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A BSTRACT

Elect rical , L~trasonic , and flaw response performance were char-
acterized for 23 ultrasonic t ransducers  used by the Air Force to inspect
aircraf t  com ponents. Wide va riation was noted in the response of these
transducers to sample flaws , including a flat-bottom hole, an Elox notch,
and two laboratory generated fatigue cracks. Seventeen parameters
descri ptive of the characteris t ics  of these transducers  were defined and
correlations between these parameters and the flaw detection performance
analyz ed. Good correlation between loop sensitivity and ability to detect
the sample flaws was shown for  each transducer  in the set. Other para-

• meters of significance appear to be transducer center frequency, beamwidth,
• . spectrum inflection , and beam inflection. Definitions of these parameters are

presented. A performance rating based on the significant parameters  was
developed ,and , on the basis of thi s rating, only two of the 23 t ransducers
were  judged to be good and eleven fair .  In the case of fatigue cracks , the
response of individual t ransducers  ranged from signals several times the
noise background permitting easy crack detection and a t ransducer  rating
of good to no signal which means the crack would not be detected and a
transducer  rating of poor. Establishment of certification criteria based
on simple t ransducer  loop sensitivity measurement is suggested.  Additional
work recommended includes verification of thi s proposed certification
criteria based on a larger , mor e representative sample of t ransducers .
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I. SUMMARY

- Twenty- th ree  ultrasonic tra i i .~.ducers obtained from the San Antoni o
Air  Logistics Center were charac ter ized  by measurement  of el ectrical ,
ultrasonic , and flaw response characteristics. Seventet n parameters
were derived from these measurements and correlation analyses performed
in an attempt to establish a basis for  specification of t r ansducers  to pro-
duce predictable flaw response performance.

The resu l t s  of thi s investigation showed tha t variability was h igh
among the t r ansduce r s  in thei r response to the same sample flaws. For
a given transducer good correlation between the flaw response and loop
sensitivity was shown to exist. Loop sensitivity is a measurable cha ra c-
teristic of a t ransducer  and appears to offer a reasonable basis for the
predict ion of individual t r a n s d u c e r  performanc e in the detection of small
flaws. Determination of absolute values of loop sensit ivi ty for  adequate
specification purposes was beyond the scope of th i s  program. However ,
development of ba seline re fe rence  s tandards and establishment of
adequate controls appear  to be feasible.

Othe r physical charac ter i s t ics  of t r ansducers  which appea r to
have reasonabl e correlation with flaw response includ e center f r e q u e n c y ,

• beamwidth , spectral inflection , and beam inflection . Using accepted
statistical method s, a performance  rating was esta blished for the trans-
ducers  based on the loop sensitivity and these  four  pa rameters .  Of the
23 t ransducers  examined , onl y two were  jud ged good , eleven fa ir , and
ten poor by this rating methodology.

Prediction of flaw response performance of individual t r~.n sducers
based on measurable parameters appears to be a reasonable goal.
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II. INTRODUCTION

The San Antonio Air Logi stics Center  (SA -ALC) at Kelly AFB has
overall management responsibility for the Air Force nondestructive
inspection (NDI) program , and ultrasonic (UT) inspection comprises a
major par t  of thi s responsibil i ty.  One of the most critical elements of
any UT inspection system is the t ransducer .  It serves as the link betw een
the electronic inspection instrumentation and any mechanical defects in

• the a i rcraf t  component under inspection and perform s the dual function
of producing and monitoring the ultrasonic pulses. Thus , an understanding
of any distortions introduced by the t ransducer  is critical to the inter-
pretation of inspection results .

Wide variation in the performance of commercially availabl e
ultrasonic t r ansduce r s  has been noted by a number of observers .  U~
The purpose of the program reported in this docum ent was to charac-
terize a readily availabl e number of commercial t r ansduce r s  of various
types presently in use in Air  Force UT inspection. Correla tion of
parameters descriptive of the charac ter i s t ics  of indivi d ual t ransducers
with thei r pe rformance in detecting flaws of several types was examined .
The objective of the correlat ions was to determine the effect of these
parameters (which might form a rational basis for specification) on the
reliability of UT inspection procedures used to detect small fat igue cracks
in the examination of Air Force components.

The scope of the program included measurement of electrical,
• ultrasonic , and flaw detection character is t ics  of 23 t ransducers, and the

derivation of 17 descri ptive parameters from these measur em ents. Per-
formanc e in detecting flaws was limited to longitudinal-wave examination
of a flat-bottom hole sta nda rd , an Elox notch , and two cyclically generated
fatigue cracks.  All but the f i r s t  of these were  produc ed dur ing the course
of a previous program and reported in an earlier , separate doc ument. (3)
Details on the four flaw standards a re  given in A ppendix A.

Ultrasonic transdk~tcers  come in a variety of configurations and
with varied character is t ics .  As shown in Figure 1, all have in common
four basic parts; the outer housing the piezoelectric crystal , the wear-
plate, and the backing. The outer housing provides structural  integrity
and protection of the delicate internal components. The wearplate has
the same protective function as the outer housing, but is also must  t ransmit
the ul t rasonic pulses with little attenuation. The heart  of the t ransducer
is the piezoelectric c rys ta l  which produces an ultrasonic impulse when
excited by an electrical impulse. The final constituent part  of the trans-
ducer is the backing which is used to dam p out the ringing of the

References  appea r at the end of thi s report.
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piezoelectric crystal  and to absorb the ultrasound wh ich  would be radiated
in the reverse direction.

A variety of materials is used in the construction of ultrasonic
t ransducers .  The outer housing is normally metallic, but can be formed
of plastic. The wearplate is usually aluminum oxide , but can be any
material which is acoustically matched to the crystal. The crysta l itself
can be natural  or man-made. Quartz is the most common type of natural
crystal.  Man-made materials exhibit a variety of properties tha t can be
tailored to fi t  a pa r ticular application. Lead metaniobate is one of the
more common materials used in element fabrication. There is also a
variety of backing materials, with metal powder suspended in an epoxy
binder being common. The adhesive used to bond the par ts  together is
very critical to t ransducer  performance. In par ti cula r , the crystal-to-
wea rplate and backing- to-crys ta l  bond are extremely important. An
epoxy cement is generally the preferred material for thi s purpose.

The electrical connections in the ultrasonic t ransducer  are also
of great importance. Since a large contact area on the crystal  is desirable,
the crystal is generally plated with a good conductor such as gold. Copper
lead wires  from external connectors are  then welded to the electrodes. Often
an electrical tuning network is buil t into the t ransducer  to i n su re  impedanc e
matching between the t ransducer  and the pulser- receiver .

