35 28 3 13 18 24 28 31 34 36 38 40 41
4 27 24 4 18 26 34 39 45 48 52 55 57 59
5 18 19 6 24 34 45 52 59 63 68 71 75 78
6 9 15 7 29 43 56 64 73 78 84 88 93 96
7 O 10 9 35 51 67 76 87 94 101 106 111 115
8 5 10 41 59 78 89 101 109 117 123 130 134
9 0 12 47 68 89 102 116 125 134 141 148 153
10 13 53 77 100 115 130 141 152 159 167 173
11 15 59 86 111 128 145 157 169 177 186 193
12 16 65 94 123 141 160 173 186 196 205 212
13 8 61 93 125 145 166 179 194 204 215 223
14 51 86 120 142 165 180 196 207 218 227
15 41 79 115 139 164 180 197 209 222 231
16 31 71 111 136 163 180 198 211 225 235
17 16 61 104 132 161 180 200 214 229 240
18 47 96 127 159 180 203 219 235 247
19 34 87 122 157 180 205 223 241 254
20 79 116 155 181 208 227 247 261
21 70 111 153 181 211 231 253 269
22 58 103 150 181 214 237 262 279
23 93 147 181 219 245 273 292
24 143 182 224 253 284 306
25 139 182 229 261 295 319
26 183 234 269 306 333
27 173 229 267 308 337
28 216 258 302 333
29 204 248 296 330
30 101 239 290 326
31 220 284 322
32 220 278 318
33 269 313
34 257 306
35 298

The set of delay times plotted in Figure 3.1 maybmpared to delay times generated using this
ray-tracing method for even-numbered planar interfarging coupons at a 3.00-inch water path digtan
(See Figure 2.12). Comparison between the twodigueveals similar delay time set curvatures astaati
with the compound spherical focus of the transdacexy face while increasing water path distandedea

general increase in delay time values.
As shown in Figure 3.1 and Table 3.4, focusinghenFBH in block 3 requires the least amount of

array phasing, a maximum of 16 nanoseconds foriygvhen compared to the other delay time sets. Th
minimal amount of phasing is a result of the phgisiocus of the transducer array being nearly sigffit

to focus the ultrasonic beam at 0.45 inches initita alloy at a water path distance of 3.80 inches.
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Refined 2D Ray-tracing Algorithm

This delay time generation method is a refineno@et the initial 2D delay time generation
method in that it accounts for refraction at theemdorging interface for planar interface forgiogupons
without using the small angle approximation. Refmacis precisely calculated, through the numerical
solution of a quartic equation, at the water-migtirface when employing Snell's Law of Refraction.

Several parameters are required as inputs imakitracing algorithm. The water bath temperature
in which the transducer and part would be immevrsasl assumed to be at a room temperature of 73.3°
resulting in a known longitudinal sound velocityiater of 1487.4n/s[11]. The longitudinal velocity of
sound for each set of forging coupons was alsoimed|(See Tables 2.2 and 3.1). A water path distarfic
3.8 inches was selected. The F6 beam focus inspeeguirement was maintained by using the apexture
tabulated for focusing at the FBH depths of forgiegpons 2 through 13 (See Tables 3.2 and 3.3).

In this ray-tracing algorithm, the transducer wifieece was assumed to be level with the planar
part interface, i.e., at a constant TOF with the: jmerface for all segmented elements within each
individual ring of the transducer array. Also, tlesired focal spot in the forging material was tatebe
the origin for the coordinate system used in thistracing algorithm.

A schematic of the refined 2D delay time generati@thod is provided in Figure 3.2. The water
path distancez, from the center of the transducer array to theeispen’s planar entry surface is shown in
the schematic along with the focal depth in theemalto be inspected, based on the FBH metal path
distances in the forging coupon sets. The posidfaach ring relative to the focal spot coordinatigin, to
be determined from the documented geometry ofrttresducer, is also shown.

To exactly take into account the refraction atwlager-forging interface, the distance along the
interface between where the beam focus cententiveses the interface to the point at which thefiay a
specific transducer ring refracts through the fatm must be determined. In Figure 3.2, the distanc
between these two points is labekd

Consider two right triangles shown in Figure &2Zriangle having sides of lengttisx, — R, and
yo —f above the interface and a triangle having siddésngfthsa, f, andR located below the water-forging
interface. When summed together after being coagidd units of timea andd will provide a delay time
for a specific ring of the transducer array. Udthghagorean’s Theorem, the lengandd are shown to
be functions of the unknown distarR€See Equations 3.1 and 3.2). Each triangle hastaxangle
labeled as eithef, or 6, and sine functions for both or &, can be determined in terms of defined
parameters (See Equations 3.3 and 3.4, respegtively

Substitution of Equations 3.3 and 3.4 into Snelbsv of Refraction (See Equation 3.5) yields a
4th-order homogenous equation whetRiis the unknown value. The real and positive rdahis quartic
equation (See Equations 3.6 through 3.10) is détedmumerically by resolving it into quadratic s

through the use of reverse interpolation [18].
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Figure 3.2: Schematic of the refined 2D ray-tracinglgorithm.
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ag= (3.10)

Once the distandr is obtained, substitution back into Equations)arid (3.2) yields the
distances andd, respectively. Using the water and forging matdoiagitudinal sound velocities, the
distances andd are then converted to TOF with units of time.

Summation and reference to the beam centerline VigDfe results in the generation of the delay
time required for a specific ring of the transduasay. This algorithm was repeated for each rintpe
required aperture to generate a delay time sdoéusing on a FBH located at a specific depth fiarging
coupon, thereby providing sets of delay time fahegglanar interface forging coupon (See Table 8db a
Figure 3.3). Using the measured longitudinal sousidcities of the curved interface forging coupass
input parameters, this algorithm also generatedyd#ines for the curved interface forging coupddsg
Table 3.6 and Figure 3.4) wherein a surface congigrgsmirror was assumed to be incorporated ingo th
inspection. The results of FBH response data deltefrom each of the planar and curved interfacgirig
coupons 2 through 13 will be presented in Chaptafrtiis dissertation.

The refined 2D ray-tracing algorithm was appliedoth the planar and curved interface forging
coupons, where the only difference between theegaabulated and plotted was due to the specifiirfg
material longitudinal sound velocities used infiheal law calculations. Figure 3.5 shows a plothef
difference between the delay time values calcul&dedoupons from each set containing identicafesa-
to-FBH metal path distances. The sets of delaydiare nearly identical. Recall that the delay time
resolution for current phased array instrumentaigdimited to 2 nanoseconds. Forging coupons Wwibi
depths shallower than 2 inches, e.g., blocks lutfit®, do not exceed the 2 ns delay time resolditiain
In the delay time set differences for blocks 1@tiyh 13 with FBH depths greater than 2 inches, tdy
outermost 4 rings, 4 rings, 2 rings, and 6 ringspectively, of the apertures exceed the delay time
resolution limit.

When gathering data using this algorithm to bes@méed in Chapter 4 of this dissertation, the
same sets of delay times will be used for bothgrlamd curved interface forging coupons as bothaet
delay times are nearly identical within the resoluiof the phased array instrumentation. The detay
sets for the planar interface forging coupons vgetected as the delay times sets (See Table 3b4) tised
in acquisition of FBH inspection data when using tefined 2D delay time generation method.

A direct comparison of the delay time sets gemeratith the initial and refined 2D delay time
generation methods may provide insight as to wathaot the approximation of refraction at the evat
forging interface leads to a significant focusitgaation effect. Figure 3.6 plots the differenetween

delay time values calculated using the initial agfthed 2D delay time generation methods.
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The differences between delay time sets fromrhiai and refined 2D delay time generation
methods plotted in Figure 3.6 show that exacthoaating for refraction at the water-metal interface
should significantly reduce a source of focusingredtion. Beginning with the planar interface foigi
coupon block 2, the differences across the seglafydimes for this forging coupon exceeds the mum
delay time resolution hardware limit of 2 nanosetWhile the small time delay differences for conp
2 through 4 are at the hardware resolution limit aright reasonably be considered negligible, thgela
delay time differences for blocks 5 through 13iarexcess of 6 nanoseconds, indicating that afsigni

Table 3.5: Delay times for focusing on FBHSs in plaar interface forging coupons at a 3.8-inch water
path distance when using the refined 2D ray-tracinglgorithm.

. lock 2 3 4 5 6 7 8 9o 10 11 12 13
ing
0 0 0 0 0 0 0 0

1 55 38 0 0 0
2 43 32 2 7 11 14 16 18 20 21 22 23 24
3 35 27 3 13 19 24 28 32 34 37 38 40 42
4 26 23 5 18 27 35 40 45 49 52 55 58 60
5 18 18 6 24 35 45 52 59 63 68 72 75 78
6 9 14 8 30 43 56 64 73 79 85 89 93 96
7 0 9 10 36 52 67 77 87 94 101 106 112 115
8 5 11 42 60 78 90 102 110 118 124 130 134
9 0 13 48 69 90 103 116 125 135 142 149 154
10 15 55 78 101 116 131 141 152 160 168 173
11 17 61 87 113 129 146 158 170 178 187 193
12 19 68 96 125 143 162 174 187 196 206 213
13 11 64 96 127 147 167 181 195 205 216 223
14 55 89 122 144 166 181 197 207 219 227
15 45 82 118 141 165 181 198 210 222 231
16 35 75 113 139 164 181 200 212 226 235
17 22 65 107 135 163 182 202 216 231 241
18 52 100 130 162 182 205 220 237 248
19 40 92 126 160 183 208 225 243 256
20 84 121 159 184 211 229 249 263
21 77 116 158 184 214 234 255 271
22 66 110 156 186 218 240 264 281
23 102 153 187 224 249 276 295
24 151 189 230 258 288 309
25 149 191 236 267 300 324
26 193 242 276 312 338
27 186 239 276 315 343
28 228 268 310 340
29 217 260 305 338
30 206 252 300 335
31 244 296 332
32 236 291 330
33 284 327
34 276 322
35 318
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focusing error has been identified. Exactly caltotafor refraction at the water-forging interfaioethe
refined 2D ray-tracing algorithm should significgnteduce a focusing aberration. FBH signal respons
data acquired using these two delay time sets forésented and compared in the following chapidr,

provide experimental evidence as to whether oarsignificant focusing aberration has been reduced.

Table 3.6: Delay times for focusing on FBHSs in cumd interface forging coupons at a 3.8-inch water
path distance when using the refined 2D ray-tracinglgorithm.

~Block 2 3 4 5 6 7 8 9 10 11 12 13
Ring
0 0 0 0 0 0 0 0

1 55 37 0 0 0
2 44 31 2 7 11 14 16 18 20 21 22 23 24
3 35 27 3 13 19 24 28 32 34 37 39 40 42
4 26 22 5 19 27 35 40 45 49 52 55 58 60
5 18 18 7 24 35 46 52 59 64 69 72 75 78
6 9 14 8 30 43 56 65 73 79 85 89 93 97
7 0 9 10 36 52 68 77 88 94 101 106 112 115
8 5 12 42 61 79 90 102 110 118 124 130 135
9 0 14 49 70 90 103 117 126 135 142 149 154
10 16 55 79 102 116 132 142 153 160 168 174
11 18 62 88 113 130 147 158 170 178 187 193
12 20 68 97 125 143 162 174 188 197 206 213
13 12 65 96 127 147 168 181 196 206 216 224
14 55 89 123 144 167 181 197 208 219 228
15 46 82 119 142 166 182 199 210 223 232
16 36 75 114 139 165 182 200 213 226 236
17 22 66 108 135 164 182 203 216 231 242
18 53 101 131 163 183 206 221 237 249
19 41 93 126 161 184 209 225 243 256
20 86 122 160 185 212 230 250 264
21 78 117 159 185 215 235 256 271
22 68 111 157 187 219 241 265 282
23 103 155 188 225 250 277 296
24 153 190 231 259 289 311
25 151 192 237 268 301 325
26 195 244 278 313 340
27 187 241 277 316 345
28 230 269 311 342
29 219 262 307 340
30 209 254 302 337
31 246 297 335
32 239 293 332
33 287 329
34 278 325
35 321
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Figure 3.3: Delay times for focusing on FBHSs in plaar interface forging coupons at a 3.8-inch water

path distance when using the refined 2D ray-tracinglgorithm.
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Figure 3.4: Delay times for focusing on FBHs in cured interface forging coupons at a 3.8-inch water

path distance when using the refined 2D ray-tracinglgorithm.
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Delay Time Differences (nanoseconds)
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Figure 3.5: Differences between delay time sets frothe refined 2D ray-tracing algorithm when
focusing on FBHSs at similar depths in both the plaar and curved interface forging coupons.
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Figure 3.6: Differences between delay time sets winéocusing on FBHSs in the planar interface

forging coupons when using the initial and refine®D ray-tracing algorithms.
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3D Ray-tracing Algorithm

The 3D ray-tracing algorithm for generating ddiayes, as with the refined 2D delay time
generation method, will precisely account for refi@n at the water-forging interface. However, timsl
method additionally incorporates both the curvatfrehe forging surface as well as the ultrasomiarh
reflection from a surface compensating mirror. Aligh some simplifications will occur in the raysirsg
due to symmetry and the relative orientation ofdjéndrically shaped mirror and the conically skdp
forging surfaces, this ray-tracing algorithm penfigr3-dimensional (3D) calculations. This distingeis it
from both of the previously described 2D ray-trgcatgorithms, leading to the generation of deleyes
sets which will vary around the circumference ofamay ring, i.e. producing circumferential phasiing
the segmented annular transducer array.

In the following chapter, inspection data of FB¥$ponses in curved entry forging coupons when
using mirrors and circumferential phasing provitdgdhe 3D delay time generation method will be
presented. This inspection data will be compardeBH responses when using the refined 2D generation
method to inspect both planar and curved interfarging coupon without and with mirrors, respediyye
when not using circumferential phasing.

What follows is an outline of the ray-tracing algfom used to calculate circumferential phasing of
the array as applied to inspections of curved diotiging coupons.

Ray-tracing connects the desired point of focukénforging material to points on the face of the
transducer. Using the transit time from the pofrfoous at the FBH to the center of the transdaceay as
a reference value, a 3-D spatial surface is forlmepoints on all rays from the focal point havihg same
travel time as this centerline reference. Duringtracing, a cylindrical mirror is introduced bewvethe
array face and the entry surface. The result ofrtgarays from the focal point, refracting throubke
curved forging-water interface, reflecting off ttydindrical mirror, and terminating at an overa#nsit
time provided by the reference centerline will tesua Fermat surface somewhat similar to the shap
the transducer face (See Figure 3.7). The differdretween this Fermat surface and the known sHape o
the transducer face will result in the specificageimes required for circumferential phasing.

The Fermat surfaces generated using this rayagadgorithm were the basis for phase diagrams,
which in turn produced the delay time sets necgdsatircumferentially phase and focus the transduc
array. Fermat surfaces will be presented grapkiealliphase diagrams, i.e., a set of delays tintesafth
transducer element in the transducer array, frommwtircumferential phasing of the array is deteweni.

Figure 3.8 depicts the relative orientations efdlesigned transducer array, the cylindrically
shaped mirror, and the conically shaped forgingaserbeneath which is a #1/2 FBH at a known metal
path distance. As with all the presented delay tiewerators, the overall water path distance fiwen t
center of the transducer array along the centediribe ultrasonic beam to the forging materia¢iface

has been selected to be 3.80 inches. The forgingrimiaspecimens, each containing a FBH at a known
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Transducer or Fermat Surface
N\

Element 68/7 v\ Element 100

Forging Surface

Reference Ray Cylindrical
FBH Mirror
Surface
Forging
Material

Figure 3.7: Configuration of the FBH and forging, mirror, transducer and Fermat surfaces including
centerline reference ray for the 3D ray-tracing algrithm.

depth, are the previously referenced curved interfarging coupons. A cylindrical mirror with a R7inch
concave radius of curvature was used in theserfgrigispections.

A ray-tracing algorithm to determine a 3D Fermaftace for each FBH target depth will require
input parameters such as transducer-to-mirror anmio-surface water path lengths, depth of targe
focus, designed focus of cylindrical mirror, transdr array aperture based on depth of focus, atng en
surface curvature. The transducer-to-mirror wateh plistanced, was calculated to be 1.777 inches based
on the measured distances shown in Figure 3.8nGheselected total water path distance of 3.80ds,
the beam centerline mirror-to-surface distanceatewwater path - dn Figure 3.8, becomes 2.023 inches.

With all necessary material and geometrical pataraaletermined or otherwise known, the delay
time generation method using the 3D ray-tracingutlgm is described as follows:

1. Calculate the TOF reference value for the beameckm using the curved interface calibration
block values for FBH depth and forging-to-transdugater path distance.

2. Generate grid points on a portion of the forgingae sufficient to cover the area of the
ultrasonic beam footprint, calculate lines nornoathte forging surface at each grid point, and
calculate lines from each forging surface grid ptarthe FBH location. Then, using these grid
points and the lines passing through them, determhia direction of a ray from the FBH through
each forging surface grid point after it refra¢ttough the forging surface. (See Appendix B for

details on these calculations.)
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3. Calculate the refracted ray intersection pointtenaylindrical mirror surface, then calculate the
surface normal at this mirror intersection poirihgsan exact method for determining the
intersection point and surface normal of a ray ittylindrical face [19].

4. Terminate each ray reflected from the mirror tovgatte transducer face at the TOF reference
value for the beam centerline already calculatetranord these Fermat surface coordinates. (See
Appendix C for details on these calculations.)

5. Extract individual element delay times from theareled Fermat surface data points. (See

Appendix D for details on these calculations.)

The 3D ray-tracing algorithm was employed usirgréferenced parameters for FBHs in curved
interface calibration specimens 2 through 13. Délags were determined over half the circumferesfce
each ring, from 0 to 180 degrees, as the left ayid sides of the transducer face, the mirror safand
the forging interface are symmetrical in shapes 8ételay times over this half circumference, ibegree

increments, are plotted in Figures 3.9 and 3.1@¥&n- and odd-numbered forging coupons, respégtive

generalized
transduce\
face
th
A
curved forging
surface
Measured: d o

d; =0.07915 inch
d> = 1.967 inches
t=0.190 inch
L =4.50 inches

water path - d

FBH curved
mirror
surface

Calculated:
dz =t/ (sin 457)
dsz = 0.2687 inch

d=d+&Sd
d =1.777 inches

t=0.190 in.

Figure 3.8: Schematic of array, mirror, and forging surface for the 3D ray-tracing algorithm.
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Figure 3.9: Circumferential delay times when focusig on FBHs in even-numbered curved interface
forging coupons at a 3.8-inch water path distance ken using the 3D ray-tracing algorithm.
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Figure 3.10: Circumferential delay times when focusg on FBHSs in odd-numbered curved interface
forging coupons at a 3.8-inch water path distance ken using the 3D ray-tracing algorithm.

Figure 3.11 shows the circumferential delay tina@graged over each element of a specific ring
whether or not that ring is segmented, as appligohd an inspection. As described in Appendix Age
1-16 require one delay time per ring as each sr@single element while segmented rings 17-2lineequ

o HLEN ZI‘JI_EI}I
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two delay times per ring, rings 22-32 require fdatay times per ring, rings 33 and 34 require eifgiihy
times per ring, and rings 35-36 require twelve y¢ilmes per ring. Due to the aforementioned symynetr
considerations, some of the delay times for elemehsegmented rings 17-36 are identical. As atresu
symmetry, rings 17-21 may use a maximum of two id@mtical delay times per ring, rings 22-32 up to
three non-identical delay times per ring, rings333dp to five non-identical delay times per ringdaings
35-36 up to seven non-identical delay times peg.in effect, these delay times per ring is theanpimit
on the amount of circumferential phasing that camplied in this particular inspection technique.

In the following chapter, FBH signal response @atquired from the curved interface forging
coupons when using delay time sets generated tigngD ray-tracing algorithm will be presented and
compared to FBH signal response data acquired finensurved interface calibration specimens when
using time delay sets generated using the refilethg-tracing algorithm. To reduce systematic esror
care was taken during data collection to minimizarges in the inspection setup. Specifically, seare
performed of the FBH in a forging coupon first witelay times from refined 2D method, immediately
followed by data collection from the same FBH winsing delay times from the 3D method, without
making any other changes to the inspection sethis. dcquired data will provide empirical evidensg@
whether or not a significant focusing aberratios haen reduced through the use of circumferential
phasing of the transducer array. In addition, the&y-tracing algorithm should be considered susfcb g

the results presented in the next chapter shovonssis from the curved interface calibration speasne
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Figure 3.11: Circumferential delay times averaged\eer each element, to be applied during
inspections, when focusing on FBHSs in the curvedtierface forging coupons at a 3.8-inch water path
distance when using the 3D ray-tracing algorithm.
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when using compensating mirrors and circumfereptialsing which approach the FBH signal responses
from planar entry surface coupons when using net¢bmpensating mirrors nor circumferential phasing,
However, some signal loss is expected to occuta@partial transmission into, rather than complete

reflection of the ultrasonic beam from, the surfaocmpensating mirror .

Summary

In this chapter, three ray-tracing algorithmsdetay time generation, of increasing sophistication
for addressing anticipated focusing aberrationsewweesented. These algorithms are referred toeas t
initial 2D, refined 2D, and 3D ray-tracing algoritk or delay time generation methods. The simpégst r
tracing algorithm, the initial 2D method, has seVv@ossible sources of focusing aberrations inolydise
of the small angle approximation when accountingdédraction at the water-forging planar interfatae
refined 2D method improves upon the initial 2D nogtlpy numerically accounting for refraction at the
water-metal interface during inspection througmplainterface forging coupons. Differences betwssta
of delay times generated using both of these meth@de presented, and showed that a significant
difference existed in terms of instrumentation tarfor delay time resolutions.

Both the initial and refined 2D ray-tracing algbms will provide delay time sets for inspection of
FBHs in planar interface forging coupons. Howetleese same sets of delay times could also be ased t
inspect FBHSs in curved interface forging coupongmvhurface compensating mirrors are employed. 4t wa
assumed that inspection data collected using deteysets generated using the refined 2D methoddvou
be "better" than, or equivalent to, inspection dati(ected using delay time sets generated usiagnitial
2D methods. Hence, only delay time sets from tfinegd 2D method would be used when inspecting the
curved interface forging coupons with surface comspting mirrors. This data will be compared to &mi
forging inspections performed on the curved ineforging coupons with the surface compensating
mirror when using delay time sets generated usia@8D method, a method employing circumferential
phasing of the transducer array, in an attempedoce additional focusing aberrations expectedisi m
inspections employing the refined 2D method.

In the next chapter, inspection data will be pnése for FBHs in planar interface forging coupons
when using delay time sets generated using thali@id and refined 2D methods. Comparison of data
collected with each of these methods will providg@ical evidence as to whether or not a more peeci
accounting of refraction at the water-metal integfaignificantly reduces focusing aberrations. Atkta
will be presented on FBHs signal responses in clinerface forging coupons when using delay tiets s
provided using the refined 2D and 3D ray-tracirgpathms. Comparison of inspection data collectednf
FBHs in the curved interface calibration specimeiisempirically determine whether or not the 33/+a
tracing algorithm significantly reduces focusingaitions when compared to the refined 2D ray-gci

algorithms.
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CHAPTER 4. RESULTS

Introduction

In the previous chapter of this dissertation, scdption of three ray-tracing algorithms was
presented along with delay time sets generatecbly method for the phased array ultrasonic inspect
forging coupons containing FBH reference reflectdigese three algorithms were referred to as fialin
2D, refined 2D, and 3D methods. The initial 2D nagtlemploys an approximate small angle calculation o
refraction at the water-forging interface of forgicoupons while the refined 2D method attempts to
improve upon this refraction calculation by exa@bcounting for refraction at the interface. The 3D
method also exactly accounts for refraction attheer-forging interface and, in addition, incorgesathe
geometry of a cylindrically shaped ultrasonic mirdesigned to compensate for the conical surface of
forging interfaces. Sets of delay times are gerdr#iat vary phasing circumferentially over segrént
rings of the transducer array.