Although t r ansduce r s  appear to be simple electromechanical
• devices, the many sources of variability in construction create an ex-

tremely complex situation. Indeed , performanc e variation cannot be
identified by any simple means. Thus , many different measurement s,
some of which are  very complicated , are required to cha racter ize  the
performance of any t ransducer .

Several measurement parameters have been used to characterize
ultrasonic t ransducers .  (4) It is not generally possibl e to separate  the
electrical properties from the ultrasonic properties , nor the response of
a t ransducer  as a t ransmit ter  from the respons e as a receiver. Thus ,
only the total system response is measured. Characteristics used to
describe t ransducer  performance includ e (1) RF spectrum, (2) distance-
amplitude response, (3) beam profil e, (4) conversion efficiency,
(5) RF noise ratio, and (6) damping. All of these charac ter is t ics  can
be influenced by system parameters other than the t ransducer , so care
must be taken in establishing measurement  procedures.

The specification of ultrasonic t ransduc ers used in Air  Force
NDI is established for each particular inspection task in a document
refer red  to as a “Technical Order ” or simply T. 0. A T. ~~~. d etails the

- i_•_ .
~~
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seltction and calibration of instrumentation as well as the technique for
inspecting the particula r pa rt. Variations between ultrasonic system s
of the same general type a r e  “normalized” by adjust ing reject , tuning,
and gain controls on the ul t rasonic  pulser-receiver, using calibration
standards.  Standards are usually metallic blocks containing manufactured
flaws of precise dimension s , designed to produc e the same response in
the inspection system that would be produced by an actual flaw under
service conditions. However , t ransducer  performanc e variability can
render ambiguous calibration results.  *

Many considerations are  involved in the NDI of aircraft  components.
Some of these are  unique to Air  Force applications , but many are shared
with other users  of ultrasonic technology. Accessibility of the part to
be inspected is often a major problem in airc raft , while flaw characteri-

• zation is of more  general concern to all users.  Perhaps the most press ing
problem r elates to the reliability of detection. Often the question is not
how small a flaw one can detect , but how large a flaw one may miss.
A recent r e sea rch  effort desi gned to stud y the detection reliability of
several typ ical Air Force inspection procedures(5)  has documented the
general conclusion tha t relatively large percentages of flaw s are  not
detected dur ing routine in - se rv ice  inspections.

Thus , an assessment  of the variation in perfo r mance of nominally
equivalent ultrasonic t ransducers  used in Air Force NDI was the subj ect
of the investigation reported here. The intent of the program was to
correlate  the flaw response of typical t ransducers  with other measurable
characterization parameters .  The acousti c radiation pattern , RF spec -
trum , and flaw response were measured  on 23 t r ansducer s .  A total of
17 separate parameters were then extracted from these data, for each
t ransducer .  Statistical variation and correlat ion analyses were  per-
formed with these pa rameters , to give an indication of the importance
of t ransducer va riability on the flaw detection capability of a UT inspec-
tion system.

* Variability of UT inspection system performance introduced by
reference standards is also recognized , but a stud y of th is  effect
was beyond the scope of the present program. 

~~~~~- -,.---- - -  
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III. EXPERIMENTAL PROGRAM

A. Characterization Measurement s

Tests were  designed to measure the electrical and ultrasonic
properties of typical commercial t ransducers  used in UT inspection in
the Air Force. The ability of these transducers to detect small flaw s was
assessed and this performance correlated with transducer parameters
which could be specified as acceptance criteria for procurement and
certification.

Two classes of reference standard s were used to charac-
terize transducer response to defects: (1) artificial flaws and (2) service-
type flaws. The artificial flaws consisted of a flat-bottom hol e and a
small notc h machined by an electric d ischarge, generally referred to as
an “Elox notc h” . The service-type flaws were  two fat igue cracks pro-
duc ed by cycling 7075-T65 1 aluminum plate specimens under load : one
a low-cycle, high load type , the other a high-cycle, low load type.

The characteristics of the t ransducers  wh ich  were  measured
included (1) RF power spectrum, (2) RF waveform, (3) dis tance-amplitude
response, (4) beam profile, (5) loop sensitivity, and (6) electrical noise.

The RF power spectrum contains all info rmation per ta ining
to the f requency response of the t ransducer .  It is produced by anal yzing
the waveform of a t ransducer  echo with a spectrum analyzer.

When plotted , the distance-amplitude response shows graphi c-
ally the variation of ultrasonic intensity with distance along the t ransducer
axis. It is produced by plotting the return echo amplitude versus  the
transducer-ref lector  distance.

The t ransducer  beam profile describes the directivity of
the ultrasonic beam. It is obtained by plotting the return echo amplitude
from a symmetrical r eflector versus  the t ransverse distance from the
transducer axis.

The loop sensitivity, indicative of the efficiency of the
• t r ansducer  in converting an electrical signal into an ultrasonic signal

and vice versa , is the ratio of the r eturn echo amplitude to the initial
electrical impulse.

The electrical noise inherent  in a t ransducer  determines
the lower limit for detecting a re turn  echo. It was measured with a

• sensitive oscilloscope.

-~~~~~~~~~~~ - — -  ~~~ _ _  1_ _ ____~~_~ —~~~~~--—‘ - ~ -• , - --
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The Final Test Plan , developed by the SwRI Proj ect Manager
and approved by the SAALC Project En gineer, is included in
A ppendix B.

B. Selection of Transducers

A sample set of 23 t ransducers  was provided by SA-ALC
for eval ua tion. All were longitudinal t ransducers  procured from several
commercial sources. Three nominal frequencies - 2. 25 , 5. 0, and 10 MHz
were represented. Several piezoelectric c rys ta l  sizes comprised this
group: 0. 1875-in. (4.76mm), 0. 25-in. (6. 35mm), 0.312-in. (7. 94mm), and
0. 375-in. (9. 52mm) in diameter. Most had metallic cylind rical cases , but
thr ee had square metallic cases and one had a cylind rical plastic case.
Table I lists the nominal characteristics of thi s set of t ransducers, with
an assigned identification number for evaluation purpçses.

C. Experimental Method

The cha racterization measurements were made in an Automation
Industries Mod el US-lb manual-scan water immersion tank using a 0. 25-in.
(6. 3 5mm) diameter spherical reflector. An Automation Industries Model
S80 Pulser-Receiver  was used to power the t ransducer  and a Hewlett-
Packard Mod el 140-T Spectrum Analyzer  to display the power spectrum.
Power spectra and RF waveforms were  recorded on Pola roid ®photo-
graphs. The beam profiles were  plotted on a Houston Instruments
Model 6452A X-Y Recorder.  The dis tance-amplitude response was
obtained by plotting deflection readings from the pulser-receiver oscillo-
scope versus microm eter readings of distanc e on the water tank scanning
device.

Flaw response was also determined with the t ransducers  and
the test standards immersed in water. Special fixturing was built to
insure proper alignment of the t ransducer  and specimen, as shown in
Fi gure 2. Thi s alignment was adjusted for each t ransducer  to produce
the maximum flaw response. Flaw response patterns were then profiled
by measuring the t ransverse  motion necessary to give a 6 dB signal decrease.
A Sperry Model UM-72 1 with a iON Pulser-Receiver was used to power
the transducer.  The initial pulse amplitude was also measured and used

• to normalize the flaw echo amp litude. A water path length of 0. 5-in.
(12. 7mm) was maintained between t ransducer  and standa rd for each
measurement.  The metal path length varied with flaw type from 0. 5-in.
(12. 7mm) for the flat-bottom hol e specimen to 2-in. (50. 8mm) for  the
other flaw specimens. The loop sen sitivity for return echo off a flat
surface was also measured. Electrical noise of each t ransducer  was
measured with a Tektronix Model 5440 Oscilloscope and recorded on a
Polaroid ® photogra ph. A r eference electrical noise measurement was
made using a dummy loa d across the pulser-rec eiver.-

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE I

— 

Identification, Frequency, and Size of Test Transducers

Piezoelectric
Identif y ing Nominal Crystal Diameter

Number Frequency Inches(mm)
A- i  2. 25 MHz 0. 312(7.94)
A-2  2. 25 MHz 0. 375(9.52)
A-3  2. 25 MHz 0. 312(7.94)
A _4** 2. 25 MHz 0 .375(9 .52)
A-S 2. 25 MHz 0. 25(6. 35)
A_ 6 * 2. 25 MHz 0. 25(6. 35)
A-7 2. 25 MHz 0 .312(7 .94)

B-b 5.0MHz 0.25(6.35)
B_2* 5.0 MHz 0.25(6.35)
B-3 5 . 0 M H z  0. 25(6.35)
B-4 5.0 MHz 0. 188(4.76)
B-5 5.0MHz 0.25(6.35)
B-6 5 . 0 M H z  0. 25(6.35)

- B-7 5. 0 MHz 0.188(4.76)

C-i  10MHz 0. 25(6.35)
C-2 10MHz 0 .312(7 .94)
C-3 10 MHz 0. 188(4. 76)
C-4 10 MHz 0. 25(6. 35)
C_ 5* 10 MHz 0. 25(6. 35)
C-6 10 MHz 0.312(7.94)
C-7 10 MHz 0. 25(6. 35)
C-8 10 MHz 0. 25(6. 35)
C-9 10MHz 0. 188(4.76)

* Square Metallic Housing

** Cylind rical Plastic Housing

- • - — • - -— - - • —- — -— -— — ~~~~~~~~~~~~ — - — -  —~~ 
- - — 
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D. Test Results

The data obtained from the experimental measurements were
recorded in several forms. Grap hs were us ed to di splay the beam profile
and distance-amplitude info rmation. Pola roid® photographs were used to
record the RE ’ power spectrum, RE’ waveform, and electrical noise. The
other measurements were record ed in tabular form. Examples of ty pical
data obtained are  discussed below.

1. Electrical and Ultrasonic Characterization

The beam profiles for eac h t ransducer were recorded
at four t ransducer- to-ref lector  distances according to the following scheme:
far field maximum point , near  fiel d minimum point , and the two -6 dB
points on either side of the far field maximum. A typical set of these
curves is shown in Figure 3.

The distance-amplitud e plot was generated by m ea-
suring the echo ampli tud e in 1/8-in. (3. 2mm) steps of the transducer
r eflector distance. A typical plot of these data is shown in Figure 4.

Spectral information was obtained by recording the
RF power spectrum and waveform on Polaroid ® phtograp hs. An examp le
set of these photographs is shown in Figure 5.

2. Flaw Detection

The majority of the transducer performance characteristics
considered meaningful in flaw detection were measured on a calibrated
Tektronix Model 5440 Oscilloscope and recorded in tabular form. The
electrical n~~se (which determines the limit of sensitivity) was recorded
on Polaroid~W photographs of oscilloscope displays. Figure 6 shows the
electrical noise produced by the pulser-receiver driving (a) a dummy load ,
(b) a “quiet” transducer, and (c) a “noisy” transducer. The initial elec-
trical pulse amplitude and return echo amp litude from each of the four
types of flaws are recorded in Table II, together with the echo amplitude
from a flat surface used to calculate the ioop sensitivity. The path

• length in water in each case was 0. 5-in. (12. 7mm), however , the path
length in metal varied and is given in Table II for each specimen.

The flaw response patterns exhibited by all transducers
were similar to the far field beam profile pattern shown in Figure 3d. A
flaw response pattern for one of the trans ducers is shown in Figure 7. Since

- • the shape of the far field flaw echo patterns was roughly the same for all
transducers, it was only necessary to measure the width at the -6 dB ampli-