Time delay sets generated by both the initial r@fided 2D ray-tracing algorithms were used to
phase the transducer array during the acquisiti¢iBél response waveform data from planar interface
forging coupons 2 through 13 at a 3.8-inch waté péstance. The results of this data collectiolh va
presented later in this chapter. Also to be preskate the FBH responses from curved interfacerforg
coupons 2 through 13, inspected at a 3.8-inch vpattr distance when phasing the transducer arridly wi
time delays sets generated with both the refinec2d3D ray-tracing algorithms.

Before presentation of the results of these phasey inspections, the hardware limitations when
applying delay time sets to phased array instruatiemt will be discussed. During an inspection,db&ay
time sets generated by the ray-tracing algorithinisearequired apertures may exceed the hardwares li
of the phased array instrumentation. As an exanapiggnerated delay time set may require 35 uniglayd
time values to phase the array, yet the availahéesed array hardware is limited to a total of 32ylémes
with the additional restriction, as will be discedsshortly, that only a single delay time may b&geed to
each electronic channel. Whether this phased arstiyumentation limit is exceeded depends on tta to
number of delay times required for the inspectiod, &lso, the specific array elements to be enedgind
phased. If the hardware limitation is exceedediwighfocal law, several focal laws, each of whicilymot
exceed the hardware limit, will be required to ghe complete delay time set in an inspectionhEac
focal law results in a single A-scan waveform athescan location during the inspection. An effestiv
grouping of delay times was developed to minimieerumber of focal laws acquired when the hardware
limitation is exceeded. A post-processing procedvas developed to sum the required waveforms dt eac
scan location to form a single waveform. C-scangiesaof the complete scan area were then createg usi

these summed waveforms.
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C-scan images from each set of inspection dapayeEd over the course of an inspection scan,
will be presented in this chapter as grayscaledgtimages plotted as a function of scan coordinates
analysis of these C-scan images will include inBpa@ain settings, peak amplitude responses, beam
width measurements, and signal-to-noise ratio (SiR)es. Each C-scan image presented has a peak 0.8
V or 80% Full-Screen-Height (%FSH) signal amplitudsponse on a scale with a maximum possible
value of 1.0 V or 100%FSH. A gain setting was reedrfor each of the C-scan images that resultéuisn
80%FSH peak signal. In ultrasonic inspections, areswaves received by transducers are converted to
voltage signalsy;,, and output by the measurement system as an @dplibltage V., after being

subjected to an inspection gain settifigin units of decibels (dB) (See Equation 4.1) [20]

Gain (in dB)- 4= (20d B)Iog[%j 4.1)

n

In ultrasonic inspections it is useful to comparget of peak signal amplitude responses at a
common gain setting. Equation 4.1 can be usedngertbcommon peak amplitudé4,mmos achieved
using recorded gainBecorded 10 @ set of peak amplitudés,,, which would have been produced at an

arbitrarily chosen, common gain settifigommon(S€€ Equation 4.2).

ﬁcommon’ﬁrecorded

Vhew = VcommowlO 20dB 4.2)

The width of the ultrasonic beam, as measured feescan images to be presented later in this
chapter, will also form part of the evaluation lo¢ ray-tracing methods presented in this dissertafihe
beam width is a measurement of the focal spotisitiee plane of the flaw being inspected. To alfowa
direct comparison to the predicted 6-dB amplitudgpdocal spot size presented in Equation 2.2fdbal
spot size from the C-scan images will be measu@tyaoth the vertical and horizontal lines throtigh
peak signal to a coordinate point in the C-scanrevtiee amplitude is one-half of the peak amplitiglace
not all beam spots are symmetrically shaped irCttsean images to be presented, both of the vertwdl
horizontal beam widths measurements will be indigity presented.

The analysis of the C-scan images will concludih BINR values to determine the inspection
sensitivity of the FBH scans performed. SNR valviisbe calculated by measuring the peak amplitinde
each C-scan images, i.e., 80%FSH, and dividing & hoise amplitude averaged over ~400 pixelsdche
image (See Equation 4.3).

Peak Signal Amplitude Response

Signal - to - Noise Ratie SNR= - -
Average Noise Amplitude Response

(4.3)
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Hardware Limitations of Delay Times

The phased array instrumentation used signifibardware limitations with regards to the
application of delay time sets and the subsequattime summation of the responses from individual
transducer array elements. The ultrasonic phasag erstrumentation available for use in data @bt
performed for this dissertation was limited to &@atof 32 delay times per focal law and a maximuri28
transducers. A secondary limitation, to be desdriteortly, involves the specific method by whickhsé
32 delay times are applied over 128 phased araagdiucer elements.

Each focal law generates a single A-scan wavefdhma.size of the beam aperture, i.e., the number
of transducer array elements energized, is prapmtito the number of delay time sets requiredafor
inspection. The aperture is determined by maintgimi F6 beam focus at the FBH depth being inspected
As the aperture increases with increasing focatldepe phased array instrumentation hardware &2
delay times may be exceeded. If exceeded, thedtispemust be performed with multiple focal laws
wherein each focal itself does not exceed the harellimitation. The hardware limit is especiallydiy to
be exceeded if circumferential phasing is beinglegyga, due to multiple delay times per segmenteg ri
leading to a greater overall number of delay tinvithin a set when compared to the initial and redir2D
methods. If multiple focal laws are required durdétega collection, the A-scan waveforms collectedaath
scan location by each focal law must be combingdttwer in post-processing, rather than in real-time
the phased array instrumentation during an inspecto provide a single waveform at each scan iocat
before the results of the inspection can be predess a single C-scan image.

The planar interface forging coupons were insgeaging the initial and refined 2D methods, while
the curved interface forging coupons were inspeasdg the refined 2D and 3D methods. Examination o
the sets of delay times required for inspectionglafiar interface forging coupons 2 through 11datid
that the hardware limit was not exceeded when usiegnitial and refined 2D methods. The limit west
exceeded for curved interface forging coupons @utph 11 when using the refined 2D method. However,
the hardware limits were exceeded when inspectiggp interface forging coupons 12 and 13 whengusin
the initial and refined 2D methods, as well as wimspecting curved interface forging coupons 12 Ead
when using the refined 2D method. When inspectimgifig coupons 12 and 13 from either set of forging
coupons using either the initial or refined 2D noeth34 and 35 delay times, respectively, were redui

When performing inspections of the planar and edrnterface forging coupons when using the
initial and refined 2D delay time generation methazhly one delay time is applied to each ringhef t
transducer array. Tables 3.2 and 3.3 list the apstrequired for the planar and curved interfacgihg
coupons, respectively. Consideration of both hardvienitations results in the requirement of onheo
focal law during inspections of blocks 2 throughfidim both sets when using delay times from theaihi
and refined 2D methods. Blocks 12 and 13, howeeguire four focal laws during their inspections.

The secondary instrumentation hardware limitatidluences the grouping of delay times when

energizing and phasing transducer elements. laxthégable 32/128 model phased array instrument, 32
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pulsers may phase transducer array elements aiagty time over a total of 128 electronic chann&lse
available phased array instrumentation applieSghpulsers over 128 electronic channels by subidigid
the 128 channels into four groups, where each gioajotted 32 delay times. Furthermore, these fou
groups of 32 electronic channels have, for eacgreulp, the same delay time applied to the firshaleh
of each subgroup. Similarly, the second channebeoh subgroup must also have the same delay tine. T
trend continues for each proceeding channel in sabgroup, up to channel 32. For example, eacheof t
channels 1, 33, 65, and 97 must have the same tilglayapplied to that channel. Similarly, elements
hardwired to channels 2, 34, 66, and 98 must hdaetical delay times in a focal law. This secondary
hardware limitation continues through to the figat of channels, i.e., 32, 64, 96, and 128 (Seé&F¥ab).
When performing inspections of the curved integffarging coupons when using the 3D method,
blocks 2 through 4 require only a single focal lavhile block 4 does require an aperture of 17 rizugd

ring 17 is segmented into two elements, both elesngfiring 17 happen to have the same delay tirde an

Table 4.1: Grouping 128 transducer elements to 32ethy time generators.

Delay Line Group 1 Group 2 Group 3 Group 4
1 1 33 65 97
2 2 34 66 98
3 3 35 67 99
4 4 36 68 100
5 5 37 69 101
6 6 38 70 102
7 7 39 71 103
8 8 40 72 104
9 9 41 73 105
10 10 42 74 106
11 11 43 75 107
12 12 44 76 108
13 13 45 77 109
14 14 46 78 110
15 15 47 79 111
16 16 48 80 112
17 17 49 81 113
18 18 50 82 114
19 19 51 83 115
20 20 52 84 116
21 21 53 85 117
22 22 54 86 118
23 23 55 87 119
24 24 56 88 120
25 25 57 89 121
26 26 58 90 122
27 27 59 91 123
28 28 60 92 124
29 29 61 93 125
30 30 62 94 126
31 31 63 95 127
32 32 64 96 128
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hence, curved interface forging coupon 4 may bgdoted with a single focal law. More than one focal
law will be required when inspecting the remainoiethe curved interface forging coupons when usimeg
3D delay time generation method involving circurefeial phasing. The total number of delay times
generated by the 3D method for inspecting eachecliterface forging coupon are tabulated in Tdlke
Effectively grouping together delay times into fbleavs sequentially applied during an inspectiothait
violating either of the described hardware limias is discussed in the next section of this clapte
Due to the secondary hardware limitation, multfioleal law groups may be needed even when 32 or
fewer non-identical delay times are being emplaygepghase elements of the transducer array. As an
example of the implications of this limitation dretgrouping of delay times within a focal law whesing
the 110-element array, consider the total numbéoazl laws required to inspect curved interfaagifog
coupon #5 when using the 3D ray-tracing algoritkor. this forging coupon, 19 rings will be requiied
the transducer aperture (see Table 3.3). Ringsoligh 16 are not segmented and require only orseydel
time each, while rings 17 through 19 require twiagéimes each. For the element layout of thisddarcer
array, a total of 22 delay times will be requirecehergize and phase an aperture of 19 rings. Bedha
necessary 22 delay times does not exceed the 8atdgalelay time pulsers, it would seem that anhg
focal law should be needed. However, subsequersideration of the secondary hardware limitation
shows the need for four focal laws, in which eamtaf law contains less than 32 delay times, todavoi
using two delay times on the same electronic cHaBpecifically, elements 17 and 49 are on the same
electronic channel, as are elements 18 and 50 lhaasvelements 19 and 51. To operate within hardwar
limitations, four focal laws would need to be cousted for the inspection of curved interface forpi
coupon #5 when using delay times generated byBhmé&thod. One focal law will energize and phase, on
both transmission and reception, elements 1 thrd@gfi he second focal law will energize and phage,
transmission and reception, elements 49 througt 3hird focal law will energize and phase elemeits
through 19 on transmission and elements 49 thr&dgtn reception. The fourth focal law will energize

and phase elements 49 through 51 on transmissbelaments 1 through 19 on reception.

Table 4.2: Number of delay times required for eacleurved interface forging coupons when using the
3D ray-tracing algorithm.

Curved Interface Coupon Aperture (Number of Rings) Total Number of Delay Times
2 9 9
3 13 13
4 17 16 +2=18
5 19 16 +6=22
6 22 16 +10+4=30
7 23 16 +10+8=34
8 25 16+ 10+ 16 = 42
9 27 16 + 10 + 24 =50
10 30 16+ 10 + 36 = 62
11 32 16 +10+44 =70
12 34 16+10+44 +16 =86
13 35 16 +10+44+16+12=98
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Effectively Grouping Delay Times into Sets of Focdlaws

For inspections of the curved interface calibragpecimens, more than one delay time is necessary
for each segmented ring to invoke circumferentieging of the transducer array. Circumferentiakpiga
often requires in excess of 32 delay times, evendiatively shallow FBH depths. Due to the hardsvar
limitations discussed in the previous section, fetvan 32 delay times can lead to multiple focaldaer
inspection. Each focal law applied during an ingpacesults in a saved waveform response. If iplglti
focal laws are required to apply a delay time seing) an inspection, summation of multiple waveform
responses must be performed after the inspectammtsas been completed. Grouping delay times irtal fo
laws to minimize the number of saved waveform raspe becomes a critical issue in terms of finite
inspection time, computer RAM, and hard drive sp&mnsider the extreme case of capturing a single A
scan waveform from each element within a requipggttare during an inspection, which would then need
to be summed together in a post-processing algorithproduce the final inspection result. If defisye
sets are not grouped together, the total numbemwéforms can exceed several thousand wavefornas, as
single waveform must be acquired and saved todhe disk for each signal being individually receizy
each element from every other element in the aperRurther, consider the transducer aperture redjui
when inspecting curved interface forging coupon #h@&n using the 3D method. As shown in Table 4.2,
the 3D inspection method requires 98 delay timesnwhspecting this coupon. The maximum number of
focal laws into which these delay times could beuged would result in 98 x 98, or 9604, saved wawef
responses, resulting in a prohibitively large antainnspection time and computer resources.

Grouping delay times so that the phased arrajumgntation sums, as much as possible, individual
element waveforms in real-time during an inspectionimizes computational resources and overall
inspection time. In this dissertation, an efficignbuping of delay times for maximize real-time snimg
during inspections was developed for data acqaisittherein each focal law did not exceed 32 detags
per focal law nor was more than one unique delag tapplied per electronic channel.

The primary criteria for grouping together delagds with a minimum number of focal laws was to
first create focal laws which would phase upongraission and reception only those elements withohe
group of transducers (See Table 4.1), then phase wansmission elements from one group while pigasi
upon reception elements from another group urgéteof focal laws existed where all elements tratieth
and received exactly once from all other elememthé aperture required in the forging coupon intpa
to be performed. However, if the set of delay tirheig applied in an inspection involved the 3D hoelt
and circumferential phasing wherein segmented aeiemeithin a transducer ring requires differentagel
times, these focal laws would have to be furtheidéid if more than one delay time was requiredafor
single channel, e.g., if elements 17 and 48 frarg 1i7 were both being phased for transmission only

reception only within a focal law. Additionally, farther increase efficiency of grouping and mirgethe
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number of focal laws used in an inspection, onealftaav may be combined with another if the second
focal law assigns delay times to channels whictuatesed by the first focal law.

Delay times from the initial and refined 2D rag¢ing algorithms were grouped together into focal
laws as tabulated in Table 4.3. Delay times froem3B method were grouped together into focal lasvs a
tabulated in Table 4.4. Additionally, graphical regentations of the grouping of delay times intmafo
laws for the 3D inspection method are presentddgares E.1 through E.12 in Appendix E of this
dissertation.

In both Tables 4.3 and 4.4, each bracketed grbefements in the "Groups of Receiving Elements”
column received signals from transmitted elemastsd in the "Transmitting Elements" column. Each
group of transmitting elements were matched tooagiof receiving elements, which resulted in alsing
focal law that, upon data acquisition, will providesaved A-scan waveform data set. Multiple foaafsl
from a single inspection resulted in an equal nunalbeaved waveform responses, then summed together
in a post-processing procedure to generate a sivegleform for each scan location of the radial4ioteal

inspection.

Table 4.3: Effective grouping of delay time sets &m the initial and refined 2D methods.

Block Transmitting Elements Groups of Receiving EEments
2 1-9 {1-9}
3 1-13 {1-13}
4 1-17, 49 {1-17, 49}
5 1-19, 49-51 {1-19, 49-51}
6 1-22, 49-54, 86, 118 {1-22, 86, 49-54, 118}
7 1-23, 49-55, 86-87, 118-119 {1-23, 49-55, 86-88;119}
8 1-25, 49-57, 86-89, 118-121 {1-25, 49-57, 86-BI(B-121}
9 1-27, 49-59, 86-91, 118-123 {1-27, 49-59, 86-P113-123}
10 1-30, 49-62, 86-94, 118-126 {1-30, 49-62, 86018-126}
11 1-32, 49-64, 86-96, 118-128 {1-32, 49-64, 86-018-128}

{1-32, 49-64, 86-96, 118-128} and {65-66, 69-70,

1-32,49-64, 86-96, 118-128 75-76, 79-80, 97-98, 101-102, 107-108, 111-112}

12 65-66, 69-70, 75-76, 79-80, 97-98, 101- {1-32, 49-64, 86-96, 118-128} and {65-66, 69-70,
102, 107-108, 111-112 75-76, 79-80, 97-98, 101-102, 107-108, 111-112}
{1-32, 49-64, 86-96, 118-128} and {65-67, 69-71,
1-32, 49-64, 86-96, 118-128 73, 75-77, 79-81, 83, 97-99, 101-103, 105, 107-
13 109, 111-113, 115}

a {1-32, 49-64, 86-96, 118-128} and {65-67, 69-71,
73, 75-77, 79-81, 83, 97-99, 101-103, 105, 107-
109, 111-113, 115}

65-67, 69-71, 73, 75-77, 79-81, 83, 9
99, 101-103, 105, 107-109, 111-113, 115
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Table 4.4: Effective grouping of delay time sets &m the 3D method.

Block Transmitting Elements Groups of Receiving Elements
2 1-9 {1-9}
3 1-13 {1-13}
4 1-17, 49 {1-17, 49}
c 1-19 {1-19} & {49-51}
49-51 {1-19} & {49-51}
1-22, 86 {1-22, 86}, {49-54} & {118}
6 49-54 {1-22, 86}, {49-54} & {118}
118 {1-22, 86}, {49-54} & {118}
1-23, 86-87 {1-23, 86-87}, {49-55} & {118-119}
7 49-55 {1-23, 86-87}, {49-55} & {118-119}
118-119 {1-23, 86-87}, {49-55} & {118-119}
1-25, 86-89 {1-25, 86-87}, {49-57} & {118-121}
8 49-57 {1-25, 86-87}, {49-57} & {118-121}
118-121 {1-25, 86-87}, {49-57} & {118-121}
1-27, 86-91 {1-27, 86-91}, {49-59} & {118-123}
9 49-59 {1-27, 86-91}, {49-59} & {118-123}
118-123 {1-27, 86-91}, {49-59} & {118-123}
1-30, 86-94 {1-30, 86-94}, {49-62} & {118-126}
10 49-62 {1-30, 86-94}, {49-62} & {118-126}
118-126 {1-30, 86-94}, {49-62} & {118-126}
1-32, 86-96 {1-32, 86-96}, {49-64}, {86-96} and {118-128}
11 49-64 {1-32, 86-96}, {49-64}, {86-96} and {118-128}
118-128 {1-32, 86-96}, {49-64}, {86-96} and {118-128}
130 {49-64}, {65-66, 69-70, 75-76, 79-80} & {97-98, 101-102,
107-108, 111-112, 118-128}
1-32, 86-96 {1-32, 86-96}
49-64 {1-32, 86-96}, {65-66, 69-70, 75-76, 79-80} & {97-98, 10
102, 107-108, 111-112, 118-128}
49-66, 69-70, 75-76, 79-80 {49-66, 69-70, 75-76 809-
12 65-66, 69-70, 75-76, 79-80 {49-64, 97-98, 101-107-108, 111-112} & {118-128}
65-66, 69-70, 75-76, 79-80, 118-128 {1-32, 86-96}
86-96 {97-98, 101-102, 107-108, 111-112, 118-128}
86-98, 101-102, 107-108, 111-112 {49-64, 65-66, 6975-76, 79-80}
97-98, 101-102, 107-108, 111-112 {1-32, 86-96}
97-98, 101-102, 107-108, 111-112, 118-128 {97-98,102, 107-108, 111-112, 118-128}
118-128 {49-64, 65-66, 69-70, 75-76, 79-80}
1.3 {49-64}, {65-67, 69-71, 73, 75-77, 79-81, 83} & {97-99,
101-103, 105, 107-109, 111-113, 115, 118-128}
1-32, 86-96 {1-32, 86-96}
{1-32, 86-96}, {49-64}, {65-67, 69-71, 73, 75-77, 79-81
49-64 83} & {97-99, 101-103, 105, 107-109, 111-113, 11581
128}
13 65-67, 69-71, 73, 75-77, 79-81, 83 {49-64} & {65-®B-71, 73, 75-77, 79-81, 83}

65-67, 69-71, 73, 75-77, 79-81, 83, 86-96

{97-99,-103, 105, 107-109, 111-113, 115, 118-128}

65-67, 69-71, 73, 75-77, 79-81, 83, 118-128

{6569¢71, 73, 75-77, 79-81, 83, 118-128}

86-99, 101-103, 105, 107-109, 111-113, 115

{49-64p8-67, 69-71, 73, 75-77, 79-81, 83}

97-99, 101-103, 105, 107-109, 111-113, 115

{1-3296p

97-99, 101-103, 105, 107-109, 111-113, 115,
118-128

{97-99, 101-103, 105, 107-109, 111-113, 115, 1184128

118-128

{49-64} & {65-67, 69-71, 73, 75-77, 79-81}83
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Acquisition of Data

One or more A-scan waveform responses were achairé saved to the computer hard disk during
inspections of blocks 2 through 13 in both setplafiar and curved interface forging coupons. Siuadiy,
one A-scan waveform response was acquired and swvad) inspections of each planar interface faggin
coupon 2 through 11, and four waveforms each fagifig coupons 12 and 13, when using delay times
from the initial 2D method. A similar set of A-scaraveforms were acquired from both sets of forging
coupons using delay times generated using theeg®®D method. For both the initial and refined 2iag
time generation methods, the saved waveforms ffmenisiens 12 and 13 from both forging coupon sets
were individually summed together using a post-pssing algorithm.

Table 4.5 tabulates the number of focal laws, lamte A-scan waveforms acquired during an
inspection, for curved interface forging couportardugh 13 when using delay times from the 3D metho

Consistency was maintained during waveform actjois from individual FBH coupons by using
common settings for all inspection parameters,uginb gain and sum gain settings. If the inspeotiba
forging coupon required multiple focal laws, eacbdl law was acquired during separate inspectioa ru
as both the XY the radial-rotational motion consgstem appeared to consistently perform repeatable
scans at the relatively slow rotational inspectpeeds used.

Because individual focal laws were acquired dusagarate inspections, the full dynamic range of
A-scan waveform amplitudes could be employed bystijg the gain set for each focal law. An indidtu
focal law could energize and phase either few anynedements for sending and receiving, so settieg t
gain higher when few elements were energized isectthe signal-to-noise ratio and setting the auer
prevented amplitude saturation from occurring waealatively large number of elements were enedgize
The gains used during inspections of planar interfarging coupons employing initial 2D method gela
time sets are tabulated in Table 4.6 and, simildr&ble 4.7 when employing the refined 2D methoainG
settings when inspecting the curved interface catiibn specimens are provided in Table 4.8 whengusi
delay times from the refined 2D method, and Tal®ewhen employing the 3D ray-tracing algorithm.

The phased array instrument used for the final dallection had been recently calibrated by the
manufacturer, otherwise a lack of instrument catibn could have been a contribution to error & th
acquired data. Potential sources of error duelaglaof instrument calibration include, but are hmited
to, a relative reduction or complete loss of sigeaponse along individual transmission and recapti

channels, a lack of signal amplitude linearity whaejusting gain settings, and excessive electnooiise.

Table 4.5: Number of focal laws required when usinglelay times from the 3D method.

Block # Focal Laws Block # Focal Laws Block # Feal Laws
2 1 6 9 10 9
3 1 7 9 11 9
4 4 8 9 12 16
5 4 9 9 13 18
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Table 4.6: Focal Law gains for planar interface foging coupons using the initial 2D method.