tude points (half of maximum amp litude) to characterize each echo response.
Table III lists the width at -6 dB response for each type of flaw and for
each transducer. 

• •~~~~~~~~~~~~~ .~~~~~~~~~~~ • • • •~~~~~~~ • •
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TABLE II

Flat Surface and Flaw Respons e (Echo Amplitude)
for Test Transducers

Flaw Response (Volts)
Main Flat Flat- Low High

• Transducer  Pulse Surface Bottom Elox Cycle Cycle
(Volts) Response* Hol e Notch Fati gue Fat igue

(Volts) Crack Crack
A- i  720 10 1.49 0. 52 0. 17 0.15
A - 2  800 0. 1 0. 15 0. 22 NE NE
A-3 1700 1.6 0. 24 0.10 NE NE
A-4 1500 2.8 0. 25 0.40 NE NE
A-5 1400 1.4 0.14 0.11 NE NE
A-6 1560 0.3 0. 09 0. 10 NE NE
A-7 1500 8.4 0.46 0.36 0.10 0.10

B-i  680 5.6 1.21 0 .97 0.31 0 . 1 2
B-2  1120 1.6 0 . 7 2  0.36 0.18 NE
B-3 1680 15. 0 1.50 1.15 0.98 0. 20
B-4 1050 7 .9  0.44 1 .22  0. 25 0 .13
B-S 700 7 .6  1.36 1.25 0.46 0. 18
B-6 1000 17.0 2, 46 1.06 0 .30 0 .24
B-7 1230 2 .8 0. 23 0 .35  0 . 15  0. 13

C-i  2200 21 6. 30 9 .10  2.85 1.66
C-2 1900 10 1. 34 0.96 1.01 0.17
C-3 2200 0. 26 NE NE NE NE
C-4 2100 6 .4  0.40 0. 22 0. 81 0. 16
C-5 2050 1. 1 0. 21 0. 16 NE NE
C-6 1800 10 0.61 0, 68 0. 57 0. 21
C-7 2100 20 0. 20 1.80 0.46 0. 24
C-8 1800 4 . 2  1.37 0. 69 0 .65  0. 22
C-9 2000 20 2. 21 0.69 1.67 0. 56

Path Length
• in Aluminum

• Inches (mm) 1. 25(31. 8) 0. 5(12. 7) 2. 00(50. 8) 2. 00(50. 8) 2. 00(50. 8)

*used to calculate loop sensitivity
• NE - No Detectable Re tu rn  Echo

Nominal Center Frequency: A = 2 .25 MHz , B = 5 MHz , C = 10 MHz

IIk ~~ 
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TABLE III

Indicated Flaw Length from -6d B Points , Test Transducers

Flat- Low-Cycle Hig h-Cycle
- Transducer  Bottom El ox Fat igue Fatigue

Hol e Notch Crack Crack

A - i  0.385 0 .525 * *A - 2  0.45 0. 500 NE NE
A-3 NE NE NE NE
A-4 0. 26 0. 55 NE NE
A-5 0.335 0. 58 NE NE
A-6 0.300 0. 47 5 NE NE
A-7 0. 285 * * *
B-i  0.125 0. 29 0. 25 0 .3
B-2  0. 180 0. 325 0. 255 NE
B-3 0. 170 0. 275 0. 235 0. 280
B-4 0.145 * 0. 205 0.175
B-5 * 0. 295 0. 25 0.300
B—6 * *
B-7 0. 250 * 0. 25 0. 285

C-i 0 .112 0, 21 0.15 0, 212
‘ C-2 0. 100 0. 22 0. 207 0 ,210

C-3 NE NE NE NE
C-4 0. 135 0. 225 0. 235 0. 275
C-S 0.16 0 . 2  NE NE
C-6 0. 11 0. 215 0. 185 0. 235
C-7 0. 1 * 0. 21 0. 185
C-8 0, 11 * 0.15 0. 21
C-9 0. 13 * 0.15 0. 185

Measured 0. 078 0.12 5 0. 170 0. 125
Principal
Dimension+

* - No Measurement
NE - No Detectable Return  Echo

Nominal Cente r Frequency: A = 2. 25 MHz , B = 5 MHz , C = 10 MHz

+ See A ppendix A for detailed information on flaw s tandard dimensions.
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B. A nalysis of Test Results

As pointed out in the Introduction, there are no obvious
simple measurements which can be easily used to identif y
t ransducer  performance variation. Thus , a parametric stud y was under-
taken to examine as wide a range of va riables as practicable and to
determine the significance and dependenc e of pairwise combinations of
the variables through stati stical variati on and correlation anal yses .

1. Calculation of Characterization Parameters

Seventeen characterization parameters were  defined
and values were  computed for each t ransducer  f rom measured data such
as that presented in Section D. The seventeen parameters are given
bel ow in five groups and their definitions are  d etailed in A ppendix D.

a. The six parameters defined to descr ibe  the
cha racterist ics of the RF power spectrum and RE ’  waveform are:

(1) Center Frequency (CF)
(2) Center Frequency Error  (CFE)
(3) Bandwidth Ratio (BWR)
(4) Spectrum Symm etry Rati o (SSR)
(5) Spectrum Inflection Rati o (SIR)
(6) Damping (DMP)

Values of these spectrum parameters  for the test set of t r ansduce r s  are
given in Table IV.

b. The five pa rameters defined to describe the
geometric charac te r i s t i c s  of the ultrasonic beam produced by each
t ransducer  are:

( 1) Far Field Ratio (FFR)
(2) Bean-iwidth Er ror  (BWE)
(3) Effective Diameter Rati o (EDR)
(4) Bea m Symmetry Ratio (BSR)

- • 
(5) Bean-i Infl ection Ratio (BIR)

Beam pa rameters for each of the t ransducers  are  given in Tabl e V.

c. The parameter  defined to indicate the conversion
efficiency of each t ransducer  is loop sensit ivity ratio (LSR), and the values of
thi s pa rameter for each of the t ransducers  are  given in Tabl e VI. 

- _~~~~~~- •~~~~~
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TABLE V

Values of Beam Pa rameters (Measured)

Far Effective Beam Beam
Transducer Field Beamwidth Diameter Symmetry Inflection

Ratio Error  Rati o Ratio Ratio

A -i  0. 47 0 .57 0.67 0. 16 0 .12
A - 2  0 .75  0.11 1.13 0. 03 0. 00
A-3 0. 55 0 .42  0.67 0.08 0.00
A-4 0. 45 0.85 0.60 0 . 0 2  0.00
A-S 0. 74 0. 19 0 .75  0. 03 0.00
A-6 0. 47 0. 23 0. 88 0. 04 0. 00
A-7 0. 40 0.64 0. 96 0 . 12  0.00

B-I  0. 59 0,03 0. 94 0 .10 0. 00
0. 43 0.17 1.12 0. 09 0. 00

B-3 0. 60 0.37 0 .93 0.17 0.06
B-4 0. 77 0. 36- 0. 79 0. 04 0. 00
B-5 0.61 0.18 2.13 0 .15  0.00
B-6 0.79 -0.38 1.61 0.09 0. 00
B-7 0 .62 0 .94  0 .7 2  0 .12  0.00

C-i 0. 39 1.48 0. 48 0. 26 0. 00
C-2  0. 47 0.88 0. 98 0. 28 0 .01
C-3 0 .82  -0 .16 1.74 0. 50 0 .30
C-4 0 .95  0.46 1.27 0. 14 0.00
c-s 0. 50 1 .20 0 .95  0 . 52  0. 26
C-6 0. 46 1.71 0 .73  0. 06 0.00
C-7 0. 94 0 .7 2  0 .95  0 .02 0. 00
C-8 0. 63 2 .11 0.61 0 . 1 2  0.00
C-9 1,07 1.26 0. 58 0. 04 0.00

Avg. 0. 63 0. 62 0. 96 0. 14 0. 03
Std. Dev. 0. 19 0.60 0.40 0. 13 0.08
99%
Confidence

• Interval 0. 39—*0. 87 -0. 13-+i . 37 0. 46—~.1. 46 0—+0 . 32 0—+0. 13

Nominal Center Frequency: A 2 .25 MHz , B = 5 MHz , C 10 MHz
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d. The parameter defined to describe the electrical
noise cha racterist ics of each t ransducer  is the noise ratio (NR) .  Because
thi s parameter is time dependent , values of the parameter were  computed
for each t ransducer  at 2 and 10 microsecond s after  the leading edge of
the main pulse. These values are also given in Table VI.

e. The parameter defined to describe the response
of each t r ansducer  to each of the four flaw standards is the flaw response
rat io (FRR) .  The values of this parameter  com puted for the  response of
each of the  t r ansducers  for each of the standa rd fla-~vs a re  given in Table VI.

2. Variability of Cha racterization Parameters

Variability of the character izat ion p arameters  was
analyzed by calculating the avera ge , the standard d eviation , and the 99%
confidenc e interva l for  each of the pa rameters.  The 99% confidence
interval represents  the variability range for each parameter w h i c h  would
be expected if all Air Force ultrasonic t r ansducers  were  character ized,
assuming that the present  lot is representative.  The resu l t s  of this
statistical anal ysi s on the values of each of the pa rameters  for the trans-
ducers are  given in Tables IV, V, and VI.

Statistical analysis shows the extreme variability which
can be expected in the performance characte r i s t i c s  of a typical t r ansducer .
For exam ple , the beamwidth er ror  averages 0. 62 , i. e .,  the average
ultrasonic beam is 62% wider than it shoul d be. The 99% confidence inter-
val indicates tha t the ultrasonic beamwidth of a set of identical t r ansduce r s
could be expected to va ry  f rom 87% to 237% of the theoretically calculated
value. This is a possible variation of a facto r of almost four  in the
b eamwidt h.

3. Correlation of Characterization Pa rameters

In order  to identif y any dependence between the cha r-
acterization parameters, the correlation coefficients between every pai r
of parameters were  calculated . Because of the limited scope of the pre-
sent program only the ze ro -o rde r , linear correlation coefficients were

• computed .

The correlation coefficients between pairs of parameters
were calculated using a BASIC computer program on a Tektronix 4051 Graphics
System minicomputer. This program is included in Appendix C. The results
of this analysis are summarized below. In this discussion, a correlation
coefficient value of zero indicates no relationship between the pair of
parameters, while a value of ±1 indicates perfect  correspondence. A
positive coefficient simply means that the parameters are directly related,
whereas a negativ e coefficient indicates an inverse relationship.

- -— -~~~~~~~~~~~~~ -~~~~~~~~~ —~~~~~~~~~~~~ -•~~~~~.— - -  - -~~~ -~~~~~
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There is a twofold purpose in the calculation of these
correlation coefficients. First, if som e of the charac te r i s t ics  a re  highl y
depend ent on each other , then the measurement of only one of the inter-
dependent parameters may be sufficient. Thus , high correlations between
the characterist ic  parameters may allow reduction of the number of mea-
surements need ed to cha racter ize  each t ransducer .  The second purpose
is to identif y any relationship between the flaw response of a t r ansducer
and other charac te r i s t ic  parameters.  The character is t ic  parameters
which are  shown to be related to the flaw response of a t ransducer  can
then be used to establish procurement  and cert i f icat ion cri teria.

a. Correlation Among Characterization Parameters

Tabl e VII contains the correlation coefficients
between pairs  of the twelve parameters  calculated from the electrical and
ultr asonic beam measurements  described in previous sections of thi s
report .  The re  are only four pairs of parameters  which show correlation
greater tha n 50%:

(1) the spectrum symmetry ratio (SSR ) and
spectrum inflection ratio (SIR )

(2) the bandwidth ratio (BWR) and the far  field
ratio (FFR)

(3) the beamwidth error (BWE) and the effective
diameter rati o (EDR)

(4) the beam symm etry ratio (BSR) and the beam
inflection ratio (BIR)

The correlation between the symmetry  and the i nflection ratios is under-
standable, since an inflection point imp lies asymmetry .  Also , since the
beamwidth is used in calculating both beamwidth e r ro r  and effective
diameter ratio , the corre la t ion of these factors is obvious. The only
surpr ise  is the correlation between the bandwidth and the far  fi eld maxi-
mum distance.

b. Correlation with Flaw Detection Response

To reduce confusA on in r epor t ing  the large number
of pa ram eters investi gated , the correlations of t ransducer  cha ract e r i s t i c s
with the flaw detection response are divided into three logical areas: first,
the correlati on s among the flaw response ratios ( F R R )  of the various flaws
is anal yzed;  next , the correlation between the FRR of each t r ansduce r  and
the spectral parameters  is examined ; and finall y, the correlation between
the FRR ’ s and the beam parameters is analyzed.  

--‘~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -~~~~~~~~~~~~~~ — - . -  -- ~~~~~~~~~ --~~~~~~~~~~~
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(1) Correlation Among Flaw Response Ratios
for Different Flaw Type s

The correlations between flaw response for  I -
the specific flaw types are given in Table VIII. It was found tha t these
correlations could be improved by correct ing for  siz e and f requency
variations among the t ransducers .  Thi s correction is based on the  fact
tha t the  flaw echo amplitud e is affected by the ultrasonic wavelength and
by the  t ransducer  radiating area . The dependence on radiating a r ea  is
the result of power considerations, in both the  initial ul t rasonic pulse
and the  received electrical echo. Correction for thi s effect was app lied
by multi ply ing the FRR value by the ratio of the frequency to the square
of the radiating area . The numbers in p arentheses  a re  the correlation
coefficients obtained before apply ing these correction factors.  As could
be expected , the correlation between FRR values for the di f ferent  flaw
types is high , but not perfect .  Thus , there  is a correspondenc e between
the response to diffe r ent types of flaws , although the nature of thi s
correspondence  is not simple.

TABLE VIII

Correlati on Among Flaw Response Rati o ( F R R )  Values for
Various  Flaw Specimens , All Transducers

Elox Low-Cycle High-Cycle
Notch Fatigue Crack Fatigue Crack

Flat-Bottom Hole 0. 93(0. 82)* 0 .92(0 .  78) 0 .9 2 ( 0 . 7 6 )
Elox Notch 0.88(0.68) 0.91(0.71)
Low-C ycle Fatigue 0. 97(0 .92)

Crack

* Values in parentheses are  those b efore  applying correct ion
for t ransducer  f requency and size.

(2) Correlation Among Flaw Response  Ratio
(FRR )  Value and Spectral Parameters

The correlation coefficient s between the FRR
values and the spectral parameters were calculated using the computer
program given in A ppendix C. Correlations among these parameters were
also improved by correc ting the FRR values for f requency and size va riations
in the t ransducers .  Table IX lists the correlation coefficients, The re  is
littl e indication of correlat ion between any of the spectral parameters  and 
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the flaw response ratio (FRR) values. The final line in the tabl e gives a
correlation ra ting for each parameter varying from “none~ to “ some ”.
Thi s rating is based on a statistical analysis of the variance of the cor-
relation coefficient for the four FRR values. A numerical correlation
rating is calculated from the following fo rmula

CR IA I  - CL/2

where A is the average and CL is the 99% confidence range. The qualita-
tive rating is derived from the following

None CR <- 0. 0
Slight 0.0~~~CR~~~0 .1
Some 0 . l~~.CR~~~0 .5
Good 0 . 5 .~ .CRS0.9
Excellent 0.9.SCR~~~1.0

It is obvious from Table IX that the “best ”
correlation is with the t rue center f requency of the t ransducer .  Less
pronounced correlation is noted with the center frequency e r ror , the
spectral symmetry ,  and the spectrum inflection parameters.  Thi s
analysis  would indicate no correlation with the bandwidth or damping of
the t ransducer .

(3) Correlation Between Flaw Response Ratio
(FRR)  and Beam Parameters  and Loop
Sensitivity

The correlation coefficients b etween the FRR
values and the beam parameters and loop sensitivity a re  given in Table X.
These FRR values were also corrected for variations in t r ansducer  size and
frequency. The correlation rating scheme developed in Section III. E. 3. b. was
used to rate the correlations b etween the flaw response ratios and the
beam parameters.  The best beam param eter correla tions were  with
beamwidth e r ror  and effective radiating area. A secondary correlation
is observed with the beam inflection. There is no apparent correlation
with beam symmetry or far fi eld ratio. The loop sensitivity has the
hi ghest correlation to flaw response of any of the character ist ic  para —
meters , with an avera ge of 93% correlation af ter  correct ion for t r ansducer
size and frequency.

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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F. Discussion of Results

1. Transducer  Variability

In agreement with previously reported work , (1 , 2) the
performance of transducers examined in this program showed a wide range
of variability. For most of the transducers evaluated, the frequenc y and
crystal size were not the same values specified on the nameplate. Variation

in the characteristic parameters was analyzed by calculating the average,
standard deviation , and a 99% confidence interval for each parameter.

a. Spectrum Parameters

An analysis  of the parameters  involving the RF
spectrum in Table IV shows the high va riability amon g the test  t r an sduce r s .
The average center f requency e r ro r  is 19%. The 99% conf idence  interval
shows tha t most t r ansduce r s  will be at least 4% off in f requency .  The
average spectrum symmetry ratio is 0. 19 , and the average spectrum
inflection ratio is 0. 13.

b. Beam Parameters

The analys i s  of the bea m parameters  in Tabl e V
show s several in te res t ing  results .  The fa r  fi eld ratio averages only
0 .63 , with the 99% confidence interval reaching onl y 0 .87.  The beam --
width e r ro r  avera ges 62%, with a 99% interval from -13% to 137%. Thus ,
on average, the beam is significantly wider than expected. The effective
diameter ratio averages 96%, but the 99% interval is f rom 0.46 to 1.46 .
The beam symmetry and inflection have smaller averages with 99%
intervals up to 30% and 13%, respectively.

c. Other Parameters

The loop sensitivity rati o in Table VI for the test
t ransducers , showed va riability of an almost unbelievable amount.  The
99% confidence range of 32 dB represents  a response variation of a factor
of 45, and the variation in the flaw response rati o values was of simila r
magnitude. Seven of the twenty- three  t ransducers  produced no discernible
flaw echo from the fatigue cracks .  The remaining t ransducers  showed
variati on of as muc h as a factor  40 over the 99% confidence band .
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2. Correlation Analysis

Correlation analysis  ‘w-~~ performed t o  r ientif y and
possibl y eliminate redundant character izat ion measurements  and thereb y
develop a means of predicting t ransducer  perfo rmanc e based on a mini-
mum number of independent measurem~ nts. Fi r s t , the corre la t ions