Block > 3 4 5 6 7 8 9 10 11 12 13
Focal Law
1 330 27.0 240 220 200 220 200 230 230 2385 276
2 346 321
3 339 35.0
4 445 41.0

Table 4.7: Focal law gains for planar interface foging coupons using the refined 2D method.

Block 3 4 5 6 7 8 9 10 11 12 13
Focal Law
1 33.0 27.0 240 220 200 220 200 21.0 200 2027 234
2 33.2 30.9
3 32.0 327
4 44.0 395

Table 4.8: Focal Law gains for curved interface foging coupons using the refined 2D method.

Block 3 4 5 6 7 8 9 10 11 12 13
Focal Law
1 335 315 280 280 260 280 260 240 260 2802 3009
2 47.1 440
3 45.6 42.0
4 57.8 53.3

Table 4.9: Focal Law gains for curved interface foging coupons using the 3D method.

Block

2 3 4 5 6 7 8 9 10 11 12 13
Focal Law

1 350 315 29.7 287 28.1 302 272 272 280 27316 325

2 545 46.7 388 41.0 395 395 439 446 47.3.548
3 496 419 564 528 439 439 422 408 60.2.752
4 757 57.8 382 409 379 379 401 414 402341
5 485 49.7 424 424 408 412 448 457
6 65.0 52.0 483 483 519 526 415 428
7 520 62.7 528 528 504 522 494 450
8 625 592 520 520 526 528 541 586
9 63.0 716 516 516 517 542 596 635

10 80.1 59.8 550 550 506 523 498 635
11 76.7 67.7 540 540 516 508 631 631
12 61.4 52.3
13 51.1 49.7
14 441 52.6
15 50.5 58.1
16 52.1 58.1
17 61.1
18 41.1
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Post-Processing of Inspection Data

After data acquisition, each saved data file ftbmmphased array instrumentation control software
was converted from a binary data file into an ASfGtmatted text document containing a 4-dimensional
(4D) matrix of information, including scan locatidndex location, TOF, and amplitude. A post-preies
computer program was developed to convert this dfa thatrix into a 2D C-scan bitmap image for each
waveform data set collected for and presentedisndilssertation, no matter which forging coupon was
inspected or ray-tracing algorithm employed.

When multiple focal laws were required for an sjon, this post-processing program would
also sum together all sets of A-scan waveform ftata the inspection using a common gain setting,
specifically the gain setting of the first focaldgdsee Tables 4.6 through 4.9), before generatimggatant
2D C-scan bitmap image. To allow for subsequent&ismage analysis, these images were normalized by
adjusting the common gain setting such that th& peglitude response equaled 80%FSH on a 0%FSH to
100%FSH scale. Along with the final common gairgitidnal parameters associated with data collected
for each specific specimen and ray-tracing algorithere output for data analysis along with a gralgsc
C-scan bitmap image. C-scans of data from indiith@al laws when multiple focal laws were required

are presented in Appendix F.

Acquired Data — C-Scan Images

Grayscale C-scan bitmap images generated in posegsing for forging coupons 2 through 13
for each ray-tracing algorithm are shown arrayeBigures 4.1 through 4.3. Each image consists dfy60
60 pixels, corresponding to a 0.120-inch by 0.1&kiscan area at a resolution of 0.002 inch. Ttmedps
are square images presented below with dimensioh4d.6-inch by 1.16-inch. In the grayscale bitmap
images, white represents a 100%FSH amplitude sahblack represents a 0%FSH amplitude signal.

The maximum flaw response in each image was naxawlio an 80%FSH amplitude signal.
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Planar Interface Planar Interface Curved Interface
. . . Curved Interface
Block Forging Coupons Forging Coupons Forging Coupons Foraing Coupons
# and Initial 2D and Refined 2D and Refined 2D ang SgD Metﬁod
Method Method Method

N

3
6

Figure 4.1: C-scan images of FBH inspections of htks 2 through 6 from both forging coupon sets
when using delay times generated by each of the & ray-tracing algorithms.
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Planar Interface Planar Interface Curved Interface
) ) . Curved Interface
Block Forging Coupons Forging Coupons Forging Coupons Foraing Coupons
# and Initial 2D and Refined 2D and Refined 2D ang 3gD Metﬁod
Method Method Method

8
| - - -
10 - - -
11

Figure 4.2: C-scan images of FBH inspections of htks 7 through 11 from both forging coupon sets
when using delay times generated by each of the & ray-tracing algorithms.
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Planar Interface Planar Interface Curved Interface
. . . Curved Interface
Block  Forging Coupons Forging Coupons Forging Coupons Foraing Coupons and
# and Initial 2D and Refined 2D and Refined 2D 9 3% Metﬁod
Method Method Method

12

13

Figure 4.3: C-scan images of FBH inspections of hitks 12 and 13 from both forging coupon sets
when using delay times generated by each of the & ray-tracing algorithms.

Acquired Data — Analysis

Tabulated in Table 4.10 are the gain settingsiredto produce 80%FSH peak amplitude C-scan
images for each specimen and ray-tracing algoritsmutput from post-processing of the acquired.dat
This data can alternatively be presented as peaktade responses relative to a common gain. The da
presented in Table 4.10 has been converted toad petik amplitude signal responses produced iagées
common gain setting of 59.0 dB for all four setglafa (see Table 4.11 and Figure 4.4).

For the data presented, the average half-maximuapifade width of the ultrasonic beam at the
depth of a FBH was determined from horizontal aedieal line profiles passing directly through teak
amplitude coordinates in each C-scan image. Th# érdp in amplitude method, common in ultrasonic
testing and previously discussed in Chapter 2,ugasl to determine the ultrasonic beam widths pteden

As the C-scan images presented in this chaptey peak amplitudes of 80%FSH, beam widths
were measured at scan and index positions wher@npétude dropped to 40%FSH. Table 4.12 and
Figure 4.5 show horizontal beam widths measuredgaibe scan direction of the inspection, while €abl
4.13 and Figure 4.6 show vertical beam widths nregsalong the index direction.

Evaluation of an ultrasonic technique generalbhides measuring inspection sensitivity, where
signal-to-noise ratio (SNR) is measured for a ftdwnown type, size, and depth. For circular refies
inspected at normal incidence and small in sizgtikel to the ultrasonic beam, the surface areheoflaw
divided by SNR remains constant. Hence, dividirkB&l diameter by the square root of its SNR predicts
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the FBH diameter that would be detected with theestechnique if SNR were equal to unity, assuming
flaw type, depth and material properties remairhanged.

Peak flaw amplitudes in the c-scans shown in eigudr1 through 4.3 were normalized to
80%FSH. Average noise amplitudes were measureshidr C-scan presented in this dissertation are
tabulated in Tables 4.14. The SNR values are taduiia Table 4.15, and also plotted in Figure 4.7.

The measurement sensitivity, i.e., minimum FBHBters, of each inspection performed in this
dissertation are tabulated in Table 4.16 and pldtid=igure 4.8. In this dissertation, the SNRhis peak
amplitudes of #1/2 (1/128-inch or ~0.0078-inch di#en) FBHs divided by average noise amplitude from

the C-scan bitmap images presented in this chapter.

Table 4.10: Gain settings to achieve 80% FSH pealkgsial amplitudes in C-scan images.

Planar Interface Planar Interface Curved Interface
Forging Coupons Forging Coupons Forging Coupons Curved Interface
FBH and Initial 2D and Refined 2D and Refined 2D Forging Coupons
Depth Method Method Method and 3D Method
Block # (inches) (dB) (dB) (dB) (dB)
2 0.20 31.9 32.2 32.2 33.9
3 0.45 26.7 27.0 31.0 31.6
4 0.70 23.5 24.0 28.3 28.9
5 0.90 22.8 234 275 26.0
6 1.15 20.3 19.9 24.7 23.0
7 1.35 21.9 21.0 27.0 24.6
8 1.60 20.3 19.2 251 23.0
9 1.80 23.0 211 23.6 21.2
10 2.05 22.8 20.0 26.0 25.1
11 2.25 22.6 19.6 28.2 21.6
12 2.50 204 18.0 27.9 22.9
13 2.70 19.7 17.9 27.4 23.4

Table 4.11: Peak signal amplitudes at a common gaof 59 dB from C-scan images.

Planar Interface Planar Interface Curved Interface
Forging Coupons Forging Coupons Forging Coupons Curved Interface
FBH and Initial 2D and Refined 2D and Refined 2D Forging Coupons
Depth Method Method Method and 3D Method
Block # (inches) (%FSH) (%FSH) (%FSH) (%FSH)
2 0.20 18.1 17.5 17.5 14.4
3 0.45 33.0 31.8 20.1 18.8
4 0.70 47.7 45.0 27.4 25.6
5 0.90 51.7 48.2 30.1 35.7
6 1.15 68.9 72.1 41.5 50.5
7 1.35 57.3 63.5 31.8 42.0
8 1.60 68.9 78.2 39.6 50.5
9 1.80 50.5 62.8 47.1 62.1
10 2.05 51.7 71.3 35.7 39.6
11 2.25 52.9 4.7 27.7 59.3
12 2.50 68.1 89.8 28.7 51.1
13 2.70 73.8 90.8 30.4 48.2
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Figure 4.4: Peak FBH signal amplitudes at a commogain of 59 dB from C-scan images.

Table 4.12: Horizontal half-maximum-amplitude beamwidths from C-scan images.

Planar Interface
Forging Coupons

Planar Interface Curved Interface

Forging Coupons  Forging Coupons Curved Interface

FBH and Initial 2D and Refined 2D and Refined 2D Cougg:g‘lg%d 3D
Method Method Method
Depth (inches) (inches) (inches) Method
Block # (inches) (inches)
2 0.20 0.039 0.040 0.033 0.050
3 0.45 0.032 0.033 0.025 0.030
4 0.70 0.031 0.031 0.020 0.024
5 0.90 0.030 0.032 0.021 0.024
6 1.15 0.032 0.030 0.018 0.024
7 1.35 0.033 0.031 0.022 0.034
8 1.60 0.035 0.032 0.017 0.024
9 1.80 0.043 0.036 0.016 0.022
10 2.05 0.046 0.037 0.017 0.028
11 2.25 0.048 0.040 0.018 0.025
12 2.50 0.044 0.037 0.019 0.031
13 2.70 0.043 0.038 0.020 0.030
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Figure 4.5: Horizontal half-maximum-amplitude beamwidths from C-scan images.

Table 4.13: Vertical half-maximum-amplitude beam widths from C-scan images.

Planar Interface
Forging Coupons

Planar Interface Curved Interface

Forging Coupons  Forging Coupons Curved Interface

FBH and Initial 2D and Refined 2D and Refined 2D Cougt())rrlgs";%d 3D
Method Method Method
Depth (inches) (inches) (inches) Method
Block # (inches) (inches)
2 0.20 0.041 0.041 0.054 0.063
3 0.45 0.034 0.035 0.029 0.029
4 0.70 0.031 0.033 0.035 0.031
5 0.90 0.032 0.031 0.045 0.035
6 1.15 0.031 0.031 0.038 0.034
7 1.35 0.035 0.033 0.045 0.040
8 1.60 0.036 0.033 0.049 0.050
9 1.80 0.043 0.034 0.054 0.050
10 2.05 0.042 0.036 0.060 0.060
11 2.25 0.042 0.037 0.087 0.059
12 2.50 0.048 0.039 0.107 0.081
13 2.70 0.046 0.038 0.074 0.071
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Figure 4.6: Vertical half-maximum-amplitude beam widths from C-scan images.

Table 4.14: Average noise amplitudes in C-scan imag where peak amplitudes are 80%FSH.

FBH Planar Coupons  Planar Coupons Curved Coupons  Curved Forging
Depth and Initial 2D and Refined 2D and Refined 2D and 3D Method
Block # (inches) Method (%FSH)  Method (%FSH) Method (%FSH) (%FSH)
2 0.20 20.34 21.67 35.53 33.52
3 0.45 6.10 7.80 11.71 11.65
4 0.70 3.86 5.33 6.04 7.71
5 0.90 4.78 4.92 9.53 10.30
6 1.15 3.61 4.02 4.61 8.80
7 1.35 3.52 3.36 7.45 10.92
8 1.60 2.44 2.62 7.06 12.89
9 1.80 5.69 4.11 11.60 16.91
10 2.05 6.86 5.02 13.46 19.93
11 2.25 4.01 3.34 10.96 17.13
12 2.50 10.58 9.70 18.72 22.65
13 2.70 13.83 12.83 12.87 16.13
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Table 4.15: Signal-to-noise ratios in C-scan images

FBH Planar Coupons  Planar Coupons Curved Coupons  Curved Coupons
Depth and Initial 2D and Refined 2D and Refined 2D and 3D Method
Block # (inches) Method (unitless) Method (unitless) Method (unitless) (unitless)
2 0.20 3.9 3.7 2.3 2.4
3 0.45 131 10.3 6.8 6.9
4 0.70 20.7 15.0 13.2 104
5 0.90 16.7 16.3 8.4 7.8
6 1.15 22.2 19.9 17.4 9.1
7 1.35 22.7 23.8 10.7 7.3
8 1.60 32.8 30.5 11.3 6.2
9 1.80 141 195 6.9 4.7
10 2.05 11.7 15.9 5.9 4.0
11 2.25 20.0 24.0 7.3 4.7
12 2.50 7.6 8.2 4.3 3.5
13 2.70 5.8 6.2 6.2 5.0

Table 4.16: FBH diameters producing SNR of unity aa method of measuring inspection sensitivity.

FBH Planar Coupons  Planar Coupons Curved Coupons  Curved Coupons
Depth and Initial 2D and Refined 2D and Refined 2D and 3D Method
Block # (inches) Method (inches)  Method (inches) Method (inches) (inches)

2 0.20 0.0039 0.0041 0.0052 0.0051
3 0.45 0.0022 0.0024 0.0030 0.0030
4 0.70 0.0017 0.0020 0.0021 0.0024
5 0.90 0.0019 0.0019 0.0027 0.0028
6 1.15 0.0017 0.0018 0.0019 0.0026
7 1.35 0.0016 0.0016 0.0024 0.0029
8 1.60 0.0014 0.0014 0.0023 0.0031
9 1.80 0.0021 0.0018 0.0030 0.0036
10 2.05 0.0023 0.0020 0.0032 0.0039
11 2.25 0.0017 0.0016 0.0029 0.0036
12 2.50 0.0028 0.0027 0.0038 0.0042
13 2.70 0.0032 0.0031 0.0031 0.0035
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Figure 4.7: Signal-to-noise ratios in C-scan images
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Figure 4.8: FBH diameters producing SNR of unity ag method of measuring inspection sensitivity.
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Summary

Inspection data was acquired by the designed sagaheannular array from #1/2 FBHs located
beneath planar interface forging coupons when pgakie transducer array with delay times generayed
the initial and refined 2D ray-tracing algorithnixata was also acquired by this array from #1/2 FBHs
beneath curved interface forging coupons when phasith delay times generated by the refined 2D and
3D ray-tracing algorithms in inspections which immorated a cylindrically focused ultrasonic mirror
designed to compensate for forging surface cureatur

The phased array instrumentation hardware rastitimited how delay times for phasing the
transducer array elements were grouped togethar tordata acquisition. Considerations of inspectio
factors such as finite acquisition time and comiporal resources led to the development of an gifec
grouping of delay time sets generated by eacheoftitee ray-tracing algorithms presented in Chapter
this dissertation. Post-processing of acquired @&sgaveform inspection data provided C-scan imafjes
#1/2 FBH signal responses from the forging coupaa.sThe C-scans bitmaps were subsequently analyzed
to determine FBH peak signal amplitudes, averatfenteximum-amplitude ultrasonic beam widths,
average noise amplitudes, and signal-to-noises.afitso, the measurement sensitivity of each inspec
technique was calculated using surface area dfBté reflector and SNR.

The following chapter of this dissertation will éwate the significance of the inspection data
results presented in this chapter. An attempthyélimade to determine the relative effectiveneskeof
initial and refined 2D delay time generation methadhen inspecting the set of planar interface faygi
coupons. Also, the relative effectiveness of thimeel 2D and 3D delay time generation methods when

inspecting the set of curved interface forging amgusing compensating mirrors will be evaluated.
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CHAPTER 5. CONCLUSIONS

Introduction

In this dissertation, three progressively morehssifcated ray-tracing algorithms are evaluated by
analyzing results from multiple inspections of tfeoging material coupon sets containing #1/2 FBH
reflectors at common depths. One set of forgingroos has a planar surface through which the ultiaso
inspection was performed. The second coupon sei hasved interface, a surface compensated fongduri
ultrasonic inspections by the incorporation of aved ultrasonic mirror. The three ray-tracing altons,
called the initial 2D, refined 2D and 3D methods)ided sets of delay times for phasing the compgoun
spherically focused, annular, segmented, ultrasimarsducer array operating at a center frequeht® o
MHz. This was specifically designed for ultrasonandestructive inspections of forging disks in the
aerospace industry.

Each of the four inspection data sets presentéltkiprevious chapter of this dissertation will be
used to evaluate various aspects of the threer@iiffeay-tracing algorithms used to generate theetkets
of delay times used in these inspections. Theskei&ans include:

e For the planar interface forging coupons, theahiind refined 2D inspections will be compared
in order to evaluate whether or not focusing imgroents had been achieved due to refining the
method used for calculating refraction at the wéteging interface.

e For the refined 2D ray-tracing algorithm, inspestigesults of the planar and curved interface
forging coupons will be compared in order to eviduthe performance of the surface ultrasonic
mirror incorporated into inspections of the curig@rface forging coupons to compensate for
forging surface curvature.

e For the curved interface forging coupons, the exfi@D and 3D inspections will be compared in

order to evaluate the circumferential phasing nmettieed by the 3D ray-tracing algorithm.

Rectilinear scans of planar interface forging amgpwere performed using the initial and refined
2D ray-tracing algorithms. Otherwise similar, thése algorithms employed different methods to
calculate refraction at the planar forging-wateeiface, where the initial 2D ray-tracing algorithused a
small angle approximation while the refined 2D tegeing algorithm used a precise humerical method.
Delay time sets generated by each algorithm wesd tesphase the transducer array elements during
ultrasonic inspections performed on #1/2 FBH reéfieclocated within the planar interface forging
coupons. Inspections of planar interface forgingcapens will be evaluated to determine whetherodr n

the refined 2D ray-tracing algorithm significantgduces the effects of focusing aberrations, agpeoed
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to similar inspections performed when using delmgetsets generated by the initial 2D ray-tracing
algorithm.

Rotational-radial scans of curved interface foggioupons were also performed using the delay
time sets generated from the refined 2D methodin&ppections of the convexly curved interface fogi
coupons incorporated a concave, cylindrically feclsiltrasonic mirror oriented between the transduc
array and curved interface forging coupons to ps&d the ultrasonic beam before refraction thitotlge
curved forging interface. The delay times generatethe refined 2D method for inspections of planar
interface forging coupons were again used, novhese the array when inspecting curved interface
forging coupons with the surface compensating mil@me purpose of inspecting curved interface faygi
coupons when using delay time sets from the reffi2anethod was to evaluate the mirror as a source o
focusing aberrations. This evaluation will be acptisihed by comparing the results of inspectionthef
curved interface forging coupons to results of @tdjpns of planar interface forging coupons whengia
common set of delay times generated by the refdizdhethod, whereby the inspections of the curved
forging coupon use the surface compensating mamdrthe planar forging coupon inspections do not.

Rotational-radial scans of curved interface foggioupons when using the surface compensating
mirror were also performed when using delay tinte generated by the 3D ray-tracing algorithm. Ribs
method is the only algorithm presented in thisetigdion wherein the delay time values varied adaine
circumference of each segmented ring of the antdasducer, resulting in circumferential phasifthe
array. Inspections of curved interface forging amgpwhen using the 3D method will evaluate whetiner
not focusing aberrations were significantly reduasd¢ompared to similar curved interface forgingpmm
inspections performed using delay times generagatidrefined 2D ray-tracing algorithm. If the riswf
the 3D method inspection do not compare favoralitly the results of inspections when using the 2D
methods, additional sources of focusing aberratiatisin the 3D method will be investigated.

A comparison between inspection methods will tgdgn the results of measurements taken from
the four sets of inspection data. The ray-traciggrithms will be evaluated in terms of providing a
significant reduction in the effects of focusingeadations. Both the inspection data and the restilts
parameters inferred from the inspection data wegegipusly presented in Chapter 4 of this dissemati
The data of each of the four inspections, includirginitial and refined 2D inspections of planaeiface
coupons as well as the refined 2D and 3D inspestidrturved interface coupons, were presented.ifBpec
measurements of the inspection data included dypgualitative examination of the C-scan bitmap
images, inspection gain settings, peak amplitugi@szontal and vertical beam widths, average noise
amplitudes, signal-to-noise ratios, and inspectemsitivity.

To aid in making comparisons between data selsatetl using the inspection methods, several
descriptive statistics parameters were evaluatethéomeasurement results presented in Chaptethisof
dissertation. As quantified in Egns 5.1 through ®hése parameters included range, population mean,

population standard deviation, and coefficient afiation [21]. Table 5.1 presents the values o¢he
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parameters for each of the four data sets. Givemvtailable number of forging coupons with FBHs at

different material depths, there ae= 12 measurements in each data set.

range= Xmaximun - Xminimurr (5-1)
1 N
population meag u = Wz X; (5.2)
i=1
1% >
population standard deviatiens = WZ(Xi —,u) (5.3)
i=1
coefficient of variatior= CV = Z x 100% (5.4)
7]

Table 5.1: Descriptive statistics for measured paraeters.

Curved Curved
Planar Interface  Planar Interface Interface Interface
Forging Coupons Forging Coupons Forging Coupons Forging
Measured and Initial 2D and Refined 2D  and Refined 2D  Coupons and
Variable Statistic Method Method Method 3D Method
Gain Settings  range 12.2 14.3 8.6 12.7
to Achieve 7 23.0 21.9 27.4 25.4
80%FSH o 3.3 4.0 2.4 3.9
(dB) cv 14% 18% 9% 15%
Peak Signal range 55.7 73.3 29.6 a7.7
Amplitudes at 7, 53.6 62.1 315 415
a Fixed Gain o 15.4 21.6 8.1 14.7
(%FSH) CcVv 29% 35% 26% 35%
Horizontal range 0.018 0.010 0.017 0.028
Beam Widths 7 0.038 0.035 0.020 0.029
(inches) o 0.006 0.003 0.005 0.007
CVv 16% 10% 23% 25%
Vertical Beamn  '2N9€ 0.017 0.010 0.078 0.052
Widths 7 0.038 0.035 0.056 0.050
(inches) o 0.006 0.003 0.022 0.016
CVv 15% 8% 38% 32%
Average Noise range 17.9 19.05 30.92 25.81
Amplitud 7 7.1 7.1 12.5 15.7
plitudes
(%FSH) o 5.1 5.3 7.9 6.9
CVv 71% 74% 63% 44%
. range 28.9 26.8 15.1 8.0
Signal-to- p 15.9 16.1 8.4 6.0
Noise Ratio
(unitless) o 7.9 7.7 4.0 2.3
CcVv 50% 48% 47% 38%
FBH Diameter  range 0.0026 0.0027 0.0033 0.0026
Inspection 7 0.0022 0.0022 0.0030 0.0034
Sensitivity o 0.0007 0.0007 0.0008 0.0007
(inches) CV 33% 34% 28% 21%
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Wilcoxon Matched Pairs Signed Rank Hypothesis Test

In addition to making comparisons of the data batsed on descriptive statistics, statistical
hypothesis testing will be performed in the forntlué Wilcoxon matched pairs signed rank test. T¢ss
will be performed on the medians of six measuredipaters, namely gain settings at fixed amplitude,
horizontal and vertical beam widths, average naigplitudes, SNR and FBH diameters for inspection
sensitivity. Peak amplitudes will not be testedthés parameter is simply a rescaling of gain sgtiat
fixed amplitude. Each inspection data set was aesig subscript designator as defined in Tablaid
illustrated in Figure 5.1. The Wilcoxon matchedrsgned rank test is a non-parametric test thas chot
depend upon the data having a normal or Gaussiaulatmn distribution, and is relatively powerful
compared to other non-parametric tests in thakis into account both the signs of the differearmthe
magnitude of differences between pairs of obseymatiThe measured parameters from the c-scan images
presented in Chapter 4 are not assumed to havesi@apise., normal, distributions. This approachased
upon having a relatively low number of data pofotseach measured parameter, i.e., 12, as welhtsgn
that the measured parameters presented in Figurésrdugh 4.5 appear to be, in general, skewéarat
than symmetric as found in normally distributedad§21].