b etween the character iza tion parameters were  computed with the aim
of eliminating any of the dependent measurements .  A moderate reduct ic  i

in the number of measurements  appears  possible from th i s  anal ys ] s  ina~ mu~ h
as significant correlation was obtained with the fol lowing four  pairs
of parameters :

(a) Beam Inflection and Beam Symmetry
(b) Beamwidth and Effective Diameter
(c) Bandwidth and Far Field Distance
(d) Spectrum Inflection and Spectrum Symm etry

Correlation analysis was also performed in an at tempt
to d efine the sources  of the extreme variability in t r an sduce r  per formance .
Because of the complexity and interdependenc e of the t r an s d u c e r  ciia rac-
t e r i s t i c s , only one correlation was found wi th  a high degree  of certainty :
the correlation between the flaw response ratio ( F R R )  and the loop s en-
s i t iv i ty .  Thi s correlation was even apparent  before apply ing  co r r ec t ions
for  t ransducer  size and f requency  variat ions.  The average correlation
between the  loop sensi t ivi ty  and the response of the t r an sduce r  to the
tes t  flaws of all types was 0.81 before , and 0 .93  af ter  co r rec t i on for  size
and f requency.

Correlation of flaw response to actual center  f requency
had an average correlation coefficient of 0. 52 , which  indicat es t he well
known fact tha t the ability to detect small flaws suc h as fat igue c racks
increases  with increasin g f requency .

Correlation of flaw response to beamwidth e r ro r  had
an average correlation coefficient of 0. 66. Notice that t h i s  is a positive
correlation, indicating tha t the larger  the beamwidth e r ro r  the better the
t ransducer .  Thi s may appea r somewhat surpr is ing,  but examination of
the erro r values in Table V make clea r that thi s correlation simply shows
tha t negative values of beamwidth e rro r  (beam too narrow) indicates
poor performance.

There were several secondary correlations of flaw
response to other parameters. These are, in descending order :  effec-
tive radiating area (-0. 55), spectrum inflection ratio (-0. 43), center
frequency error (-0. 36), beam inflection ratio (-0. 30), and spectrum
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symmetry ratio (-0. 28). Because of dependenc e on more highl y cor-
r elated pa rameters , the effective radiating area and spectrum symmetry
can be eliminated from consideration.

3. Per formanc e Rating

The primary independent correlations of t ransducer
pa rameters  to flaw response as detailed in the previous  sections were ,
in order of correlat ion, (1) loop sensitivity, (2) beamwidth, (3) center
f requency ,  (4) spectrum inflection, and (5) beam inflection. A “perfor-
manc e rat ing ” for each t ransducer  can be developed , utilizing the weighted
sum of five terms , one for  each of these  correlated parameters .  The

• correlation coefficient for each parameter is used as the weight ing factor
in this  sum.

The performance rating of each parameter is based
on the  s tat is t ical  analysis of the variabili ty of that parameter .  For
example , the rating for  the loop sensi t ivi ty is d efined as the d i f fe rence
(in dB) between the loop sensit ivi ty for a particular t ransducer  and the
best  loop sensit ivi ty for the set (the upper bound of the 99% confidence
band). For ratings of the r emaining parameters, the following procedure
was used : each of the parameter values d efines , for a given t r ansduce r ,
a deviation from the “correct ” performance. Thus , the rating is assumed
to depend linearly on the value of the parameter .  The value of the pa ra-
meter  cor responding  to the upper limit of the 99% confidence interval is con-
venientl y assigned a rat ing value of -5. The b eamwidth e r ro r  rating
has a dual value sinc e there  are  both positive and negative d eviations from
the correct  beamwidth. Thus , a rating is defined for both a positive and
negative beamwidth ratio. The d efining equations for the per formance
ratings a re  given in A ppendix D.

The values of the ratings for each t ransducer  cha rac-
terization pa rameter are  given in Tabl e XI. These values for  each
parameter are  combined into a total rating by a weighted sum. The
weight for  each parameter is the absolute value of the average correla t ion
of that parameter to the flaw response  ratios , given in Tables VIII, IX ,
and X. These  weight s are  listed in Tabl e XI.

To test the validity of this pe rformance rating, a
correlat ion analysis  was performed between the calculated rating and
the flaw response ratio for each t ransducer .  The correlation coefficients
resul t ing f rom thi s analysis a re  given in Tabl e XII. The average value
of the coefficient  is 0. 82 , w h i c h  is good correla tion by ~he correlat ion
rating schem e established in Section II. E. 2. b. (2) .
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TABLE XII

Correlation Between Calculated “Performanc e R~. .ing ”
and Flaw Response Rati o, All Transducers

Flat-Bottom Low-Cycl e High-Cycle
Hol e Elox Notch Fatigue Crack Fatigue Crack

Correlation
Coefficient 0. 83 0. 78 0. 83 0. 83

Average: 0.82

A prelimina ry acceptanc e limit may be establi shed
from the  performanc e rating as follows. In the loop sensitivity category
the cri ter ion is:

Good ‘> L S  Rating ~~ -6
Fair ) LS Rating ~~ -12
Poor ~~~~LS Rating < -12.

For all other parameters  the limits are  established as

Good “7 Rating � -1
Fair > Rating ~~ -2
Poor ) Rating <. -2

The weighted sum of these individual acceptance limits gives the acceptance
limit for  the total rating as:

Good ) Total Rating ~~~ -7
Fair -).Total Rating .~~~~ -18
Poor ) Total Rating ~~~~.. -.18.

Based on thi s classification scheme, only two of the 23 t ransducers  a re
rated as “good” transducers.  Eleven transducers would be ra t ed as
“fai r ”. The remaining ten t ransducers  would be rated as “poor ”. Thus ,
almost half of the suppli ed lot woul d be rej ected for use in flaw detection.
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IV. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

The conclusions presented in this report must be recognized
as somewhat tentative, based on several limitations. First , the sample
t ransducer  set consisted of only 23 units , all from onl y one source , the
San Antonio Air Logistics Center. Second , flaw detection performance
and other measurements  were res t r ic ted  to longitudinal wave, immersion
conditions , and most of the ultrasonic inspection performed in the Air
Force utilizes shear waves produced using longitudinal t r ansducers  and
an appropriate mod e conversion wedge. It is certain tha t mod e conversion
will not improve the t ransducer  variability, but simply introduc e another
variable. Nevertheless, several conclusions can be d rawn with considerable
certainty; others are impli ed . A recommend ed course of action can now
be charted and specifi c effort  directed towa rd improvement of flaw detec-
tion reliability.

1. Variability of Transducer  Performance

It is obvious that wide variation in the perfo rmance of
t r ansduce r s  used rout inely  in Air Force UT inspection exists. Seven
of the 23 t ransducers  examined were  unable to detect the relatively large
fatigue cracks used in this investigation. The r emaining t r ansducers  dis-
played variation in fa tigue crack response by a factor of 40. All but
one of the t ransducers  could detect the Elox notch , but with a total
response variation amounting to a factor of 20. All but one of the trans-
ducers  coul d detect  the flat-bottom hol e with a response va riation of a
factor of 30. Using a reasonabl e system of ra t ing developed in the program
and detail ed in Section III. F. 3 only two of the 23 t r ansducers  a re  rated
“goocP’. Thus , to the extent tha t the set of 23 t r ansduce r s  evaluated is
representat ive of all Air Force t ransducers, onl y slightly more than  half
(13 out of 23) may be considered acceptable for  fatigue crack detection.

2. Flaw Response Correlation

A strong correlation between t ransducer  loop sensi t ivi ty
and flaw detection performance was demonstrated. Sinc e loop sensitivity
can be easil y charac te r ized  and specifi ed, it appears to provide a preli-
minary  cr i ter ion for certification of t ransducers  for service. However ,
ioop sensitivity itself is a com plex function of many manufactur ing para-

• meters  and presents  a serious challenge to good control .

~

•

~

-—-

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
~~~~ -- -~~~~~~ -“~~ 



35

3. Transducer  Electrical and Ultrasonic Parameter s

Transducer  flaw response and the 13 electrical and
ultrasonic parameters defined in the progra m yielded only mod erate
correlation. Thi s indicates that most of these parameters may be sig-
nificant , but no singl e factor  (suc h as error  in c enter frequency for
example) dominates the response of the transducer to flaws.

4. Transducers  with 2. 25 MHz Center Frequency

Most of the 2. 25 MHz transducers did not produc e
detectable responses from the relatively large fatigue cracks used in
thi s stud y. Although most Air Force T.O. ‘s examined do not specif y
t h e E e  low f requency  t ransducers, their poor flaw detection performance
in this program highl ights  the general conclusion that  they should not
be used to search for small flaws.

5. Prediction of Flaw Response

Accurate  flaw respons e predictions , based on measured
t ransducer  pa rameters , would add a considerable degree  of confidence to
the reliability of flaw detection. It may be concluded that specification of
such parameters and the certification of t ransducers  based on these
specifications is a reasonable goal.

B. Recommendations

Results  of the program indicate tha t the re  is considerable
room for improvement in the flaw detection performance of i n - se rv ice
ul t rasonic  t r ansduce r s , and that specification of parameters  leading to
thi s goal is possible. Several specific steps are indicated in achieving
th i s  objective. Recommendations for  fu r the r effort  in this direction are
explained below .