To compare two inspection methods with this testiched pairs are constructed by taking the
difference between measured values collected frBrsHocated at common material depths when using
two inspection methods. These matched pairs arertivked by their magnitudes, with the sum of ranks
from positive differences providing the test statifor hypothesis testing. The Wilcoxon signedkréest
for paired observations when not using large saspple., when paired observations are not greager t

20, will be performed as follows [22, 23]:

1. For each matched paX{, Y1), ..., (X,, Yu), record the differencd3; = X; — Yy, ...,Dp =X, =Y,
2. Rank these differences in order of magnitude, igngothe signs of the differences. For differences
that are tied, give each the average of the tiekista
3. Add the ranks for positive and negative differensgsarately. Check that they add together to
give (1/2)N (N+1).
4. The null hypothesis iBlg: 1 = 4.
The test statisti@ is the sum of the ranks associated with the pesdifferences.
6. Using critical valueg; andc obtained from Appendix A.9 of Reference 23, thenditernative
hypotheses,
a. Ha x> uy and the rejection region for leveltest isT > c;.
b. Ha s < and the rejection region for leveltest isT < c¢,, wherec, = N(N+1)/2 —c;.

c. Ha ux # uyand the rejection region for leveltest is eithel > c; or T < C,.
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Table 5.2: Designations for inspection data groupduring statistical hypothesis testing.

Inspection Data Groups Group Designator
Planar Interface Forging Coupons and Initial 2D ek W
Planar Interface Forging Coupons and Refined 20hivtbt X
Curved Interface Forging Coupons and Refined 2Dhigiet Y
Curved Interface Forging Coupons and 3D Method A
Initial 2D  Refined 2D 3D
Planar Interface Coupons LY X
Curved Interface Coupons > Z

Figure 5.1: Pairs of inspection data groups to bevaluated using Wilcoxon Hypothesis Tests.

The hypothesis tests performed have a null hysighd,, which states that the difference in
means for each parameter is zerddJfs rejected, the alternative hypotheslg, suggests that there is
statistical evidence that the means are differgnére the type of difference depends upon thergitize
hypothesis used in the testH§ is not rejected, no statistical evidence existhl& 5.3 defines the null and
three alternative hypotheses for each comparismglmade when comparing inspection data groups.

A level of significanceg, of 0.10 was selected for each hypothesis test.the confidence level
is 90% that the null hypothesis will not be rejegterior to the hypothesis tests being performeathBest
has 12 data points, so the addition of the rankbdith positive and negative differences must bdied
to equal 1/ (n+ 1) = 1/2 (12) (12 + 1) = 78.

The Wilcoxon signed rank test for 12 data poistsded to define the rejection region for these
alternative hypotheses. The critical valeeandc, equal 56 and 22, respectively, in one-sided diganite
level 0.10 tests and equal 61and 17, respectifaiywo-sided significance level 0.10 tests [24].

The Wilcoxon matched pair signed rank test wafopeyed for the paired inspection data groups
for each of the measured parameters: gain settifiged amplitude, horizontal beam width, vertibalam
width, average noise amplitude, signal-to-noiseraind FBH diameter inspection sensitivity. Tale$
through 5.9 tabulate the differences between mdtphés along with the ranking of the signed déferes
for each of the paired inspection data groups beimgpared. The tabulated differences have the same

units as the measured parameter, while rankingsed on the magnitudes of the differences.

Table 5.3: Null and alternative hypotheses for stagtical comparison of the means of measured
parameters.

Null Alternative Alternative Alternative

Groups Compared Hypothesis Hypothesis #1 Hypothesis #2 Hypothesis #3
W and X Ho! 1aw = pix Ha: raw > px Ha! 1aw < pix Ha: aw # 1x
XandY Ho: uax = oy Har 1sx > py Hal pax < iy Hal px # uy
Y and Z Ho: poy = 1tz Hal gy > 17 Ha: poy < 1tz Hal py # 17
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Table 5.4: Gain setting Wilcoxon test for difference in mean values.

W - X X-Y Y-Z
Differences W - X Differences X-=-Y Differences Y-Z
Block # (dB) Ranking (dB) Ranking (dB) Ranking
2 -0.3 2 0.0 1 -1.7 2
3 -0.3 1 -4.0 5 -0.6 1
4 -0.5 4 -4.3 6 -0.6 3
5 -0.6 5 -4.1 2 1.5 4
6 0.4 3 -4.8 4 1.7 5
7 0.9 9 -6.0 9 2.4 6
8 1.1 11 -5.9 8 2.1 7
9 1.9 7 -2.5 3 2.4 9
10 2.8 10 -6.0 7 0.9 8
11 3.0 12 -8.6 11 6.6 12
12 2.4 6 -9.9 12 5.0 11
13 1.8 8 -95 10 4.0 10

Table 5.5: Horizontal beam width Wilcoxon test for dfferences in mean values.

W — X X=-Y Y-Z
Differences W - X Differences X-Y Differences Y-Z
Block # (inches) Ranking (inches) Ranking (inches) Ranking
2 -0.0014 2 0.0068 1 -0.0171 12
3 -0.0016 3 0.0076 2 -0.0047 3
4 0.0001 1 0.0110 4 -0.0046 2
5 -0.0018 4 0.0112 5 -0.0031 1
6 0.0022 6 0.0118 6 -0.0058 4
7 0.0019 5 0.0090 3 -0.0118 10
8 0.0031 7 0.0157 7 -0.0076 7
9 0.0070 9 0.0201 10 -0.0062 5
10 0.0088 12 0.0203 11 -0.0115 9
11 0.0080 11 0.0215 12 -0.0066 6
12 0.0072 10 0.0184 9 -0.0128 11
13 0.0056 8 0.0178 8 -0.0105 8
Table 5.6: Vertical beam width Wilcoxon test for diferences in mean values.
W - X X=Y Y-Z
Differences W - X Differences X-Y Differences Y-Z
Block # (inches) Ranking (inches) Ranking (inches) Ranking
2 -0.0001 1 -0.0129 5 -0.0090 9
3 -0.0004 4 0.0060 2 -0.0004 2
4 -0.0018 6 -0.0028 1 0.0048 7
5 0.0003 3 -0.0138 6 0.0103 10
6 0.0002 2 -0.0071 3 0.0041 6
7 0.0016 5 -0.0119 4 0.0052 8
8 0.0026 7 -0.0155 7 -0.0010 3
9 0.0085 11 -0.0195 8 0.0032 4.5
10 0.0065 9 -0.0244 9 0.0002 1
11 0.0050 8 -0.0502 11 0.0283 12
12 0.0089 12 -0.0675 12 0.0256 11
13 0.0084 10 -0.0365 10 0.0032 4.5
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Table 5.7: Average noise amplitude Wilcoxon test fodifferences in mean values.

W - X X-Y Y-Z
Differences W - X Differences X-Y Differences Y-Z
Block # (%FSH) Ranking (%FSH) Ranking (%FSH) Ranking
2 -1.33 8 -13.86 12 2.01 4
3 -1.70 11 -3.91 4 0.06 1
4 -1.47 9 -0.71 3 -1.67 3
5 -0.14 1 -4.61 7 -0.77 2
6 -0.41 4 -0.59 2 -4.19 8
7 0.16 2 -4.09 5 -3.47 6
8 -0.18 3 -4.44 6 -5.83 10
9 1.58 10 -7.49 8 -5.31 9
10 1.84 12 -8.44 10 -6.47 12
11 0.67 5 -7.62 9 -6.17 11
12 0.88 6 -9.02 11 -3.93 7
13 1.00 7 -0.04 1 -3.26 5
Table 5.8: Signal-to-noise ratio Wilcoxon test for ifferences in mean values.
W -X X-Y Y-Z
Differences W - X Differences X-Y Differences Y-Z
Block # (unitless) Ranking (unitless) Ranking (unitless) Ranking
2 0.24 1 1.44 2 -0.14 2
3 2.86 8 3.42 5 -0.04 1
4 5.72 12 1.76 3 2.87 9
5 0.48 3 7.87 7 0.63 3
6 2.26 7 2.55 4 8.26 12
7 -1.08 5 13.07 10 3.41 10
8 2.25 6 19.20 12 5.13 11
9 -5.40 11 12.57 9 2.17 7
10 -4.27 10 9.99 8 1.93 6
11 -4.00 9 16.65 11 2.63 8
12 -0.69 4 3.97 6 0.74 4
13 -0.45 2 0.02 1 1.26 5
Table 5.9: FBH diameter inspection sensitivity Wilcaon test for differences in mean values.
W - X X-Y Y-Z
Differences W - X Differences X-Y Differences Y-Z
Block # (inches) Ranking (inches) Ranking (inches) Ranking
2 -0.00013 7 -0.00114 9 0.00015 3
3 -0.00028 9 -0.00055 4 0.00001 1
4 -0.00030 10 -0.00013 3 -0.00028 4
5 -0.00003 1 -0.00076 5 -0.00011 2
6 -0.00009 4 -0.00012 2 -0.00072 10.5
7 0.00004 2 -0.00078 6 -0.00050 7
8 -0.00005 3 -0.00091 7 -0.00082 12
9 0.00031 11 -0.00120 10 -0.00062 8
10 0.00033 12 -0.00125 11 -0.00069 9
11 0.00015 8 -0.00130 12 -0.00072 10.5
12 0.00012 55 -0.00106 8 -0.00038 6
13 0.00012 5.5 0.00000 1 -0.00037 5
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Comparison of Inspections — Planar Interface Forgig Coupons

The purpose of inspections of the planar interfacging coupons was to evaluate whether or not
the precise numerical method used by the refineda3Bracing algorithm to take into account refiactat
the water-forging interface reduced a source afigotrg aberration thought to exist within the iHi®
ray-tracing algorithm due to its use of the smatila approximation when calculating for refraction.

Rectilinear scans of planar interface forging amg?2 through 13 were performed using sets of
delay times generated by the initial and refinedr&ptracing algorithms. Delay time sets from thitial
and refined 2D methods used in inspections of thegp interface coupons were presented in Chapdér 3
this dissertation, where a direct comparison ofitine delay sets showed that a significant delag ti
difference existed relative to the phasing, i.elag time, resolution hardware limit of availableaged
array instrumentation. This difference betweenddlay time sets suggests that, upon examinatiscimeof
inspection data gathered using these two methodsnparison can be made which will lead to one of
these two ray-tracing algorithms being judged aprowement over the other.

A purely qualitative evaluation of the C-scan kdprimages previously presented for each planar
interface forging coupon (see Tables 4.10 throu@B)shows all 12 coupons to have a very similanbe
size and shape when comparing the same planafaiceefiorging coupon inspected using either théainit
and refined 2D method.

A quantitative evaluation of the horizontal andtieal half-maximum-amplitude beam widths
measured in the initial and refined 2D inspectimages of the planar interface forging coupons suppo
these qualitative observations (see Table 5.1).d¥ew each descriptive statistic for both beam hwitita
sets is slightly smaller in the refined 2D methoshiection relative to the initial 2D method inspeatt The
mean statistic of both beam width data sets is Bfler for the refined 2D inspections as compacetth¢
initial 2D inspections. The beam width coefficienfsvariation between the two methods show a 36-47%
smaller value for the refined 2D inspections.

Individual values of the horizontal and verticabin width data are similar for FBHs less than 1-
inch in depth in the planar interface forging coupoAt greater FBH depths, the refined 2D inspestio
provided slightly smaller beam widths relative thlaase found in the initial 2D inspection results.

Relatively low gain settings required to reachsehotarget peak signal amplitude are desirable in
ultrasonic inspections, as these lead to an imgksignal-to-noise ratio. Examination of the signal
amplifier gain settings required to achieve a fipedk signal amplitude of 80% Full-Screen-Height
(%FSH), previously presented in Table 4.14, showsmaimum difference of 2.8 dB between initial and
refined 2D inspections of the same planar interfaoging coupon. For FBHs less than 1-inch in detith
initial 2D method inspections had slightly smalgin settings. At greater FBH depths, the refined 2

method inspections had slightly smaller gain sg#in
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Given the logarithmic scale of decibels, the uaftsignal amplitude gain, it can be helpful when
evaluating inspection data to convert from loganiitally-scaled gains settings recorded for a figedk
signal amplitude to a set of linearly-scaled peablgudes at a fixed gain setting. Fixed gain psigkal
amplitude data (see Table 4.15 and Figure 4.1) slibat coupons 2 thru 5, with FBHs less than 1-inch
deep, of the planar interface forging coupons halaively higher peak signal amplitude responedabe
initial 2D method inspections when compared tor#imed 2D method inspections. However, coupons 6
and 13, with FBHSs greater than 1-inch-deep, haak gggnal amplitudes slightly higher in the refirzid
method inspections relative to the initial 2D mettiospections.

Statistically, the mean gain setting at fixed atogk is 1.1 dB lower for the refined 2D method
inspections as compared to the initial 2D methagpéctions while, given the inverse relationshipveen
gains at fixed amplitude and amplitudes at fixeithglne means peak signal amplitude at fixed gaB %
%FSH higher for the refined 2D inspections as caegb#o the mean of the initial 2D inspections. The
three descriptive statistics range, standard dewigand coefficient of variation each show reletpower
values in the gain and amplitude data for the eefilD method inspections of planar interface faygin
coupons than that recorded for the initial 2D mdtimspections.

Average noise amplitudes from the C-scan imagess Table 4.18) are lower in 50% of the 12
refined 2D method inspections of planar interfamgifhg coupons, including inspections of those cmsp
with the 5 deepest FBHs, as compared to the saopoos being inspected with the initial 2D method.

Signal-to-noise ratios (SNR), defined in this digation to be the peak signal amplitude divided
by the average noise amplitude from each C-scager(see Equation 4.3), were presented previously in
Table 4.19 and plotted in Figure 4.4. Of the 1atanterface forging coupons inspected with thimee
2D method, 50% provided a greater SNR, includirspéttions of those coupons with the 5 deepest FBHSs,
as compared to the initial 2D method inspections.

The Wilcoxon matched pair signed rank test wafopeed, with the signed differences and
rankings previously tabulated in Tables 5.4 throbgh Table 5.10 provides the sum of rankings astl t
statisticT for each test when comparing groups W and X, the.jnitial and refined 2D methods.

Table 5.11 summarizes the Wilcoxon hypothesisressilts for the six measured parameters
presented in Tables 5.4 through 5.9, tabulatingtéreor not the null hypothesid,, was rejected based

on the rejection region for each of three altexgaliypotheses.

Table 5.10: Summary of sum of ranks and test statig, T, for comparing groups W and X.

Measured Parameter Sum of Ranks Test statistic, T
Gain to achieve fixed peak amplitude 78 66
Horizontal beam width 78 69
Vertical beam width 78 67
Average noise amplitude 78 42
Signal-to-noise ratio 78 18.5
FBH diameter for inspection sensitivity 78 44

www.manaraa.com



72

Table 5.11: Wilcoxon matched pair signed rank hypothsis tests for comparing groups W and X.

Ho: paw = pix
1st Ha paw >
with Rejection Region with Rejection Region with Rejection Region

Ho: paw = pix
3rd Ha: s # ux

Ho: paw = pix
2nd Hy g < ux

Measured Parameter T >56 T<22 T2>261lorT <17
Gain setting Rejedt, Do Not RejecH, RejectH,
Horizontal beam width Rejett, Do Not RejecH, RejectH,
Vertical beam width Rejed, Do Not RejecH, RejectH,

Average noise amplitude Do Not Rejéty Do Not RejecH, Do Not RejecH,

Signal-to-noise ratio Do Not Rejeldt RejectHg Do Not RejecH,

Inspection sensitivity Do Not Rejekl Do Not RejecH, Do Not RejecH,

These Wilcoxon matched pair signed rank test tegubvide evidence at a level of significance
of 0.10 that the measured parameters gain setticidpath beam widths have dissimilar means when
comparing group W and group X, due to the null ligpsis always being rejected for the third altéveat
hypothesis. Additionally, for these three paransgttre null hypothesis was rejected for the filstraative
hypothesis but not the second alternative hypah@&sierefore, statistical evidence suggests ttoatgVv
has larger mean values for gain setting, horizdrgaim width, and vertical beam width.

For the parameter SNR, the null hypothesis wate§l for the second alternative hypothesis,
thereby providing statistical evidence that grougph&g a smaller mean value when compared to group X.

Table 5.12 summarizes the statistical evidenceiged by these hypothesis tests between groups
W and X. For an inspection method to show improvwanoeer another, gain setting should decrease,
vertical and/or horizontal beam widths should dases average noise amplitude should decrease, SNR
should increase, or FBH diameters for inspectiomsisigity should decrease or meet targeted inspacti
requirements. The evidence suggests that, relatigeoup X, group W has mean values that are ldoger
gain setting, larger for horizontal beam widthgkarfor vertical beam widths, and smaller for SNR.

Therefore, this dissertation concludes that tHfenesl 2D ray-tracing algorithm reduces a source
of focusing aberration significantly as comparedtie initial 2D ray-tracing algorithm by more acaiely
calculating the refraction effect at the water-forg interface during inspections of planar interéac
forging coupons containing #1/2 FBHs at materigbtihes ranging from 0.2 to 2.7 inches when usinglthe

MHz, compound spherical, segmented, annular phaseg described in Appendix A.

Table 5.12: Summary of statistical evidence from thgothesis tests when comparing groups W and X.

Evidence that Evidence that Evidence that

Measured Parameter Ly > p? L < pax? INEN
Gain setting Yes No evidence available Yes
Horizontal beam width Yes No evidence available Yes
Vertical beam width Yes No evidence available Yes

No evidence available Ndence available No evidence available
No evidence available Yes No evidence available
No evidence available Nadevice available No evidence available

Average noise amplitude
Signal-to-noise ratio
Inspection sensitivity
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Comparison of Inspections — Refined 2D Ray-tracinglgorithm

By comparing the inspection results of the plantarface forging coupons with the inspection
results of the curved interface forging couponsemvthe refined 2D method is used during both dets o
inspections, an evaluation was performed on thiadytally curved ultrasonic mirror designed forfsice
curvature compensation during inspections of cuineatface forging coupons. The comparison of group
X inspections with group Y inspections will be ugedletermine whether or not this mirror is a seuwt
focusing aberrations.

A single set of delay times generated by the eefilD method was used during inspections of
planar interface forging coupons without using aroniand during inspections of curved interfacegfiog
coupons when using a mirror for surface compensalibe delay times sets generated by the refined 2D
ray-tracing algorithm for rectilinear inspectiorfstioe planar interface forging coupons 2 throughwiBe
also used during rotational-radial scans of th@ediinterface forging coupons 2 through 13 alonidp whe
surface compensating mirror. The measured longitidiound velocities of both sets of planar andedir
interface forging coupons (see Tables 2.2 andr8shectively) show minor differences between faygin
coupons with FBHs at similar depths. Two sets ¢tdylémes were generated by the refined 2D method
(see Tables 3.5 and 3.6, respectively) when usiagwo different sets of measured sound velocifies.
refined 2D algorithm delay time sets for both tfenar and curved interface forging coupons haveesl
with a maximum difference of 3 nanoseconds whending at similar material depths (see Figure 3.5).
This delay time difference is very near the phamedy instrumentation delay time resolution linfiRo
nanoseconds. However, in addition to evaluatingoirdormance of the surface compensating mirror,
empirical evidence was needed to determine if ifierdnce in delay time sets is, or is not, a minor
influence during inspections of the two coupon séten using the refined 2D inspection method.

A qualitative evaluation of the C-scan bitmap imsgreviously presented for each set of refined
2D method inspections, one set taken from inspestid the planar interface forging coupons andleaerot
set from the curved interface forging coupons {E&gles 4.10 through 4.13), shows most images te hav
dissimilar beam size or shape when comparing caipaxing FBH reflectors at a common material depth.
Only the C-scan images from coupons 2 and 9 froth boupon sets show relatively circular beam shapes
when using the refined 2D method. It is also obsgéhat, while the beam spots for the planar iaterf
forging coupons are generally circular in shape ltbam spots for the curved interface forging casd®
thru 13 are generally elliptical in shape with thegjor axis in the diagonal, or radial-rotatiorditection.

Examination of the statistics presented in Tahleshows the average value of the vertical half-
maximum-amplitude beam widths to be 60% smallehénplanar coupon inspections than in the curved
coupon inspections when using the refined 2D methHaodvever, the average value of horizontal beam

widths is 56% smaller for the curved coupon inspast The three descriptive statistics range, stahd
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deviation, and coefficient of variation for bothrtamntal and vertical beam widths show more valiigbi
for the curved coupon inspections than that reabfdethe planar coupon inspections.

When examining individual values, the horizontahin width measurements show all refined 2D
inspections of both planar and curved forging coupets provided smaller beam widths for the curved
coupon inspections than those found in the plaoapan inspection results. The vertical beam widttad
are nearly as consistent, but reversed, as atitribf the 12 planar coupon inspections had a smiadiam
width than that measured in the curved coupon ittgpes when using the refined 2D method.

Examination of the signal amplifier gain settimgguired to achieve a fixed peak signal amplitude
of 80%FSH, previously presented in Table 4.14 datdis that a relatively lower, sometimes signifigan
lower, gain setting was required for planar coupdtisru 13 when compared to the curved coupon set
when using the refined 2D method. Curved coupoggRired the same gain setting as its planar coupon
counterpart. A maximum gain setting difference & @B was recorded between planar and curved
coupons with FBHs having similar depths.

Fixed gain peak signal amplitude data (see Talile dnd Figure 4.1) shows that all of the planar
coupons, excluding coupon 2, have relatively higieak amplitudes when compared to the curved
coupons when using the refined 2D method. The rpeak amplitude at fixed gain is 30.6 %FSH greater
for planar coupons relative to curved coupons. thihee descriptive statistics range, standard dewiat
and coefficient of variation each show that relgljvmore variability exists in the gain and ampliudata
for the planar coupon inspections than that reabfdethe curved coupon inspections when using the
refined 2D method.

Average noise amplitudes from the C-scan imagas Tsible 4.18) are lower for all 12 planar
coupons as compared to average noise amplitudesifigpections of the curved coupons when using the
refined 2D method.

Similarly, SNR values (see Table 4.19 and Figu4é dre higher for all 12 planar coupons, as
compared to the SNR from the curved interface faygioupons, in the refined 2D method inspections.

The Wilcoxon matched pair signed rank test watopeied, with the signed differences and
rankings previously tabulated in Tables 5.4 throbigh Table 5.13 provides the sum of rankings asd t
statisticT for each test when comparing groups X and Y.

Table 5.14 summarizes the Wilcoxon hypothesisressilts for the six measured parameters
presented in Tables 5.4 through 5.9, tabulatingtéreor not the null hypothesid,, was rejected based
on the rejection region for each of three altexmakiypotheses.

These Wilcoxon matched pair signed rank test tegubvide evidence at a level of significance
of 0.10 that all measured parameters, excluding,MRstatistically dissimilar when comparing greup

and Y, due to the null hypothesis being rejectedtfe third alternative hypothesis.
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Table 5.13: Summary of sum of ranks and test statig, T, for comparing groups X and Y.

Measured Parameter

Sum of Ranks Test statistic, T

Gain to achieve fixed peak amplitude 78 1
Horizontal beam width 78 78
Vertical beam width 78 2
Average noise amplitude 78 0
Signal-to-noise ratio 78 18.5
FBH diameter for inspection sensitivity 78 1

Table 5.14: Wilcoxon matched pair signed rank hypothasis tests for comparing groups X and Y.

Ho: psx = sy Ho: psx = gy Ho: psx = gy
st Hao x> v 2nd Hy: px < v 3rdHa ux = wy
with Rejection Region with Rejection Region with Rejection Region

Measured Parameter T >56 T<22 T>61lorT <17
Gain setting Do Not Rejett, RejectH, RejectHq
Horizontal beam width Rejett, Do Not RejecH, RejectH,
Vertical beam width Do Not Rejekt, RejectH, RejectHq
Average noise amplitude Do Not Rejet# RejectH, RejectH,

Signal-to-noise ratio Do Not Rejeldt RejectH, Do Not RejecH,
Inspection sensitivity Do Not Rejekt, RejectH, RejectH,

For the parameters gain setting, vertical beanthyalerage noise amplitude, SNR and FBH
diameters for inspection sensitivity, the null hifpesis was rejected for the second alternative tigsis.
Therefore, statistical evidence exists that groupaX lower mean values for these measured paraneter

For the parameter horizontal beam width, the Imytlothesis was rejected for the first alternative
hypothesis. Therefore, statistical evidence exigisgroup X has a larger mean value for horizoogaim
width than group Y.

The performance of the surface curvature compigrgsatirror as a source of focusing aberration
is statistically evident in 4 of the 6 measuredapagters, specifically improved mean values of gaiting,
vertical beam width, average noise amplitude, aBH Biameter for inspection sensitivity for planar
coupon inspections when compared to curved cougspections using a surface compensating mirror. In
contrast, statistical evidence provided for hortabbeam width inspection data suggests this paene
on average, larger for planar coupon inspections.

Table 5.15 summarizes the statistical evidenceiged by these hypothesis tests between groups
X and Y. For a method to show improvement over la@gtgain setting should decrease, vertical and/or
horizontal beam widths should decrease, average ronplitude should decrease, SNR should increase,
FBH diameters for inspection sensitivity shouldréase or meet targeted inspection requirements.

The statistical evidence suggests that, relativgroup Y, group X has mean values that are
smaller for gain setting, larger for horizontal bewidth, smaller for vertical beam widths, smaftar
average noise amplitude, smaller for SNR, and emfdt FBH diameters for inspection sensitivity.

Therefore, it is the conclusion of this dissedatthat the surface curvature compensating mirror

is a source of focusing aberration, albeit likelynénor source given the limited statistical evidefcund.
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Table 5.15: Summary of statistical evidence from tgothesis tests when comparing groups X and Y.

Evidence that Evidence that Evidence that
Measured Parameter x> w? Lx < ? U # ?

Gain setting No evidence available Yes Yes
Horizontal beam width Yes No evidence available Yes
Vertical beam width No evidence available Yes Yes
Average noise amplitude No evidence available Yes Yes

Signal-to-noise ratio No evidence available Yes No evidence available
Inspection sensitivity No evidence available Yes Yes

Comparison of Inspections — Curved Interface Forgig Coupons

The purpose of inspections of the curved interfacging coupons is to evaluate whether or not
delay time sets generated from the 3D algorithmgthod using circumferential phasing of the tragsdu
array, would significantly reduce sources of foagsaberrations when compared to inspections pegdrm
upon the curved interface forging coupons whengudiglay times generated by the refined 2D algorithm

Rotational-radial scans of curved interface foggioupons 2 through 13 were performed using
sets of delay times generated by the refined 2D3&nday-tracing algorithms. In this dissertation|ay
time sets used in inspections of the curved interfarging coupons were previously presented inelab
3.6 for the refined 2D method as well as Tablesdn@ D.3 from Appendix D for the 3D method.

The results of inspections of curved interfacgifoy coupons 2 through 13, containing #1/2 FBH
reflectors ranging in depth from 0.2 inches toiiches were presented in Chapter 4 of this didsemta
with C-scan bitmap images of these inspectionsepitesl in Tables 4.10 through 4.13.

A purely qualitative evaluation of the two C-sdatmap images for each curved coupon inspected
using the refined 2D and 3D methods may be perfdrmbere examination of the C-scans from both
inspections shows a generally similar beam sizeshage for all coupons if relatively low amplitudes
ignored in the 3D method inspections. While simifaoverall appearance, a somewhat dispersed beam
spot shape of relatively low amplitude signalsdorved coupons 6 thru 13 can be easily seen.

Using the descriptive statistics found in Tablk, & quantitative evaluation of the horizontal and
vertical half-maximum-amplitude beam widths meadurerefined 2D and 3D inspection method images
of curved coupons shows mean horizontal beam widthg 45% larger for 3D method inspections than
for refined 2D method inspections. However, the mesues for vertical beam widths are 12% larger fo
refined 2D method inspections than for 3D methapéctions,

Examination of the signal amplifier gain settimgguired to achieve a fixed peak signal amplitude
of 80%FSH, previously presented in Table 4.14 datdis that a relatively lower gain setting was iregl
for coupons 5 thru 13 for 3D method inspectionsaspared to refined 2D method inspections. A
maximum gain setting difference of 6.6 dB was rdedrbetween refined 2D and 3D method inspections of

curved coupon #11.
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Fixed gain peak signal amplitude data (see Talile dnd Figure 4.1) shows that nearly all of the
3D method inspections, excluding coupons 2 thiwedg relatively greater peak amplitudes when
compared to the refined 2D method when inspectiegctirved coupon set. The mean peak amplitude at
fixed gain is 10.0 %FSH greater for 3D method icsijpas relative to refined 3D method inspections.

Average noise amplitudes from the C-scan imagas Tsible 4.18) are relatively lower for refined
2D method inspections of curved coupons 4 thru ki8ncompared to 3D method inspections.

Similarly, SNR values (see Table 4.19 and Figu#é dre higher for 10 out of 12 curved coupons,
excluding coupons 2 and 3, for the refined 2D metingpections relative to 3D method inspections.

The Wilcoxon matched pair signed rank test watopeed, with the signed differences and
rankings previously tabulated in Tables 5.4 throbicgh Table 5.16 provides a sum of rankings and tes
statisticT for each test when comparing groups Y and Z.

Table 5.17 summarizes the Wilcoxon hypothesisressilts for the six measured parameters
presented in Tables 5.4 through 5.9, tabulatingtéreor not the null hypothesid,, was rejected based
on the rejection region for each of three altexgaliypotheses.

These Wilcoxon matched pair signed rank test tegubvide evidence at a level of significance
of 0.10 that the measured parameters gain settorgontal and vertical beam widths, average noise
amplitude and FBH diameters for inspection serigjtivave dissimilar mean values when comparing
groups Y and Z, due to the null hypothesis beilected for the third alternative hypothesis.

For the parameters horizontal beam width, avenaige amplitude, SNR, and FBH diameters for
inspection sensitivity, the null hypothesis wagcggd for the second alternative hypothesis, tlyereb
providing statistical evidence that group Y haslfgnanean values for these parameters than group Z.

For the parameters gain setting and vertical beatth, the null hypothesis was rejected for the
first alternative hypothesis, thereby providingistacal evidence that group Y has larger meanesfor
these parameters than group Z.

Table 5.18 summarizes the statistical evidenceiged by these hypothesis tests between groups
Y and Z. For an inspection method to show improwgoger another, gain setting must decrease, agrtic
and/or horizontal beam widths must decrease, agaraize amplitude must decrease, SNR must increase,
or FBH diameters for inspection sensitivity mustréase or meet targeted inspection requirements.

The statistical evidence suggests that, relativggoup Z, group Y has mean values that are larger
for gain setting, smaller for horizontal beam wid#rger for vertical beam widths, smaller for age
noise amplitude, smaller for SNR, and smaller BHFdiameters for inspection sensitivity.

Therefore, this dissertation concludes that ther&ptracing algorithm reduces a source of
focusing aberration as compared to the refined a-tracing algorithm by incorporating circumfereaii
phasing during inspections of curved interface fioggcoupons containing #1/2 FBH reflectors at matier
depths ranging from 0.2 to 2.7 inches when usisgréace curvature compensating mirror phasing ef th

10 MHz, compound spherical, segmented, annulargzthagray described in Appendix A.
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Table 5.16: Summary of sum of ranks and test statig, T, for comparing groups Y and Z.

Measured Parameter

Sum of Ranks Test statistic, T

Gain to achieve fixed peak amplitude 78 72
Horizontal beam width 78 0
Vertical beam width 78 64
Average noise amplitude 78 5
Signal-to-noise ratio 78 18.5
FBH diameter for inspection sensitivity 78 4

Table 5.17: Wilcoxon matched pair sighed rank hypothsis tests for comparing groups Y and Z.

Ho: v = 1z Ho: v = 1z Ho: v = 1z

IstHa oy > 1z 2nd Hy oy < iz rdHa v # 1z

with Rejection Region with Rejection Region with Rejection Region

Measured Parameter T >56 T<22 T>61lorT <17
Gain setting Rejedt Do Not RejecH, RejectH,
Horizontal beam width Do Not Rejeld RejectH, RejectHq
Vertical beam width Rejedt, Do Not RejecH, RejectH,
Average noise amplitude Do Not Rejet# RejectH, RejectH,

Signal-to-noise ratio Do Not Rejeldt RejectH, Do Not RejecH,
Inspection sensitivity Do Not Rejekt, RejectH, RejectH,

Table 5.18: Summary of statistical evidence from tpothesis tests when comparing groups Y and Z.

Evidence that Evidence that Evidence that

Measured Parameter Wy > u? oy < ? My # 1r?
Gain setting Yes No evidence available Yes
Horizontal beam width No evidence available Yes Yes
Vertical beam width Yes No evidence available Yes
Average noise amplitude No evidence available Yes Yes

No evidence available Yes No evidence available
No evidence available Yes Yes

Signal-to-noise ratio
Inspection sensitivity

Summary

Four sets of inspection data described and predemtprevious chapters of this dissertation were
used to perform 3 evaluations, including the siaiscomparison of inspections of planar interfémrging
coupons when using the initial and refined 2D md#hdnspections when using the refined 2D method
upon both the planar and curved interface forgimgpons with and without a surface compensatingamirr
respectively, and inspections when using the rdf2i@ and 3D methods upon the curved interface ffigrgi
coupons with a surface compensating mirror.

No direct evaluations were made between the 3Maakinspections of curved forging coupons
and either inspection of the planar forging coupaunes to relative differences between these inapesiti
including disk forgings materials from which theupon sets were cut, planar versus curved coupon
interface conditions, use of the surface compemgatiirror, and the ray-tracing algorithm employed,

resulting in an inability to isolate dominant fomgsaberrations during subsequent data analysis.
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To aid in evaluating between inspection data sleésparameters range, mean, standard deviation,
and coefficient of variation were used to providsctiptive statistics for the measurement resivesmgin
the previous chapter. The Wilcoxon matched pagsesd rank test, a non-parametric, statistical Hygsis
test useful for evaluating non-normally distributiata, was used to evaluate inspection methodsi&&ns
of paired measurement parameters presented in &hapf this dissertation.

The measurement parameters evaluated to compsgreciion data include signal amplifier gain
setting, horizontal and vertical half-maximum-arqpdie beam widths, average noise amplitude, SNR, and
FBH diameters for inspection sensitivity.

This chapter concluded that the refined 2D methspections significantly reduced a source of
focusing aberration primarily due to statisticaidence being found that the means of gain settiedical
beam width, and horizontal beam width were largad SNR smaller, for the initial 2D method when
compared to the refined 2D method.

This chapter also concluded that the surface tureaompensating mirror is a minor source of
focusing aberration primarily due to limited stttial evidence being found, including the meangaih
setting, vertical beam width, average noise amgditieing statistically smaller during planar coupon
inspections as compared to curved coupon inspectitven using the refined 2D inspection method.

Finally, this chapter concluded that the 3D metmsgpections reduced a source of focusing
aberration primarily due to statistical evidencengdound that the mean of gain setting was larged, the
mean of SNR was smaller, for the refined 2D metivbdn compared to the 3D method during inspections

of curved coupons.

Ideas for Future Research

This dissertation studies an improved method &ecting flaws in critical rotating components of
gas engine turbines, seeking to increase flaw tahsin aerospace titanium alloys to improve Hig
safety. The expectation of the performance ofithjgroved method, the circumferential phasing of a
segmented, annular phased array transducer, wateigtkan that actually realized in this disseotati
Specifically stated, the circumferential phasinghod when used with a surface compensating mimor o
the curved interface forging coupons was expedetval the performance of the refined 2D methoawh
inspecting the planar interface forging coupon$att using a mirror. Instead, this dissertatiorspnted
results showing 1) a minor source of focusing ai&mn for curved coupon inspections when using a
mirror as compared to planar coupon inspectionsoumit a mirror, and 2) only three out of six meadure
parameters provided statistical evidence that Eneng@thod exceeded the performance of the 2D refined
method when inspecting curved coupons while batheation methods used a surface compensating

mirror.
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In the interests of comparing the 3D method agdtisexpected performance relative to the refined

2D inspections of planar interface coupons, Tabl&8 through 5.21 summarize the Wilcoxon hypothesis

test results for the six measured parameters wheparing groups X and Z.

Statistical evidence suggests that, relativeréaig Z, group X has mean values that are larger for

horizontal beam width and smaller mean values &m getting, vertical beam width, average noise

amplitude, SNR, and FBH diameters for inspectiorssivity. This comparison between groups X and Z

has statistical evidence similar to the previoysisented comparison between groups Y and Z, téh t

exception that group X is now shown to have a smatiean value for gain setting than group Z.

In terms of expected performance, the 3D inspestof curved coupons rival the 2D refined

inspections of planar coupons only in terms ofrtfeasured parameters horizontal beam width and SNR.

Possible reasons for this lack of expected perfoo@®f the 3D method include: incorrect registratd

scan indices when multiple focal laws are usedigisassociated with the fact that the forging caupo

Table 5.19: Summary of sum of ranks and test statig, T, for comparing groups X and Z.

Measured Parameter

Sum of Ranks

Test statistic, T

Gain to achieve fixed peak amplitude
Horizontal beam width
Vertical beam width
Average noise amplitude
Signal-to-noise ratio
FBH diameter for inspection sensitivity

78
78
78

78
78
78

Table 5.20: Wilcoxon matched pair signed rank hypothsis tests for comparing groups X and Z.

Ho! px = ptz Ho! px = pz Ho! px = ptz
IstHa ux > 12 2nd Hy px < 7 rdHa px = 1z
with Rejection Region with Rejection Region with Rejection Region
Measured Parameter T >56 T<22 T2>61lorT <17
Gain setting Do Not Rejett, RejectH, Do Not RejecH,
Horizontal beam width Rejett, Do Not RejecH, RejectHq
Vertical beam width Do Not Rejekt, RejectH, Do Not RejecH,
Average noise amplitude Do Not Rejéty RejectH, Do Not RejecH,
Signal-to-noise ratio Do Not Rejed RejectH, RejectH,
Inspection sensitivity Do Not Rejekl RejectH, Do Not RejecH,

Table 5.21: Summary of statistical evidence from tpgothesis tests when comparing groups X and Z.

Evidence that

Evidence that

Evidence that

Measured Parameter x> r? Hx < pz? Ux # W?
Gain setting No evidence available Yes No evidence available
Horizontal beam width Yes No evidence available Yes
Vertical beam width No evidence available Yes No evidence available

Average noise amplitude
Signal-to-noise ratio
Inspection sensitivity

No evidence available Yes
No evidence available
No evidence available

Yes
Yes

No evidence available
Yes
No evidence available
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material is not isotropic and homogeneous as asswhen deriving focal law delay times in the ray-
tracing algorithms, and questions of whether addindtiple C-scans for different focal laws would
increase the vulnerability to electronic noise.

The inspections presented in this dissertatioreve@her XY raster or radial-rotational scans. When
multiple focal laws were required to inspect a #jpeforging coupon, A-scan waveforms were acquired
separately, one after another, until the full degwas collected. In post-processing, these iddalidata
sets were summed together to provide a final C-bttarap image. If the mechanical positioning of the
transducer relative to the coupon under inspedsiomt sufficiently repeatable in terms of indivad -
scan waveform collection points during these midtarquisitions, the resultant post-processed ctathd
be compromised and provide less-than-ideal inspecésults.

A proposed alternative inspection setup may redu@iminate this potential source of focusing
aberrations. The inspection data collected fordigsertation was from #1/2 FBH reflectors locaéd
various depths within sets of forging coupons b#npkanar or curved interfaces. Significant timigome,
and funds were required to fabricate these FBH anwgets. An alternate setup for capturing measureme
data on the performance of the ray-tracing algorithpresented in this dissertation would be to fotbg
use of FBHSs altogether, instead preparing plandrcanved interface coupons where the base of each
coupon is cut along the plane of the flat tip & B#BH. In this proposed experimental setup, thestteccer
array would be oriented in position relative tooagon’s interface surface, and acquisition datkectdd
via the pitch-catch ultrasonic method where thednaitting probe is the transducer array and theivew
probe would be a single element, large apertuit $hcal length transducer focused on and mechénic
scanning the base of the coupon being inspectadlidnvay, FBH fabricating costs and variabilitytiveir
manufacture would be removed from the experimentyell as significantly reducing the complexity of
the original experimental setup.

The ray-tracing algorithms presented in thisetiggion use longitudinal forging material veloegi
measured and averaged over a small volume fromafable forging coupons inspected. The forging
material volume chosen for these velocity measunsris not fully identical to the ultrasonic beaathp
used during the forging coupon inspections, rasgllith a potential source of focusing aberratiomhaes
not fully addressed in this dissertation. Furthiedg on gathering coupon and beam path specifiemadt
velocities can be used in the ray-tracing algorghmcalculate more realistic individual elemeriagid¢ime
sets for inspection focal laws. Potential studiedlide measuring or calculating detailed velocigpsifor
each forging coupons as input into the ray-tracilggrithms, obtained by pre-scanning the forgingpmm
under inspection using single element transduaeby determining beam path velocity using the ptlase
array transducer when oriented relative to theifirgoupon just prior to inspection. Or, incorporgta
form of model-based velocity maps into the rayitigalgorithm may also be helpful.

Another potential source of focusing aberratioosaxplicitly investigated in this dissertatiorthe

influence of electronic noise in the measuremegragjcularly when data from multiple focal laws was
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acquired and summed for specific coupon inspectibhs phased array instrumentation and transducer
used to collect the inspection data in this dissien appeared to have a relatively low level etabnic
noise, relative to the other phased array instraatiem used by the author. However, the electranise
level of the inspection system was not quantifiedwas an analysis performed when summing A-scan
waveforms in multiple focal law forging coupon ieggtions.

As the state of the art continues to evolve aonggefully, generally advance, further work likedy t
require attention involves exploring and undersitagnthe hardware limitations in ultrasonic phasgdy
technology, especially with regards to the maximuumber of delay times and total number of transduce
elements available to be energized. It is suggeabstdhe individual interested in the developnant
phased array technology follow changes in hardirara a technology-driven but also a customer-driven
point-of-view. Current examples of technology-driveedvancement are phased array instrumentation
electronics becoming fully digitally based. Whikeete are several functional benefits to this adearant,
it has resulted is some losses of connectivitycifipally the loss of an RF signal output sometimssd to
interface, i.e., slave, phased array instrumentatioh other ultrasonic acquisition systems. ABaurrent
example of a customer-driven development is thdlshgdotweight, portable, user-friendly phasedagrr
inspection units with a built-in acquisition softanterface being released to meet the currepeirtfon
market. Because these smaller units have a lagdential market than research-level phased arrég,un
awareness that suppliers of phased array instratiemtand transducers appear to be focusing afisigni
portion of their internal resources on supportimgse application efforts could prove helpful wheimg to

anticipate the further development of phased agelgnology.
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APPENDIX A. PHASED ARRAY TRANSDUCER ELEMENT LAYOUT

This appendix contains the manufacturing spetifica and individual element layout of the
transducer array used for data collection in tigsettation. Three 10 MHz, 110-element, piezo-castipo
phased array transducers were fabricated by Ima&iof France (P/N CDC3446B-1 du 16/10/2003),
S/Ns 3446-A101, 3446-B101, and 3446-B102. The thacsr with S/N 3446-B101 was used in the
acquisition of data in this dissertation. Figurd Ahows the overall layout of the 36-ring transduce

Each element of the transducer array is hardwoeth electronic channel leading to the phased
array instrumentation. The technical specificatioha phased array transducer array necessarilydea
schematic of this wiring to allow for the correcieegizing and phasing of selected array elemeratsh Bf
the elements in the array has been uniquely idedtifith an element number corresponding to a hardw
channel as shown in the numbering scheme providdtkifollowing array element illustrations. Theagr
has a total of thirty-six rings, numbered radialytwards from the innermost center element.

Figure A.1: Overall transducer element layout of tle 36-ring segmented annular phased array.
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The sixteen innermost rings of the transducelyaroasist of the single elements 1 through 16.
These sixteen rings are not segmented. Note thahtiermost element is considered to be the fingt r
(See Figure A.2).

Beginning with ring 17, each ring in the arragégmented equally by area into individual
elements, although the amount of segmentation ragy Rings 17 through 21 have each been segmented
into four equal-area elements. Although these riryge four segments, each ring consists of only two
numbered elements as symmetrically opposing ateagents have been hardwired together. The fivesring
17 through 21 of the transducer array consist®fi¢im elements 17-21 and 49-53 (See Figure A.3).

Similar to the element layout of rings 17 thro@fh rings 22 through 32 have been segmented
into four elements per ring. Unlike the elementsimgs 17 through 21, each segment of rings 22itfiio
32 is individually hardwired to a unique electronf@nnel. Rings 22 through 32 consist of eleme2t32,
54-64, 86-96, and 118-128 (See Figure A.4).

The outer four rings of the transducer array, $iB8 through 36, are further segmented into a
greater number of individual elements. Each elerrerihgs 33 through 36 is directly associated with

w = e e = e lelE=

Figure A.2: Element layout of the inner 16 rings inthe transducer array.
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unique electronic channel. Rings 33 and 34 hava begmented equally into eight elements, whilggin
35 and 36 have been segmented into twelve equakdements. Overall, rings 33 through 36 consist of
elements 65-84 and 97-116 (See Figure A.5).

Tabulated in Table A.1 are the dimensions of thgsrin the transducer array, including radius,
height, and width. Height is recorded at the otdelius of each annular ring. Height is recordetthat
outer edge of each ring. Width is the annular el@médth, excluding an inter-element gap specifiethe
0.12 mm.

The array includes the design feature of a compepheérical transducer face with three different
radii of curvature (See Figure 2.11). The radiuswiature for the inner region consisting of ridigs
through 12 is 136.88 mm, while 283.73 mm is theusdf curvature for the middle region consistifig o
rings 13 through 26, and 418.62 mm is the radiusuofature for the inner region consisting of ri@Js
through 36.

Figure A.3: Element layout of rings 17 through 21n the transducer array.
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Table A.1: Layout specifications for all rings in e transducer array.

Number Curvature Curvature

Ring Radius Radius Height Height Width  Width of Radius Radius
Number (mm) (inches) (mm) (inches) (mm) (inches) Segments (mm) (inches)
1 3.1564 0.1243 0.0364 0.0014 3.0364 0.1195 1 836.8 5.3890
2 45492 0.1791 0.0756 0.0030 1.2728 0.0501 1 836.8 5.3890
3 5.6353 0.2219 0.1161 0.0046 0.9661 0.0380 1 836.8 5.3890
4 6.5633 0.2584 0.1574 0.0062 0.8079 0.0318 1 836.8 5.3890
5 7.3903 0.2910 0.1996 0.0079 0.7070 0.0278 1 836.8 5.3890
6 8.1454 0.3207 0.2426 0.0096 0.6352 0.0250 1 836.8 5.3890
7 8.8464 0.3483 0.2862 0.0113 0.5810 0.0229 1 836.8 5.3890
8 9.5044 0.3742 0.3304 0.0130 0.5380 0.0212 1 836.8 5.3890
9 10.1273 0.3987 0.3752 0.0148 0.5029 0.0198 1 8836. 5.3890
10 10.7208 0.4221 0.4205 0.0166 0.4735 0.0186 1 .8836 5.3890
11 11.2892 0.4445 0.4663 0.0184 0.4484 0.0177 1 .8836 5.3890
12 11.8358 0.4660 0.5127 0.0202 0.4267 0.0168 1 .8836 5.3890
13 12.3649 0.4868 0.5352 0.0211 0.4090 0.0161 1 .8383 11.174
14 12.8772 0.5070 0.5581 0.0220 0.3924 0.0154 1 .8383 11.174
15 13.3746 0.5266 0.5811 0.0229 0.3774 0.0149 1 .8383 11.174
16 13.8582 0.5456 0.6043 0.0238 0.3636 0.0143 1 .8383 11.174
17 14.6725 05777 0.6453 0.0254 0.6943 0.0273 2 .8383 11.174
18 15.4501 0.6083 0.6867 0.0270 0.6575 0.0259 2 .8383 11.174
19 16.1961 0.6376 0.7283 0.0287 0.6260 0.0246 2 .8383 11.174
20 16.9143 0.6659 0.7703 0.0303 0.5982 0.0236 2 .8383 11.174
21 17.6079 0.6932 0.8126 0.0320 0.5737 0.0226 2 .8383 11.174
22 18.8158 0.7408 0.8903 0.0351 1.0879 0.0428 4 .8383 11.174
23 19.9576 0.7857 0.9685 0.0381 1.0218 0.0402 4 .8383 11.174
24 21.0439 0.8285 1.0472 0.0412 0.9662 0.0380 4 .8383 11.174
25 22.0823 0.8694 1.1263 0.0443 0.9184 0.0362 4 .8383 11.174
26 23.0791 0.9086 1.2059 0.0475 0.8768 0.0345 4 .8383 11.174
27 24,0415 0.9465 1.2602 0.0496 0.8424 0.0332 4 .6218 16.481
28 24,9712 0.9831 1.3147 0.0518 0.8097 0.0319 4 .6218 16.481
29 25.8718 1.0186 1.3695 0.0539 0.7806 0.0307 4 .6218 16.481
30 26.7459 1.0530 1.4245 0.0561 0.7541 0.0297 4 .6218 16.481
31 275960 1.0865 1.4798 0.0583 0.7301 0.0287 4 .6218 16.481
32 28.4242 1.1191 15353 0.0604 0.7082 0.0279 4 .6218 16.481
33 29.9044 1.1773 1.6387 0.0645 1.3602 0.0536 8 .6218 16.481
34 31.3200 1.2331 1.7425 0.0686 1.2956 0.0510 8 .6218 16.481
35 33.2815 1.3103 1.8943 0.0746 1.8415 0.0725 12 8.621 16.481

36 35.1398 1.3835 2.0467 0.0806 1.7383 0.0684 12 8.621 16.481
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APPENDIX B. REFRACTION AT FORGING-WATER INTERFACE

Introduction

This appendix provides details on the calculatipmgormed at the forging-mirror interface for the
3D ray-tracing algorithm described in Chapter 3hié dissertation. The generation of grid pointstmn
forging surface, the determination of lines nortoahe forging surface at each of these grid ppants the
calculation of lines from each grid point to theHFBithin the forging will be described. The 20002300
point forging surface grid increases surface arethe forging with increasing FBH depth, alwaysnigei
slightly larger than the expected ultrasonic beaatgrint on the forging surface. The direction oy
passing through each grid point and refractedeafdtging-water interface is then determined.

The step-by-step algorithm for determining the it of the ray passing though each grid point
on the forging surface and refracted through thgifig-water interface is as follows. Each of thednts
outlined in the algorithm will be discussed in dtathe following sections.

1. Using a cylindrical coordinate system with the aboate origin located on the forging axis,
generate a grid of points on the conically shapedifig surface with an area slightly larger than
the estimated beam footprint on the forging surface

2. Determine the location of the FBH in the definetindrical coordinate system.

3. Inthe defined cylindrical coordinate system, athegrid point determine the second of two points
defining a line normal to the forging surface, wieis second point is located on the axis of the
conical forging.

4. Convertall ¢, 6, 2 points generated using the defined cylindricalrdinate system to(y, 2
points in a rectilinear coordinate system with ardinate origin located on the forging surface
directly above the location of the FBH (See PoinhBigure B.1).

5. Calculate the distance from the FBH to each gridtpend save as a TOF value by using the
longitudinal material velocity of the curved intecg calibration block containing the FBH.

6. Use Snell's Law of Refraction at each forging stefgrid point to determine the direction of the
ray refracted from the forging material into thetevamedium.

Forging Surface Grid

A grid of points on the conical surface of a foigiwill be generated in a cylindrical coordinate
system using the global labeling systefq,(6v1, zv1), whereN1is an index ranging from 0 to 1999. The
generation of grid points begins at the centehefgrid at coordinatedge, €, Zgg) = (Foge, 0, O, Whererggg
is the forging radius at the elevation of the camate origin, such that a line normal to the fogggurface
at this grid point passes through the FBH cooréifat &, z) (See Figure B.1).

The forging radius at the elevation of the defioedrdinate origin, i.e., the curvature of the
calibration block along the circumference of thegfog directly "above" the FBH, is a known paramete
recorded during the fabrication of the curved ifatee calibration blocks. Specifically, 7.8663 insliethe
radius of curvature for curved interface couporisrdugh 7, while 6.7419 inches is the radius ofature
for curved interface coupons 8 through 12 and 713B66hes is the radius of curvature for curvedriate
coupon 13. Another known parameter is 60.02°, ffexangle of the conically shaped forging disk kold
Before €, 2) grid point coordinates can be generated, valoezs findz 49 must be determined based on
the ultrasonic beam footprint size on the forgingace. Note that, andzq99 are equal in magnitude, but
opposite in sign. Therefore, the distand&andBC are also equal, and these distances should lglig
greater than the radius of the ultrasonic beam vifitensecting the forging surface. ValuetbéndR, the
geometric focal length in water and the apertudius respectively, from Table 3.3 are used tovest
the initial beam radiud,r, on the forging surface by equating the tangemttions of6 (See Figure B.2
and Equations B.1 and B.2).

tan@:ﬂzw (B_j_)
R Le
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The grid point coordinaté must also be defined in terms of the beam raditsymmetry
condition exists which reduces the number of faggnrface grid points by half. Specifically, symmget
exists between the positive and negative values &b only positive values will be used for the graint
coordinatedy;. Figure B.3 shows the azimuthal labeling schemgaxf well as illustrating the described
symmetry condition.

Upon executing the algorithm using the estimatésbnic beam footprint radiig, it was
observed from the generated Fermat surfaces thdtedam footprint on the forging surface was slightl
underestimated, i.e., the apertures generatedshightly smaller than those required for maintagnan
F/6 beam focus (See Equation 2.1). Consequdntlyas adjusted for each curved interface coupon to
generate Fermat surfaces that met the transdueeueprequirements for an F/6 beam focus.

Estimated and adjusted values for the ultrasoréerbiotprint radius at the forging surface for
the curved interface calibration blocks are talmdah Table B.1. Also tabulated in Table B.1, using
adjusted_r values, are the point-to-point grid separatiomadisesAr, Az,andA 8 along the radial,
elevation, and circumferential directions, respestyi.

The forging surface grid of points were generateithe algorithm by using two nested loops. The
first nested loop has an inner loop that indexesff), to 9,44, incrementing by,44/N1. The outer loop
indexes fronTggg 10 I'19g5 iNCrementing by positive 2*AB/N1. The second eeddbop has the same inner
loop as above, but an outer loop that indexes fi@go rig96 incrementing by negative 2*AB/N1. As
previously mentioned, the forging raditss, equals 7.8663 inches for curved interface forgiogpons 2
through 7, 6.7419 inches for curved interface foggioupons 8 through 12, and 7.3591 inches forecurv
interface forging coupon 13.

(r, 01999 2)

forging surface
grid points at
height z and
radius ¥,

central axis of where
forging at elevation 0<n<N1
Zy S Z< Zgyc
(I’, 80, Z)
(0’ 0' Z) (rf! ef! Zf)
Forging
Top View

Figure B.3: Azimuthal labeling scheme for grid poiri generation on the forging-water interface of the
curved interface calibration specimens.
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Table B.1: Estimated and adjusted beam footprint vlues on the curved interface forging coupons at
a 3.80-inch water path, F/6 beam focus, and sounehocity in water of 1489.7 m/s.

Block H R Le Le Ar Az A
# (mm) (mm) (estimated) (adjusted) (mm) (mm) (radians)
(mm) (mm)

2 117.7 9.8 1.8 2.3 1.1244E-3 1.9489E-3 5.1187E-6
3 144.2 12.0 4.0 5.0 2.4736E-3 4.2876E-3 1.1261E-5
4 170.8 14.2 6.2 7.2 3.5980E-3 6.2366E-3 1.6380E-5
5 191.9 16.0 7.9 9.0 4.4975E-3 7.7957E-3 2.0475E-5
6 218.4 18.2 10.2 11.7 5.8467E-3 1.0134E-2 2.6 7E-
7 239.3 19.9 11.9 135 6.7462E-3 1.1694E-2 2.8153E-
8 266.1 22.2 14.1 15.3 7.6457E-3 1.3253E-2 3.7228E-
9 286.9 23.9 15.9 16.6 9.4447E-3 1.6371E-2 4.2 9E-
10 313.6 26.1 18.1 21.6 1.0794E-2 1.8710E-2 4.834E
11 334.9 27.9 19.9 24.3 1.2143E-2 2.1048E-2 5.4578E
12 360.9 30.1 22.0 26.1 1.3043E-2 2.2608E-2 6.356E
13 382.3 31.9 23.8 27.0 1.3492E-2 2.3387E-2 6.01B6E

Flat Bottom Hole

The depth of the FBHigzH, in each calibration blocks is known (See Tab®).3he forging
radius at the elevation of the defined coordinaigim, rqgq is also known. Based on the geometry shown in
Figure B.1, the radial and axial FBH coordinateandz, may be calculated using Equations B.3 and B.4,
respectively. The azimuthal FBH coordinafk is always equal to zero due to the definitiothef origin of
the cylindrical coordinate system. The FBH coorténg, 4, z) is tabulated in Table B.2 for each curved
interface calibration block.

ry = fagg— tegyy SIn(60.02) (B.3)
Z; =gy c0460.02) (B.4)
Table B.2: FBH coordinates in cylindrical coordinaes with origin on axis of forging disk.
Block M 49 degH Iy [ Z
# (inches) (inches) (inches) (degrees) (inches)
2 7.8663 0.200 7.6931 0.00 -0.1000
3 7.8663 0.450 7.4766 0.00 -0.2250
4 7.8663 0.700 7.2601 0.00 -0.3500
5 7.8663 0.900 7.0869 0.00 -0.4500
6 7.8663 1.15 6.8704 0.00 -0.5750
7 7.8663 1.35 6.6972 0.00 -0.6750
8 6.7419 1.60 5.3563 0.00 -0.8000
9 6.7419 1.80 5.1831 0.00 -0.9000
10 6.7419 2.05 4.9665 0.00 -1.0250
11 6.7419 2.25 4.7933 0.00 -1.1250
12 6.7419 2.50 4.5768 0.00 -1.2500
13 7.3591 2.70 5.0208 0.00 -1.3500

Forging Surface Normal Line

Two coordinate points can be used to define a liting a specific grid point on the forging
surface as one such point, a second point on titeat@xis of the forging disk can be used to defirine
normal to the forging surface at the grid pointvé3i that the location of this coordinate origimiso on
the central axis of the forging disk, both the ehdind azimuthal components of this second cootelina
point are equal to zero. Elevation, the nontrie@brdinate component of this second point, defihedine
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normal to the forging surface at a given forgingl groint. Using the geometry illustrated in Figig€, the
elevation component can be determined with a tarfgention (See Equations B.5 and B.6). Note tiiat a
grid points on a given elevation, i.e., having iileal azimuthal components, share the same codsdina
point on the forging disk central axis.

After grid point and normal line generation in thefined cylindrical coordinate system is
completed, it becomes more convenient to contihaeatgorithm in a rotated rectilineas, §/, 2 coordinate
system with a new origin located directly above R at grid pointi(ges, &, Zoeg)- It is also convenient if
the &, y, 2 coordinate system were rotated such that thesisxangent to the forging surface at grid
point (rees &, Zoeg) iN the circumferential direction, the y-axis isetted normal to the forging surface at
grid point §g9e &, Z99), and the z-axis is placed tangent to the forgindace.

tan(60.02)= ﬁ (B.5)
n

normal _

z (B.6)

L

" tan(60.02)
forging

I surface grid

(0,0, 2) point at
(rn, 01 zn)

normal

Zh- 7y

(0, 0, Z[r]lormal)'

Figure B.4: Schematic of forging surface normal lie starting point on central axis.
Rectilinear Coordinate System

The following operations were performed on eacl#(2 coordinate point, including forging surface
grid points, points defining the forging surfacemal line, and the location of the FBH, to conagtt
points from cylindrical to rectilinear coordinategh the specified origin and axis directions.

1. Convert each cylindrical coordinate point, 6., z) to rectilinear coordinate point=’, Y, Z»)
without translation or rotation (See Equation H25)].

2. Translate the rectilinear coordinate systefny, Z) from its origin on the central axis of the
forging disk to a new rectilinear coordinate systamy', z) with its origin located on the forging
surface directly above the FBH, i.e., grid poigtd &, Zg9) (See Equation B.8).
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3. Perform a 29.98° right-hand rotation about the ig-a% the rectilinear coordinate systext §', z)
origin to create the final rectilinear coordinagstem &, y, 2 such that the-axis is normal to, and
thez-axis is tangent to, the forging surface at the, (6, Zg9) grid point (See Equations B.9
through B.11.

After converting from the original cylindrical codinate system and performing the translation
and rotation operations, the resultanty(, 2 rectilinear coordinate system is shown in FigBrg.

X=r.cos,; Y=rsing,; 2=z, (B.7)
X=X~ Vo= Yo %=1 (B.8)
X, = %,€0429.98)+ ¥, (0)+ 7, 5in(29.98) (B.9)
Yo =% 0) @)+ %,0) (B.10)
2, =—%,5in(29.98)+ y,(0)+ z,cog(29.98) (B.11)
y-axis

origin of cylindrical
coordinate system z-axis

forging surface
grid point

(Xo00 Yo, Zoo9) = (0, O, 0)

directly above FBH

X-axis is
directed
out-of-page

FBH
location

[
(0, 0, z355™)
Figure B.5: Schematic of rectilinear coordinate sytem after translation and rotation.
Time-Of-Flight

The final goal of the ray-tracing algorithm isgenerate element delay times for phasing the
transducer array elements, which in part requhiegime-of-flight (TOF) between forging grid poirits,
Vn» Z,) and the FBH coordinate( y, z). This TOF can be calculated if the longitudinalterial sound
velocity is known. The longitudinal sound velocity each curved interface calibration block is taked
in Table 3.1. The distance;, between each forging grid point,(y,, z,) and the FBH coordinatey( \;, z)
is expressed in Equation B.12 [26].
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dy :\/(Xn_xf )2+(yn_yf )2+(Zn_zf )2 (B.12)
Snell's Law of Refraction

Three coordinate points were determined in xhg, ) global coordinate system: the forging
surface grid point, a point on the forging's cdrasas used to determine a surface normal at trgirfg
surface grid point, and the position of the FBHe3éthree coordinate points were used to genavate t
vectors, a vector from the FBH to the forging scefgrid point and a surface normal at the forgingese
grid point. After being divided by their lengthhese two unit vectors were used to define a local
coordinate systent,(n, s) at each individual grid point. Using these twat wectors, an outward surface
normal and incident ray from the FBH, Snell's Laasvapplied to determine the direction of the ray
refracted through the forging surface into watezaath forging surface grid point.

A ray traveling from the FBH in the forging eaatidgpoint on the forging surface will be
refracted at that forging-water interface beforgjgeted into the surrounding water medium. HerellSn
Law of Refraction requires the longitudinal matkevielocities of water and the curved interface fogg
coupons and one of two angles (see Figure B.6 godti®n B.13). At each forging surface grid pothg
angle,d;, between the inner surface normal and the incidgntlefined by a specific forging grid point and
the FBH location in the forging medium is known.kdown is the second anglé, between the outer
surface normal vector and the refracted ray intater medium.

sind, _ sind, 0, :arcsi{ﬁsinelJ (B.13)
Vi V2 Vi

As Snell's Law of Refraction is a two-dimensiongbession for calculating the angle of a ray
refracted through an interface of two materialgl e described ray-tracing algorithm is a 3D cwtst
then a local coordinate systetnr{, 9§ for each forging grid point must be determinetbbe Snell's Law
can be applied (See Figure B.7). In this local dowate systemt(n, 9, the incident angle,, is the dot
product (See Equation B.14) of the inner normal vector,n, based on the line normal to the forging
surface (See Equation B.15) and the incident rétyvaator,f, based on the ray from the FBH to the
forging surface grid point (See Equation B.16).

cost; =n-f (B.14)
_ +(a, - +(0. —
@-np+(@-n)y+(x-n) ©.15)

unit vectorn= - > == X+ Nyy+n,z

@) +(@-m) +(%—ns)
(@- (- fy+(s-f )2
V@1 4@ ()

incident ray

unit vectorf =

= fux+ fyy+f,z (B.16)

th

forging mediumy, forging grid point k., Yn, Z,)

water mediumy,
6,

VISV,

refracted ray

Figure B.6: Schematic of 2D Snell's Law of Refraatin at the forging-water interface.
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In the equations located in this section of Appel] (g1, &, &) refers to the forging surface grid
point coordinate,f(, f,, f3) refers to the coordinate location of the FBH, émdn,, ns) refers to the point on
the central axis of the forging disk which defitles normal surface line for each forging grid polit
vectorsn andf have componentsy, n, n) and , f, ), respectively.

For the components of the local coordinate sygtem 9, thet-axis is orthogonal to both unit
vectorsn andf as defined by the cross produchadndf (See Equation B.17). As is not of unit length, it
must be converted to unit vectidoy dividing t by its length (See Equation B.18). Similarly, shaxis is
orthogonal to both unit vectot@andn as defined by the cross product ahdn (See Equation B.19). The
unit vectorsis similarly determined from the vectdr (See Equation B.20).

, X y z
t=nxf= ne ny ng|=(nyf-nf )= f,—nf y+(nfy-nyf e (B.17)
ff, f

z

t:ﬁ:txx+tyy+tzz (B.18)
X y z
S=txn= te ty t, =(tynz—tzny)x—(txnz—tznx)y+(txny—tyr&)z (B.19)
no n, n, 1'
S:I§—|:sxx+syy+szz (B.20)

In the ¢, n, s) local coordinate system shown in Figure B.7, réfeacted rayy, can be expressed
in this coordinate system as a function of theatfrd angleg,, using sine and cosine terms from a simple
vector analysis (See Equation B.21). Note thautfievectoru will always have a zero component in the
out-of-planet-axis direction. Substitution into Equation B.21umiit vectoran ands from Equations B.15
and B.20, respectively, and andglefrom Equation B.13 will result in unit vectarknown in terms of the
forging surface grid poing(, &, &), the FBH locationf(, f,, f;), and pointf,, n,, ng) used to define a
normal to the forging surface. By using Equatioh3 the refracted angl® can be substituted by incident
angleéd,, defined in Equation B. 14.

u= (0)+(cos¢92)1+(sin€2)s= (c0392)1+(sin92)s (B.21)
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Snell®s Law:
sing, _sing,
Vl V2

water-forging
interface

forging
medium: v

cosf,
f=Axf A (f, T2, f5)
§=txn
V)
(Ny, g, 1)

Figure B.7: Schematic illustrating the applicationof Snell's Law of Refraction at the forging-water
interface using local coordinates.
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APPENDIX C — FERMAT SURFACES

This appendix provides details on the Fermat sedgenerated upon execution of the 3D ray-
tracing algorithm described in Chapter 3 of thissditation. A single Fermat surface was generated f
each curved interface forging coupon 2 throughiddhe following appendix, Appendix D, the group of
(%, y, 2 coordinates comprising each Fermat surface wikhbalyzed to determine the delay time sets
necessary to phase each element in the transduagisaperture energized for a given forging coupo

Each of the Fermat surfaces generated is a g2@@d by 2000 points located very near the face of
the transducer array. These 4 million grid poimésthe termination points of an equal number o§ray
beginning at the FBH in a curved interface forgiogpon that were refracted through the curved fgrgi
water interface and reflected from a 27.0-inchuadconcave, cylindrical mirror oriented at 45 aéegrto
the ultrasonic beam centerline. Each ray is tertethat a total travel time identical to the timefajht
(TOF) of the beam centerline reference ray padsitgnormal direction through the curved forgingteva
interface and ultimately traveling a total distan€®.80 inches in water, a water path along witietas
reflected at the symmetry axis of the cylindricatror. In chapter 3, Figure 3.8 provides a 2-D soh#ic
of the locations of the FBH and forging, mirrordarnansducer/Fermat surfaces, and illustrates dktespof
several representative rays including the beanedare reference ray.

For each curved interface forging coupon 2 throl@ha figure will be presented containing 2-D
and 3-D plots of the FBH location (represented By"asign) along with grid points for the curvedding-
water interface (identified in green), cylindrigafbcused mirror (identified in red), and the Fetsarface
(identified in blue). Additionally, each plot coima a grid of points representing the locationhef tenter
of transducer elements (identified in purple) witthie aperture required to maintain an F6 focugémh
curved interface forging coupon. With regards ® dhid of points representing transducer elemeims,
location of the center array element was locatébdeatermination point of the beam centerline refee
ray. Figures C.1 through C.12 provide represemiatad these surfaces for the curved interface foygi
coupons 2 through 13, respectively. In these figiutee scales of the x-, y-, and z-axis are idahtidote
that, due to symmetry considerations, only one ¢fdlfie forging surface, mirror surface, Fermaftaes,
and transducer elements are shown in the plots.

’ i i | H i H
B 50 B0 0 0 0 o ) & & 00

xaxis

Figure C.1: 3D (left) and 2D (right) plots of the BH (+) and forging (green), mirror (red), Fermat
(blue), and transducer (purple) surfaces for the crved interface forging coupon #2.
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Figure C.2: 3D (left) and 2D (right) plots of the BH (+) and forging (green), mirror (red), Fermat
(blue), and transducer (purple) surfaces for the cved interface forging coupon #3.

Figure C.3: 3D (left) and 2D (right) plots of the BH (+) and forging (green), mirror (red), Fermat
(blue), and transducer (purple) surfaces for the cved interface forging coupon #4.

Figure C.4: 3D (left) and 2D (right) plots of the BH (+) and forging (green), mirror (red), Fermat
blue), and transducer (purple) surfaces for the crved interface forging coupon #5.

o HLEN ZJL[LI
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Figure C.5: 3D (left) and 2D (right) plots of the BH (+) and forging (green), mirror (red), Fermat
(blue), and transducer (purple) surfaces for the cved interface forging coupon #6.

Figure C.6: 3D (left) and 2D (right) plots of the BH (+) and forging (green), mirror (red), Fermat
(blue), and transducer (purple) surfaces for the cved interface forging coupon #7.

Figure C.7: 3D (left) and 2D (right) plots of the BH (+) and forging (green), mirror (red), Fermat
(blue), and transducer (purple) surfaces for the cved interface forging coupon #8.
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Figure C.8: 3D (left) and 2D (right) plots of the BH (+) and forging (green), mirror (red), Fermat
(blue), and transducer (purple) surfaces for the cved interface forging coupon #9.

Figure C.9: 3D (left) and 2D (right) plots of the BH (+) and forging (green), mirror (red), Fermat
(blue), and transducer (purple) surfaces for the cved interface forging coupon #10.

Figure C.10: 3D (left) and 2D (right) plots of theFBH (+) and forging (green), mirror (red), Fermat
(blue), and transducer (purple) surfaces for the cved interface forging coupon #11.
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Figure C.11: 3D (left) and 2D (right) plots of theFBH (+) and forging (green), mirror (red), Fermat
(blue), and transducer (purple) surfaces for the cved interface calibration specimen #12.

Figure C.12: 3D (left) and 2D (right) plots of theFBH (+) and forging (green), mirror (red), Fermat
(blue), and transducer (purple) surfaces for the cved interface forging coupon #13.
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APPENDIX D. DELAY TIMES

This appendix provides details on extracting ainferential delay times from the Fermat surfaces
generated upon execution of the 3D ray-tracingrétlyn described in Chapter 3 of this dissertation.

A grid of points representing the transducer faas generated using the transducer specifications
data sheet (see Table A.1). For rings 2 througbf3Be transducer array, thirty-seven grid poinésev
defined for each ring located midway between eawis inner and outer radii, arranged circumfeediyti
every 5 degrees from 0 to 180 degrees. See Figule®.2, and D.3 for plots of these transducee fgiid
points in the XY-, XZ-, and YZ-planes, respectively

The transducer face grid points presented havedime coordinate origin and axes orientations as
the Fermat surface grid points presented in Appe@diA single grid point was created for the innesin
element, i.e., ring #1 or element 1, of the tracsdarray, identifying the location of the terminatpoint
of the beam centerline reference ray for each Fesoréace.

For a given Fermat surface, each of the transdacergrid points within the required aperture
were matched to a delay time value. This matchioggss was accomplished by searching the Fermat
surface grid points to locate the ray terminatiad goint nearest to each transducer array gridtpdhen,
the distance in water between these two grid caoatds was calculated and converted into unitsya,ti
resulting in the delay time needed for phasindpat ¢jrid point on the transducer face. For eacmier
surface grid point matched point to a transduces fid point, a single delay time was extracted.

Each of the thirty-seven grid points located withiring included in the aperture of the transducer
has an associated delay time value. For non-segaheings 1 through 16, these delay times were gedra
over the entire ring as only one delay time cowdpplied when energizing these elements. Delagstiof
segmented rings were averaged over individual elésneithin each segmented ring.

Figures D.4 through D.15 plot the delay time valter each ring of the array, whether segmented
or not, within the required aperture for curveciface forging coupons 2 through 13, respectivethe
range of delay time values for each element irafyerture is provided in the legend of each plot.

The range of values over which delay times areamexl within a single element is the source of a
defocusing aberration. Current phased array ingtntation hardware has a delay time resolution lirh2
nanoseconds. If the range of delay time valueariandividual element is approximately one-half the
period of the sound wave, destructive wave interfee can occur due to this phase variation. This
defocusing aberration condition can be resolvethbydesign and manufacture of a transducer arrdyawi
further segmentation of elements until the rangéetdy times for each individual element does noeed
a given phase variation constraint.

The phase variation constraint is often takenet®&®”, i.e., one-sixth of the period of a wave.sThi
constraint can be applied over individual elemefithe transducer array during the calculationeléy
times to determine if a defocusing aberration ciowliexists. At a frequency of 10 MHz, the periddio
sound wave is T = 1/f = 100 nanoseconds. Maximustrdetive interference occurs when two waves
arrive at a transducer grid point with the samelaonge and frequency, but 180° out of phase wita on
another. In other words, one wave lags the othdvatfya period. At a 10 MHz frequency, this haveiqu
equals 50 nanoseconds. A 60° phase variation eamisis exceeded when the range of delay time galue
for grid points spread across a single transdueenent exceeds one-sixth of the period, or 16.7 ns.

Excessive phase variation over an element reisuitgeduction in the intensity level of the
ultrasonic beam being received due to destructeavinterference. The theoretical loss in interisitel
of the entire ultrasonic beam can be determineédch forging coupon inspection using the princgile
superposition of sinusoidal waves [28]. This th&oa loss of intensity can then be converted antoss of
signal strength in units of decibels [29]. Firsg range of delay times over each element is ctetvanto a
phase difference (See Equation D.1). Second, thsigghprinciple of superposition of sinusoidal wayve
when assuming both waves have the same frequesucypecused to determine an intensity level from the
phase difference (See Equations D.2 and D.3). &dn 8me delay set, the intensity level of eacimelet
is summed together equally, i.e., with the samatikel weight, as the area of each transducer eleisien
approximately equal. Finally, a ratio of the sumrmgdnsity level over the maximum intensity levelidg
complete constructive wave interference, i.e., foues the initial intensity (See Equation D.4), is
converted into a sound intensity level in unitgle€ibels (See Equation D.5).
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Figure D.1: Transducer array grid points for 36 rings as seen from the XY-plane.
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Figure D.2: Transducer array grid points for 36 rings as seen from the XZ-plane.
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Figure D.3: Transducer array grid points for 36 rings as seen from the YZ-plane.
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Ring 1:
——Ring 2:

Ring 3:
———Ring 4:
Ring 5:
Ring 6:
—Ring 7:
Ring 8:
——Ring 9:

Ons

4 ns (E2, 0-180)
7 ns (E3, 0-180)
9 ns (E4, 0-180)
12 ns (E5, 0-180)
15 ns (E6, 0-180)
18 ns (E7, 0-180)
21 ns (E8, 0-180)
23 ns (E9, 0-180)

30 60 90 120

Circumferential Angle (degrees

150 180

Figure D.4: Delay times and ranges for rings 1 thragh 9 when inspecting curved interface forging

coupon #2.

——Ring 9:

Ring 1: 0 ns
——Ring 2: 4 ns (E2, 0-180)
Ring 3: 7 ns (E3, 0-180)
——Ring 4: 9 ns (E4, 0-180)
Ring 5: 12 ns (E5, 0-180)
Ring 6: 13 ns (E6, 0-180)
——Ring 7: 17 ns (E7, 0-180
Ring 8: 19 ns (E8, 0-180

22 ns (E9, 0-180)

Ring 10: 24 ns (E10, 0-180
Ring 11: 27 ns (E11, 0-180
Ring 12: 30 ns (E12, 0-180
~———Ring 13: 32 ns (E13, 0-180

30 60 90 120

Circumferential Angle (degrees)

150 180

Figure D.5: Delay times and ranges for rings 1 throgh 13 when inspecting curved interface forging

coupon #3.
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100
90
Ring 1: 0 ns
80 Ring 2: 4 ns (E2, 0-180)
20 Ring 3: 6 ns (E3, 0-180)
Ring 4: 7 ns (E4, 0-180)
60 Ring 5: 10 ns (E5, 0-180)
Ring 6: 12 ns (E6, 0-180)
50 Ring 7: 14 ns (E7, 0-180)
Ring 8: 16 ns (E8, 0-180)
40 Ring 9: 19 ns (E9, 0-180)
Ring 10: 21 ns (E10, 0-180
30 Ring 11: 23 ns (E11, 0-180
Ring 12: 25 ns (E12, 0-180
20 A_/J_/J\,\/\A Ring 13: 28 ns (E13, 0-180
10
0
0 30 60 90 120 150 180
Circumferential Angle (degrees)
(a)

0 30 60 90 120 150 180
Circumferential Angle (degrees)

Ring 14: 30 ns (E14, 0-180
Ring 15: 32 ns (E15, 0-180
Ring 16: 35 ns (E16, 0-180
Ring 17: 18 ns (E17, 45-13§ and 21 ns (E49, 0-45& 135-180)

(b)
Figure D.6: Delay times and ranges for rings (a) through 13 and (b) 14 through 17 when inspecting
curved interface forging coupon #4.
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Ring 1: 0 ns

Ring 2: 4 ns (E2, 0-180)
Ring 3: 5 ns (E3, 0-180)
Ring 4: 6 ns (E4, 0-180)
Ring 5: 8 ns (E5, 0-180)
Ring 6: 10 ns (E6, 0-180)
Ring 7: 12 ns (E7, 0-180)
Ring 8: 14 ns (E8, 0-180)
Ring 9: 16 ns (E9, 0-180)

Ring 10: 18 ns (E10, 0-180
Ring 11: 20 ns (E11, 0-180
Ring 12: 22 ns (E12, 0-180)
Ring 13: 23 ns (E13, 0-180

0 30 60 90 120 150 180
Circumferential Angle (degrees)
(a)
120

110
100
90
80
70
60
50

40
30 60 90 120

Circumferential Angle (degrees)

150

180

Ring 14: 26 ns (E14, 0-180
Ring 15: 28 ns (E15, 0-180
Ring 16: 30 ns (E16, 0-180
Ring 17: 16 ns (E17, 45-135 and 18 ns (E49, 0-45& 135-180)
Ring 18: 18 ns (E18, 45-135 and 20 ns (E50, 0-45& 135-180)
Ring 19: 20 ns (E19, 45-135 and 22 ns (E51, 0-45& 135-180)

(b)

Figure D.7: Delay times and ranges for rings (a) through 13 and (b) 14 through 19 when inspecting

curved interface forging coupon #5.
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Ring 1:
Ring 2:
Ring 3:
Ring 4:
Ring 5:
Ring 6:
Ring 7:
Ring 8:
Ring 9:

Ons

3 ns (E2, 0-180)
4 ns (E3, 0-180)
5 ns (E4, 0-180)
7 ns (E5, 0-180)
8 ns (E6, 0-180)
10 ns (E7, 0-180)
11 ns (E8, 0-180)
12 ns (E9, 0-180)

Ring 10: 14 ns (E10, 0-180
Ring 11: 16 ns (E11, 0-180
Ring 12: 17 ns (E12, 0-180
Ring 13: 19 ns (E13, 0-180

0 30 60 90 120 150 180
Circumferential Angle (degrees
(a)
150
140
130
120
110
100
90
80
70
60
0 30 60 90 120 150 180
Circumferential Angle (degrees)
Ring 14: 20 ns (E14, 0-180
——Ring 15: 22 ns (E15, 0-180
Ring 16: 24 ns (E16, 0-180
———Ring 17: 16 ns (E17, 45-185 and 18 ns (E49, 0-45& 135-1801)
Ring 18: 15 ns (E18, 45-13§ and 17 ns (E50, 0-45& 135-1801)
Ring 19: 16 ns (E19, 45-13§ and 18 ns (E51, 0-45& 135-1801)
—Ring 20: 18 ns (E20, 45-185 and 20 ns (E52, 0-45& 135-1807)
Ring 21: 20 ns (E21, 45-13§ and 22 ns (E53, 0-45& 135-1807)
——Ring 22: 22 ns (E22 & E86, 45-13%, 16 ns (E54, 0-45), and 24 ns (E118, 135-18)

(b)

Figure D.8: Delay times and ranges for rings (a) through 13 and (b) 14 through 22 when inspecting

curved interface forging coupon #6.
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180
160
Ring 1: 0 ns
140 Ring 2: 4 ns (E2, 0-180)
Ring 3: 4 ns (E3, 0-180)
120 Ring 4: 5 ns (E4, 0-180)
Ring 5: 6 ns (E5, 0-180)
100 Ring 6: 7 ns (E6, 0-180)
Ring 7: 8 ns (E7, 0-180)
80 Ring 8: 9 ns (E8, 0-180)
Ring 9: 10 ns (E9, 0-180)
60 Ring 10: 12 ns (E10, 0-180
Ring 11: 13 ns (E11, 0-180
40 Ring 12: 14 ns (E12, 0-180
Ring 13: 16 ns (E13, 0-180
20
0
0 30 60 90 120 150 180
Circumferential Angle (degrees)
(@)
170
160
150
140
130
120
110
100
0 30 60 90 120 150 180
Circumferential Angle (degrees
Ring 14: 17 ns (E14, 0-180
Ring 15: 18 ns (E15, 0-180
Ring 16: 19 ns (E16, 0-180
Ring 17: 11 ns (E17, 45-185 and 12 ns (E49, 0-45& 135-1801)
Ring 18: 13 ns (E18, 45-185 and 14 ns (E50, 0-45& 135-1807)
Ring 19: 14 ns (E19, 45-185 and 16 ns (E51, 0-45& 135-1801)
Ring 20: 15 ns (E20, 45-13§ and 17 ns (E52, 0-45& 135-180)
Ring 21: 17 ns (E21, 45-185 and 18 ns (E53, 0-45& 135-1801)
Ring 22: 19 ns (E22 & E86, 45-135%, 12 ns (E54, 0-45), and 21 ns (E118, 135-18)
Ring 23: 22 ns (E23 & E87, 45-139, 13 ns (E55, 0-45), and 23 ns (E119, 135-18)

(b)

Figure D.9: Delay times and ranges for rings (a) through 13 and (b) 14 through 23 when inspecting
curved interface forging coupon #7.
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180
160
140 Ring 1: 0 ns
Ring 2: 2 ns (E2, 0-180)
120 Ring 3: 2 ns (E3, 0-180)
Ring 4: 1 ns (E4, 0-180)
100 Ring 5: 2 ns (E5, 0-180)
Ring 6: 2 ns (E6, 0-180)
80 Ring 7: 2 ns (E7, 0-180)
Ring 8: 2 ns (E8, 0-180)
60 Ring 9: 2 ns (E9, 0-180)
Ring 10: 3 ns (E10, 0-180
40 Ring 11: 3 ns (E11, 0-180
Ring 12: 3 ns (E12, 0-180
20 Ring 13: 4 ns (E13, 0-180
0
0 30 60 90 120 150 180
Circumferential Angle (degrees
(a)
175

170

160
155
150

145
0 30 60 90 120 150 18(

Circumferential Angle (degrees)

Ring 14: 4 ns (E14, 0-180

Ring 15: 4 ns (E15, 0-180

Ring 16: 5 ns (E16, 0-180

Ring 17: 5 ns (E17, 45-189 and 4 ns (E49, 0-45& 135-180)

Ring 18: 5 ns (E18, 45-135 and 5 ns (E50, 0-45& 135-1801)

Ring 19: 6 ns (E19, 45-135 and 5 ns (E51, 0-45& 135-1801)

Ring 20: 7 ns (E20, 45-139 and 6 ns (E52, 0-45& 135-1801)

Ring 21: 8 ns (E21, 45-189 and 7 ns (E53, 0-45& 135-180)

Ring 22: 9 ns (E22 & E86, 45-1895, 2 ns (E54, 0-45), and 6 ns (E118, 135-180
Ring 23: 11 ns (E23 & E87, 45-135%, 3 ns (E55, 0-45), and 7 ns (E119, 135-18(
Ring 24: 13 ns (E24 & EB88, 45-18%, 3 ns (E56, 0-45), and 8 ns (E120, 135-18(
Ring 25: 15 ns (E25 & E89, 45-13%, 4 ns (E57, 0-45), and 9 ns (E121, 135-18|

(b)
Figure D.10: Delay times and ranges for rings (a) through 13 and (b) 14 through 25 when
inspecting curved interface forging coupon #8.
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200 Ring 1: 0 ns
Ring 2: 2 ns (E2, 0-180)
150 Ring 3: 1 ns (E3, 0-180)
Ring 4: 1 ns (E4, 0-180)
Ring 5: 1 ns (E5, 0-180)
100 Ring 6: 1 ns (E6, 0-180)
Ring 7: 1 ns (E7, 0-180)
50 Ring 8: 1 ns (E8, 0-180)
Ring 9: 2 ns (E9, 0-180)
0 Ring 10: 2 ns (E10, 0-180
Ring 11: 2 ns (E11, 0-180
0 30 60 90 120 150 18 Ring 12: 2 ns (E12, 0-180
Circumferential Angle (degrees) Ring 13: 3 ns (E13, 0-180
(@)
200
195
190
185
B
175
0 30 60 90 120 150 180
Circumferential Angle (degrees
Ring 14: 3 ns (E14, 0-180
Ring 15: 3 ns (E15, 0-180
Ring 16: 4 ns (E16, 0-180
Ring 17: 4 ns (E17, 45-139 and 4 ns (E49, 0-45& 135-1807)
Ring 18: 5 ns (E18, 45-135 and 4 ns (E50, 0-45& 135-180)
Ring 19: 6 ns (E19, 45-135 and 5 ns (E51, 0-45& 135-180)
Ring 20: 6 ns (E20, 45-135 and 6 ns (E52, 0-45& 135-1807)
Ring 21: 7 ns (E21, 45-135 and 6 ns (E53, 0-45& 135-180)
Ring 22: 8 ns (E22 & E86, 45-185, 5 ns (E54, 0-45), and 2 ns (E118, 135-180
Ring 23: 10 ns (E23 & E87, 45-135, 7 ns (E55, 0-45), and 3 ns (E119, 135-180
Ring 24: 12 ns (E24 & E88, 45-135, 8 ns (E56, 0-45), and 3 ns (E120, 135-180
Ring 25: 14 ns (E25 & E89, 45-135%, 9 ns (E57, 0-45), and 4 ns (E121, 135-18(
Ring 26: 16 ns (E26 & E90, 45-13%, 11 ns (E58, 0-45), and 4 ns (E122, 135-18(
(b)
195
190
185
180
175
170
0 30 60 90 120 150 180
Circumferential Angle (degrees
\ Ring 27: 19 ns (E27 & E91, 45-135, 12 ns (E59, 0-45), and 4 ns (E123, 135-18

(©)
Figure D.11: Delay times and ranges for rings (a) through 13, (b) 14 through 26, and (c) 27 when
inspecting curved interface forging coupon #9.
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Ring 1: 0 ns
210 Ring 2: 2 ns (E2, 0-180)
1804 | Ring 3: 2 ns (E3, 0-180)

Ring 4: 2 ns (E4, 0-180)
Ring 5: 2 ns (E5, 0-180)

150 e — ]

120 Ring 6: 2 ns (E6, 0-180)
90 Ring 7: 2 ns (E7, 0-180)
60 Ring 8: 3 ns (E8, 0-180)

Ring 9: 3 ns (E9, 0-180)
Ring 10: 4 ns (E10, 0-180
Ring 11: 4 ns (E11, 0-180
60 90 120 150 18 Ring 12: 4 ns (E12, 0-180
Circumferential Angle (degrees Ring 13: 5 ns (E13, 0-180

@)

30

o
w
o

250
240
230
220
210
pe—_——— .
190
180
170

o
w
o

60 90 120 150 180
Circumferential Angle

Ring 14: 5 ns (E14, 0-180

Ring 15: 6 ns (E15, 0-180

Ring 16: 6 ns (E16, 0-180

Ring 17: 5 ns (E17, 45-135 and 5 ns (E49, 0-45& 135-1807)

Ring 18: 6 ns (E18, 45-135 and 6 ns (E50, 0-45& 135-1807)

Ring 19: 7 ns (E19, 45-135 and 7 ns (E51, 0-45& 135-1801)

Ring 20: 8 ns (E20, 45-135 and 7 ns (E52, 0-45& 135-1801)

Ring 21: 9 ns (E21, 45-135 and 8 ns (E53, 0-45& 135-1807)

Ring 22: 11 ns (E22 & E86, 45-135, 9 ns (E54, 0-45), and 2 ns (E118, 135-180
Ring 23: 13 ns (E23 & E87, 45-135%, 11 ns (E55, 0-45), and 2 ns (E119, 135-18()
Ring 24: 15 ns (E24 & E88, 45-135, 12 ns (E56, 0-45), and 2 ns (E120, 135-180)
Ring 25: 17 ns (E25 & E89, 45-135, 15 ns (E57, 0-45), and 3 ns (E121, 135-180)
Ring 26: 20 ns (E26 & E90, 45-13%, 16 ns (E58, 0-45), and 3 ns (E122, 135-18()

(b)

250
230

210 \—/’—~
190

170

o

30 60 90 120 150 180
Circumferential Angle (degrees)

Ring 27: 22 ns (E27 & E91, 45-135, 18 ns (E59, 0-45), and 3 ns (E123, 135-18(
Ring 28: 25 ns (E28 & E92, 45-135, 21 ns (E60, 0-45), and 3 ns (E124, 135-18(
Ring 29: 27 ns (E29 & E93, 45-135, 22 ns (E61, 0-45), and 3 ns (E125, 135-18(
Ring 30: 30 ns (E30 & E94, 45-135, 25 ns (E62, 0-45), and 3 ns (E126, 135-18(

(©)
Figure D.12: Delay times and ranges for rings (a) through 13, (b) 14 through 26, and (c) 27 through
30 when inspecting curved interface forging coupo#10.

www.manharaa.com




113

Ring 1: 0 ns
250 Ring 2: 3 ns (E2, 0-180)
200 - Ring 3: 3 ns (E3, 0-180)
Ring 4: 3 ns (E4, 0-180)
150 Ring 5: 3 ns (E5, 0-180)
Ring 6: 3 ns (E6, 0-180)
100 Ring 7: 3 ns (E7, 0-180)
Ring 8: 4 ns (E8, 0-180)
50 Ring 9: 5 ns (E9, 0-180)
0 Ring 10: 5 ns (E10, 0-180
‘ ‘ ‘ ‘ ‘ Ring 11: 7 ns (E11, 0-180
0 30 60 90 120 150 1§ Ring 12: 7 ns (E12, 0-180
Circumferential Angle (degrees Ring 13: 8 ns (E13, 0-180
(a)
270
250 -
230
210 -
190 ‘ ‘ ‘ ‘ ‘ ‘
0 30 60 90 120 150 180
Circumferential Angle (degrees)
Ring 14: 8 ns (E14, 0-180
Ring 15: 9 ns (E15, 0-180
Ring 16: 9 ns (E16, 0-180
Ring 17: 6 ns (E17, 45-135 and 7 ns (E49, 0-45& 135-1801)
Ring 18: 7 ns (E18, 45-135 and 7 ns (E50, 0-45& 135-1807)
Ring 19: 8 ns (E19, 45-135 and 8 ns (E51, 0-45& 135-1801)
Ring 20: 9 ns (E20, 45-135 and 10 ns (E52, 0-45& 135-180)
Ring 21: 10 ns (E21, 45-135 and 10 ns (E53, 0-45& 135-180)
Ring 22: 13 ns (E22 & E86, 45-13%, 12 ns (E54, 0-45), and 5 ns (E118, 135-180)
Ring 23: 15 ns (E23 & E87, 45-13%, 14 ns (E55, 0-45), and 6 ns (E119, 135-180)
Ring 24: 18 ns (E24 & E88, 45-13%, 16 ns (E56, 0-45), and 6 ns (E120, 135
Ring 25: 20 ns (E25 & E89, 45-13%, 18 ns (E57, 0-45), and 7 ns (E121, 135-180)
Ring 26: 23 ns (E26 & E90, 45-135, 20 ns (E58, 0-45), and 7 ns (E122, 135-180
(b)
280
260 4
240
220
200
180 ‘ ‘ ‘ ‘ ‘
0 30 60 90 120 150 180
Circumferential Angle (degrees
Ring 27: 25 ns (E27 & E91, 45-135%, 23 ns (E59, 0-45), and 8 ns (E123, 135-180)
Ring 28: 28 ns (E28 & E92, 45-13%, 25 ns (E60, 0-45), and 8 ns (E124, 135-180
Ring 29: 31 ns (E29 & E93, 45-13%, 28 ns (E61, 0-45), and 8 ns (E125, 135-180
Ring 30: 34 ns (E30 & E94, 45-13%, 30 ns (E62, 0-45), and 9 ns (E126, 135-180
Ring 31: 37 ns (E31 & E95, 45-13%, 33 ns (E63, 0-45), and 10 ns (E127, 135-18)
Ring 32: 40 ns (E32 & E96, 45-135%, 35 ns (E64, 0-45), and 10 ns (E128, 135-180

(©)

Figure D.13: Delay times and ranges for rings (a) through 13, (b) 14 through 26, and (c) 27 through
32 when inspecting curved interface forging coupo#11.
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250 Ring 1: 0 ns
Ring 2: 4 ns (E2, 0-180)
200+ Ring 3: 3 ns (E3, 0-180)
150 Ring 4: 3 ns (E4, 0-180)
) Ring 5: 3 ns (E5, 0-180)
100 - Ring 6: 4 ns (E6, 0-180)
Ring 7: 5 ns (E7, 0-180)
50 4 R?ng 8: 6 ns (E8, 0-180)
Ring 9: 7 ns (E9, 0-180)
0 _ _ _ _ _ Ring 10: 7 ns (E10, 0-180
Ring 11: 8 ns (E11, 0-180
0 30 60 90 120 150 18 Ring 12: 9 ns (E12, 0-180
Circumferential Angle (degrees Ring 13: 10 ns (E13, 0-189
(a)
320
300 +—
280
260
240
220
200 T T T T T
0 30 60 90 120 150 180
Circumferential Angle (degrees
—Ring 14: 11 ns (E14, 0-180Q
— Ring 15: 12 ns (E15, 0-180Q
Ring 16: 13 ns (E16, 0-180Q
Ring 17: 8 ns (E17, 45-135 and 9 ns (E49, 0-45& 135-180)
—Ring 18: 9 ns (E18, 45-13§ and 10 ns (E50, 0-45& 135-180)
——Ring 19: 10 ns (E19, 45-185 and 11 ns (E51, 0-45& 135-180)
——Ring 20: 11 ns (E20, 45-185 and 12 ns (E52, 0-45& 135-180)
——Ring 21: 12 ns (E21, 45-185 and 13 ns (E53, 0-45& 135-180)
Ring 22: 15 ns (E22 & E86, 45-135%, 15 ns (E54, 0-45), and 8 ns (E118, 135-18(
Ring 23: 18 ns (E23 & E87, 45-13%, 17 ns (E55, 0-45), and 9 ns (E119, 135-180
Ring 24: 21 ns (E24 & E88, 45-135%, 20 ns (E56, 0-45), and 10 ns (E120, 135-18
Ring 25: 24 ns (E25 & E89, 45-13%, 22 ns (E57, 0-45), and 11 ns (E121, 135-18i
Ring 26: 29 ns (E26 & E90, 45-13%, 27 ns (E58, 0-45), and 13 ns (E122, 135-18i
(b)
330
300 =———mn0—— =
270 A
240
210
180 T T T T T
0 30 60 90 120 150 180
Circumferential Angle (degrees
Ring 27: 29 ns (E27 & E91, 45-135, 27 ns (E59, 0-45), and 13 ns (E123, 135-18)
Ring 28: 32 ns (E28 & E92, 45-135, 30 ns (E60, 0-45), and 14 ns (E124, 135-18)
Ring 29: 35 ns (E29 & E93, 45-135%, 33 ns (E61, 0-45), and 15 ns (E125, 135-18)
Ring 30: 39 ns (E30 & E94, 45-135, 36 ns (E62, 0-45), and 16 ns (E126, 135-18)
Ring 31: 42 ns (E31 & E95, 45-13%, 39 ns (E63, 0-45), and 17 ns (E127, 135-18)
Ring 32: 46 ns (E32 & E96, 45-135, 42 ns (E64, 0-45), and 18 ns (E128, 135-18)
Ring 33: 24 ns (E65 & E97), 49 ns (E69 & E79), $3AB75), 34 ns (E111 & E101), and 3 ns (E107)
Ring 34: 28 ns (E66 & E98), 54 ns (E70 & E80), 34E76), 38 ns (E112 & E102), and 4 ns (E108)

()

Figure D.14: Delay times and ranges for rings (a) through 13, (b) 14 through 26, and (c) 27 through

34 when inspecting curved interface forging coupo#12.
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Ring 1: 0 ns
250 Ring 2: 3 ns (E2, 0-180)
200 Ring 3: 2 ns (E3, 0-180)
Ring 4: 2 ns (E4, 0-180)
150 Ring 5: 2 ns (E5, 0-180)
Ring 6: 2 ns (E6, 0-180)
100+ Ring 7: 3 ns (E7, 0-180)
50 4 Ring 8: 4 ns (E8, 0-180)
Ring 9: 4 ns (E9, 0-180)
0 y y y y y Ring 10: 4 ns (E10, 0-180
Ring 11: 5 ns (E11, 0-180
0 30 60 90 120 150 18 Ring 12: 6 ns (E12, 0-180
Circumferential Angle (degrees) Ring 13: 6 ns (E13, 0-180
(a)
320
270 1
0 30 60 90 120 150 180
Circumferential Angle (degrees
Ring 14: 6 ns (E14, 0-180
Ring 15: 7 ns (E15, 0-180
Ring 16: 7 ns (E16, 0-180
Ring 17: 5 ns (E17, 45-135 and 6 ns (E49, 0-45& 135-180)
Ring 18: 6 ns (E18, 45-135 and 6 ns (E50, 0-45& 135-180)
Ring 19: 7 ns (E19, 45-185 and 7 ns (E51, 0-45& 135-1807)
Ring 20: 8 ns (E20, 45-135 and 8 ns (E52, 0-45& 135-180)
Ring 21: 9 ns (E21, 45-135 and 9 ns (E53, 0-45& 135-1801)
Ring 22: 11 ns (E22 & E86, 45-13%, 10 ns (E54, 0-45), and 3 ns (E118, 135-180)
Ring 23: 13 ns (E23 & E87, 45-13%, 11 ns (E55, 0-45), and 4 ns (E119, 135-180
Ring 24: 15 ns (E24 & E88, 45-13%, 13 ns (E56, 0-45), and 4 ns (E120, 135-180)
Ring 25: 17 ns (E25 & E89, 45-13%, 15 ns (E57, 0-45), and 4 ns (E121, 135-180)
Ring 26: 19 ns (E26 & E90, 45-13%, 17 ns (E58, 0-45), and 4 ns (E122, 135-180)
(b)
350 ]
330 Ji f‘
310 — —
290
270 1
250
0 30 60 90 120 150 180
Circumferential Angle (degrees)
Ring 27: 22 ns (E27 & E91, 45-135%, 19 ns (E59, 0-45), and 5 ns (E123, 135-18(
Ring 28: 24 ns (E28 & E92, 45-135%, 21 ns (E60, 0-45), and 5 ns (E124, 135-18(
Ring 29: 27 ns (E29 & E93, 45-133, 23 ns (E61, 0-45), and 5 ns (E125, 135-180
Ring 30: 29 ns (E30 & E94, 45-133, 25 ns (E62, 0-45), and 5 ns (E126, 135-180
Ring 31: 32 ns (E31 & E95, 45-135%, 27 ns (E63, 0-45), and 5 ns (E127, 135-18(
Ring 32: 35 ns (E32 & E96, 45-135%, 29 ns (E64, 0-45), and 6 ns (E128, 135-18(
Ring 33: 23 ns (E65 & E97), 31 ns (E69 & E79), 4BE5), 17 ns (E111 & E101), and 0 ns (E107)
Ring 34: 26 ns (E66 & E98), 35 ns (E70 & E80), 5Q[BE76), 19 ns (E112 & E102), and 0 ns (E108)
Ring 35: 23 ns (E67, E99), 10 ns (E71, E83), 3(E78, E81), 7 ns (E77), 21 ns (E115, E104), 4 A48 E105), and 0 ns (E109)

()

Figure D.15: Delay times and ranges for rings (a) through 13, (b) 14 through 26, and (c) 27 through
35 when inspecting curved interface forging coupo#13.

www.manaraa.com



116

phase difference A(/5:[Range in DeIayP'I'ei:woeds((r?;/)er an Element (TXS%OD (D.1)
sound intensity | =2I0[1+ cosA¢], wherel, is the initial sound intensity (D.2)
Iy =Gyl o, Wherec, =2[1+cosAg, | andn is the number of elements in the aperture (D.3)
maximum sound intensity per element ., = 2! 0[1+ cos((?)]z al, (D.4)

>,

n
IOzcn

n
intensity level chang€ decib§l-s10 log=t— =10log—=L— =10lo iz C,
NI hax 4nl, 4n =

(D.5)

Tabulated in Table D.1 are the intensity levelmades due to destructive interference occurring
when waves arrive at different times at an elerfamtiltrasonic beams generated during the inspecifo
curved interface calibration specimens 2 throughvitB the 3D ray-tracing algorithm.

Plotted in Figure D.16 and tabulated in Tables@&n@& D.3 are the delay times, averaged over
each element in the aperture necessary for aclkjewir-/6 beam focus, for phasing individual elemeft
the transducer array based on Fermat surfacesajeddor each curved interface calibration specs#&n
through 13 when using the 3D ray-tracing algoritfiimese sets of delay time values were enteredémnto
files in the format required by the phased arragriimentation. Using these formatted files contgjrihe
delay times, laboratory data was acquired and issptbduce the C-scan images when using the 3D ray-

tracing algorithm presented in Chapter 4 of thisditation.

Table D.1: Intensity level changes due to destruate sound wave interference during the inspection
of curved interface forging coupons 2 through 13 wén using the 3D ray-tracing algorithm.

1 n
Block chn

1[1
Number of Elements in Aperture, n i=1

n

DG

} Intensity Level Change (dB)

# i=1

2 7.42 9 0.824 -0.84
3 9.19 13 0.707 -1.51
4 12.21 18 0.678 -1.69
5 16.06 22 0.730 -1.37
6 22.89 30 0.763 -1.18
7 27.49 34 0.809 -0.92
8 40.16 42 0.956 -0.19
9 47.06 50 0.941 -0.26
10 52.52 62 0.847 -0.72
11 51.84 70 0.741 -1.30
12 52.37 86 0.609 -2.15
13 73.09 98 0.746 -1.27
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Figure D.16: Circumferential delay times averaged wer each element when focusing on FBHs in the
curved interface forging coupons when using the 3Eay-tracing algorithm.

Table D.2: Circumferential delay times averaged oweeach element when focusing on FBHs in the
curved interface forging coupons when using the 3Bay-tracing algorithm (elements 1-25 only).

Ele. Ring Block Block Block Block Block Block Block Block Block Block Block  Block
# # 02 03 04 05 06 07 08 09 10 11 12 13
1 1 26 0 0 0 0 0 0 0 0 0 0 0
2 2 21 5 9 12 15 17 19 20 22 22 24 25
3 3 18 7 16 21 26 29 32 34 37 38 40 42
4 4 15 9 22 30 37 42 46 49 52 55 57 59
5 5 12 12 29 39 49 55 60 64 68 71 74 77
6 6 9 15 36 48 60 68 74 79 84 88 92 96
7 7 6 18 43 58 72 81 88 94 100 105 109 114
8 8 3 21 50 67 84 94 103 110 117 122 127 133
9 9 0 24 58 77 96 108 118 125 134 140 146 152
10 10 27 65 87 108 122 133 141 151 157 164 172
11 11 31 73 97 121 136 148 158 168 175 183 191
12 12 34 80 107 133 150 163 174 186 194 202 211
13 13 28 78 108 136 154 169 181 193 202 211 221
14 14 70 102 133 152 168 181 195 204 214 225
15 15 61 96 129 150 167 181 196 206 217 229
16 16 52 90 126 148 166 181 198 209 220 233
17 17 54 92 130 153 167 181 197 208 219 235
18 18 83 124 150 165 182 200 212 224 242
19 19 74 119 147 164 182 202 215 229 248
20 20 114 145 163 183 204 219 234 255
21 21 109 142 162 183 207 222 239 262
49 17 29 72 113 139 164 182 201 214 228 240
50 18 60 106 135 163 183 204 219 234 247
51 19 48 99 131 162 183 207 223 240 255
52 20 92 127 160 184 210 227 246 262
53 21 85 123 159 185 213 232 252 269
22 22 101 138 161 185 210 228 246 272
23 23 133 159 186 215 235 256 284
24 24 157 187 220 242 265 297
25 25 155 188 224 249 274 310
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Table D.3: Circumferential delay times averaged oweeach element when focusing on FBHs in the
curved interface forging coupons when using the 3Eay-tracing algorithm (elements 26-115 only).

Ele. Ring Block Block Block Block Block Block Block Block Block Block Block  Block

# # 02 03 04 05 06 07 08 09 10 11 12 13
26 26 190 229 256 284 323
27 27 182 224 253 284 326
28 28 212 243 276 322
29 29 199 233 268 318
30 30 187 223 261 313
31 31 212 253 309
32 32 202 245 305
54 22 73 115 156 184 215 237 259 278
55 23 108 153 186 221 245 270 292
56 24 151 187 226 253 281 305
57 25 149 188 232 261 292 319
58 26 190 237 269 304 333
59 27 182 233 268 305 337
60 28 222 259 299 334
61 29 210 250 294 330
62 30 199 242 288 327
63 31 233 282 324
64 32 224 276 320
65 33 225 293
66 34 210 285
67 35 276
68 36

69 33 242 298
70 34 228 290
71 35 266
72 36

73 35 294
74 36

75 33 282 326
76 34 273 321
7 35 318
78 36

107 33 285 329
108 34 277 325
109 35 321
110 36

111 33 266 322
112 34 256 317
113 35 319
114 36

115 35 305
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Table D.4: Circumferential delay times averaged oweeach element when focusing on FBHs in the
curved interface forging coupons when using the 3Eay-tracing algorithm (elements 118-128 only).
Block Block Block Block Block Block Block Block Block Block Block  Block

Ele. # Ring# 02 03 04 05 06 07 08 09 10 11 12 13
118 22 7 119 159 188 219 240 262 281
119 23 112 158 190 224 248 274 295
120 24 156 192 230 257 285 309
121 25 155 194 237 266 297 324
122 26 196 243 275 309 338
123 27 189 240 275 312 343
124 28 229 267 306 341
125 29 219 259 301 338
126 30 208 251 296 335
127 31 243 291 333
128 32 235 287 331
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APPENDIX E. GROUPING DELAY TIMES FOR 3D METHOD

The following tables graphically present the griogpf delay times generated by the 3D ray-
tracing algorithm, i.e., when using circumferenpbsing of the transducer array, when inspectimget!
interface forging coupons 2 through 13 as previptadbulated in Table 4.4 in chapter 4 of this disg®n.

Receiving Elements
#1-9

£

o

£

-

=

on [ 1
4= —

E|=

&

=

=

-

-

Figure E.1: Grouping delay times into 1 focal lawdr curved interface forging coupon #2.

Receiving Elements

#l-13

#1-13

Transmitting Elements
1
[S—"

Figure E.2: Grouping delay times into 1 focal lawdr curved interface forging coupon #3.

Receiving Elements

#l-17 #49

17

: 1 2

Transmitting Elements

#49

3 4

Figure E.3: Grouping delay times into 4 focal lawdor curved interface forging coupon #4.
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Receiving Elements

#1-19 #49 - 51
£
£l
||z 1 2
2 i
e
=0
-
b=
g
=
G
= |
: 3 4
¥

Figure E.4: Grouping delay times into 4 focal lawdor curved interface forging coupon #5.

Receiving Elements

#l-22 #49 - 54 #36 118

2,113
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[S—
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811110
7 917111

Figure E.5: Grouping delay times into 5 focal lawdor curved interface forging coupon #6.
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Receiving Elements

#1-23 #49 - 55 | #86 - 87 | #118-119

2113

#1-23
—

4 50416
8|1 1]10

7 91711

Figure E.6: Grouping delay times into 9 focal law$or curved interface forging coupon #7.

Transmitting Elements

#118 - 119 | #86 - 87 | #49 - 55
—

Receiving Elements
#1 - 25 #49 - 57 | #86-89 | #118- 121

#1-25
—

21173

4 [sl4ale6
51 | 8]1]10
7 9711

Figure E.7: Grouping delay times into 9 focal law$or curved interface forging coupon #8.
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Receiving Elements

#l-27 #49 - 59 | #86-91 | #118-123

#1-27
—

2,113

6
1 | 8] 1]10

7 91711

Figure E.8: Grouping delay times into 9 focal lawdor curved interface forging coupon #9.
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Receiving Elements

#1 - 30 #49 - 62 | #86-94 | #118 - 126

30
L —

21113

#l -

4 |5/4]6
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Figure E.9: Grouping delay times into 9 focal law$or curved interface forging coupon #10.
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Receiving Elements
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Figure E.10: Grouping delay times into 9 focal lawsor curved interface forging coupon #11.
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Receiving Elements
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Figure E.11: Grouping delay times into 16 focal law for curved interface forging coupon #12.
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Figure E.12: Grouping delay times into 18 focal law for curved interface forging coupon #13.
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APPENDIX F. INDIVIDUAL FOCAL LAW C-SCANS PRIOR TO SUMMING

This appendix provides individual focal law C-ssavhen multiple focal laws were required to
inspect FBHs due to phased array hardware limiatizvhere multiple focal law data was post-proatsse
to generate summed C-scan images. Also includethargain settings required to achieve peak angagu
of 80%FSH for this individual focal law data. O&tiC-scan images previously presented, the following
inspections required multiple focal laws and resiiin summed C-scan images: initial 2D inspectafns
planar coupons 12 and 13 (See Table F.1 and Figljerefined 2D inspections of planar couponsi@ a
13 (See Table F.2 and Figure F.2), refined 2D ictspes of curved coupons 12 and 13 (See Tablerd3 a
Figure F.3), and 3D inspections of curved coupotiz4 13 (See Table F.4 and Figures F.4 thru F.13).

Table F.1: Gain settings to achieve 80%FSH in initila2D inspections of planar coupons 12 and 13.

qcal Law 1 2 3 4 Summed
Block

12 255 346 339 445 20.4
13 276 321 350 41.0 19.7

Table F.2: Gain settings to achieve 80%FSH in refiree2D inspections of planar coupons 12 and 13.

ocal Law 1 2 3 4 Summed
Block

12 22.7 33.2 32.0 44.0 18.0
13 23.4 30.9 32.7 395 17.9

Table F.3: Gain settings to achieve 80%FSH in refiree2D inspections of curved coupons 12 and 13.

ocallaw ;5 3 4 Summed
Block

12 30.2 471 456 57.8 27.9
13 30.9 44.0 42.0 53.3 27.4

Table F.4: Gain settings to achieve 80%FSH in 3D ipgctions of curved coupons 4 thru 13.

Block
Focal Law

4 5 6 7 8 9 10 11 12 13

1 297 287 281 302 272 272 280 277 316 325
2 545 46.7 388 41.0 395 395 439 446 473 485
3 49.6 419 564 528 439 439 422 408 60.2 527
4 757 578 382 409 379 379 401 414 402 413
5 485 497 424 424 40.8 412 448 457
6
7
8
9

65.0 52.0 483 483 519 526 415 428
52.0 62.7 528 528 504 522 494 450
625 59.2 520 520 526 528 541 586
63.0 716 516 516 51.7 542 596 635

10 80.1 59.8 550 550 506 523 498 635
11 76.7 67.7 540 540 516 508 631 63.1
12 61.4 52.3
13 51.1 49.7
14 441 52.6
15 50.5 58.1
16 521 58.1
17 61.1
18 41.1

summed c-scan 289 260 23.0 246 23.0 21.2 2516 2229 234
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Block 12 Block 12 Block 12

Block 12 Block 12
Focal Law 01  Focal Law 02

Focal Law 03  Focal Law 04 Summed

Block 13 Block 13 Block 13 Block 13 Block 13
Focal Law 01 Focal Law02 Focal Law 03 Focal Law 04 Summed
Figure F.1: Initial 2D method inspection C-scans oplanar interface forging coupons #12 and #13.

Block 12 Block 12 Block 12

Block 12 Block 12
Focal Law 01  Focal Law 02 Focal Law 03

Focal Law 04 Summed

Block 13 Block 13 Block 13 Block 13 Block 13
Focal Law 01  Focal Law 02 Focal Law 03 Focal Law 04 Summed
Figure F.2: Refined 2D method inspection C-scans glanar interface forging coupons 12 and 13.

Block 12 Block 12 Block 12 Block 12 Block 12

Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Summed
Ed F:

Block 13 Block 13 Block 13 Block 13 Block 13

Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Summed

Figure F.3: Refined 2D method inspection C-scans efirved interface forging coupons 12 and 13.

Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Summed
Figure F.4: 3D method inspection C-scans of curveidterface forging coupon #4.

Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Summed
Figure F.5: 3D method inspection C-scans of curveidterface forging coupon #5.
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Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Focal Law 05
= SN SEE = b M-
-
Focal Law 06 Focal Law 07 Focal Law 08 Focal Law 09 Focal Law 10
Focal Law 11 Summed

Figure F.6: 3D method inspection C-scans of curveidterface forging coupon #6.

Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Focal Law 05
Focal Law 06 Focal Law 07 Focal Law 08 Focal Law 09 Focal Law 10
Focal Law 11 Summed

Figure F.7: 3D method inspection C-scans of curveidterface forging coupon #7.

Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Focal Law 05
Focal Law 06 Focal Law 07 Focal Law 08 Focal Law 09 Focal Law 10
Focal Law 11 Summed

Figure F.8: 3D method inspection C-scans of curveidterface forging coupon #8.

Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Focal Law 05
Focal Law 06 Focal Law 07 Focal Law 08 Focal Law 09 Focal Law 10
Focal Law 11 Summed

Figure F.9: 3D method inspection C-scans of curveidterface forging coupon #9.
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Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Focal Law 05
Focal Law 06 Focal Law 07 Focal Law 08 Focal Law 09 Focal Law 10
Focal Law 11 Summed

Figure F.10: 3D method inspection C-scans of curvedterface forging coupon #10.

Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Focal Law 05
Focal Law 06 Focal Law 07 Focal Law 08 Focal Law 09 Focal Law 10
Focal Law 11 Summed

Figure F.11: 3D method inspection C-scans of curvedterface forging coupon #11.

B N

Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Focal Law 05

Focal Law 06 Focal Law 07 Focal Law 08 Focal Law 09 Focal Law 10

Focal Law 11 Focal Law 12 Focal Law 13 Focal Law 14 -I-:-(-)cal Law 15
e e

Focal Law 16 Summed

Figure F.12: 3D method inspection C-scans of curvedterface forging coupon #12.
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BN F e

Focal Law 01 Focal Law 02 Focal Law 03 Focal Law 04 Focal Law 05
El AT o s
Focal Law 06 Focal Law 07 Focal Law 08 Focal Law 09 Focal Law 10
Tl o P
Focal Law 11 Focal Law 12 Focal Law 13 Focal Law 14 Focal Law 15
El Do FTE F A
Focal Law 16 Focal Law 17 Focal Law 18 Summed

Figure F.13: 3D method inspection C-scans of curvedterface forging coupon #13.
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