1. Reference Transducers

Sinc e all the t ransducers  examined were  in -se rv ice
Air Force units , the statistical analysi s carried out in this program had
no absolute reference (for example , the ratings would be biased if none
of the t r ansducers  were truly “good”). It is recommended tha t a set of
high quality, laboratory t ransducers  of known charac te r i s t i cs  be acquired
as control units , to serve as a baseline reference for performance cha r-
acterizat ion of other t ransducers.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2. Shea r Wave Mode Operati on

All of the measurements reported in th is  program were
made in the longitudinal mode because of the g rea te r  control possible.
However , it is recognized tha t the majority of Air Force UT measurements
are  made in the shea r wave mode. The shea r wave mode is normally
obtained by adding a plastic wedge to a longitudinal t ransducer .  Accor-
dingly, measurements  on longitudinal mod e t ransducers  provide  more
fundamental information on inherent  character is t ics  of t ransducers .
Nevertheless , it is recommended tha t procedures be established , and
f u r t h e r  testing performed , not only on longitudinal wave t ransducers  but
also on shear  wave mode t ransducers .

3. Effect of Flaw Size

Conclusions drawn in thi s report were based on the
measurement of response to four standards , all with acoustic reflectors
of approximately the same area. It is recommended that further studies
include service-induced flaw s with a variety of sizes.

4. Broader Sampling Base

The 23 t ransducers  evaluated in this program all came
from the same sou rc e, San Antonio Air Logi stics Center. It is recom-
mended tha t fu r the r  studies include a l a rger  sample , carefully selected
from a va riety of sources and applications areas.

5. Beam Alignment

One pa rameter which was not examined in th is  stud y
was beam alignment. Although not critical in longitudinal wave immersion
inspection , for shea r wave operation it is critical. Mode conversion
depend s on proper alignment of the beam with respect to ihe conversion
wedge , and it may be expected that ali gnment will be indicated as an
additional source of variability, whose measurement should be included
in a future  investigation.

~~~~~~~~~~~~~~ - -~~~~~~~~~~~~~~~~~~~~~
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APPENDIX A

DESCRIPTION OF FLA W STANDARDS

Table A-I  lists the important character is t ics  of each flaw standard.
One of these standard s was a #5 flat-bottom hole standard manufactured
by Automation Industr ies  (Aluminum reference standard #7075-5 -0050 ,
Serial Number 1068). The metal path length to the bottom of the hol e is
0 .5- in .  (12. 7mm). The other flaw standards were sel ected from a set
of r e fe rence  blocks provided by the Air  Force. This table also gives
the total number of cycles applied to each fatigue crack specim en. A
more complete his tory of fa tigue cycling, including the schedule of
loading and the crack growth rates , is presented in the report of
Referenc e (3).

The length measurements  a re  the microscopically observed
surface lengths.  The depth was microscopicall y measured for the Elox notch
specimen, but estimated for the fat igue cracks.  (Sinc e the half-penny
flaws open on only one surface, b y convention their  crack depth is
d efined to be half of the total distanc e that the flaw extend s across  the
surface. ) These estimates were  verified based on the growth patterns
observed for three f rac tured  specimens , microscopic observation s of
the surface crack length, and four-contact  el ectric probe measure-
ments.  The cross-sectional area of the flaw was estimated from these
depths and the lengths.  For the Elox notch the width of the gap was
measured microscop ically.
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APPROVED FINA L TEST PLAN

A. Task A - Transducer  Characterization

1. Perform Spectrum Analysis

For each t ransducer , the spectrum of an ec ho from a
flat-bottom hol e will be analyz ed using an HP 140-T spec t rum ana lyzer .
Data will be recorded on Polaroid p hotograp hs. The center f requency
and bandwidth fo r  each t ransducer  will be measured f rom these  pho to-
graphs.

2. Measure  Radiation Patterns

The profile of the beam of each t r ansducer  will be
measured  in wate r using a sp herical  ref lector .  These  profi les will be
recor d ed by an X-Y plotter at fou r points: fa r  field , near fi eld , and two
i n t e r m e d i a r y  points. The far field point will be selected by maximizing
the echo amplitude. Profiles for  several ori entations of each t r ansduce r
will be repeated at least th ree  times to a s se s s  reproducibi l i ty  of the data.
For the far  field point , at least two d i f fe ren t  orientations of the t r ansduce r
will be profi l ed , i. e. , at 9 degrees  and 90 degrees .  If necessary ,  as
many as twelve profiles may be run , i. e. , every 15 degrees .  For the
othe r field positions , at least two profiles will be run , i. e .,  at 0 degrees
and 90 degrees .

A d i s tance-ampli tude plot will be made for  each
t r a n s d u c e r .  This  will be done in water  us ing a spherical reflector.  The
data will be presented as a grap h.

3. Classif y T ransducers

The data collected in thi s task will be used to classif y
the t r ansducers  with respect to thei r spectrum and radiation patterns.
Anal ysis of any relat ionship between spectrum and radiation pat tern will
be per formed.

B. Task B - Transducer  Response to Defects

1. Fatigue Crack Standards

The responses of the t ransducers  will be compared in
two ways:  pat tern of response and maximum response.  A ppropriate

~ 
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graphs to display the pat tern will be made. The maximum response will
be cha racterized by: echo S/N and echo amplitude.

2. Standard Defects

The responses of the t ransducer  to standard d efects
will also be measured . These defects will be flat-bottom holes. Ej .ox
notch specimens will be provided by the Government if required.

3. Classif y Transducers

The measurement s made in th i s  task will be used to
classif y the t ransducers  as having good to bad ability to detect defects.

C. Task C - Performance Parameters

The results of Tasks A and B will be used to develop a set
of performance pa rameters , i .e. , a means of rating the ability of a
t ransducer  to detect f l a w s  based on the measurements  made in Task A.
Thi s analysis will attempt to correlate the results of Task A with Task B
to determine which of the measured properties have an effect on the
response of a t i ansducer  to a defect.
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1 GO TO 100
4 00 TO 2270
B GO TO 1170
12 00 TcP 1370
16 GO TcP 18:30
20 00 TO 1 100
24 P:io TO 2860
28 00 TO 2910
:32 GCP TO 100
:36 00 TO 2950
40 0’) TO 24 1 C)
100 I N I T
110 CALL U RATESI , 2400. 0, 2
120 F$=CHR(12)
130 F$=” “&F$
140 S$=CHR ( 13)
150 8$= ” “&S-$
160 DIM X C  19. 2:3), 8 1( 19) .  82 < 1 9) ,  83( 19, 23) ,  P ( 19, 23) ,  R (  19, 23) , R i  ( 19)
170 D I M  O $ ( 1 5 0 ) , R 1 ( 5 ) . R3 ( 5~~~~2 3)

180 N7= 19

190 REM NRD

200 EPATA C> . :312, 0. 375, 0. 312, 0. :375, 0. 25, 0. 25, 0. 3 1 2,  0. 25,  0. 25, 0. 25. 0. 1875

210  D A T A  0. 25. 0. 25. o. 1875, 0. 25~ 0. 312, 0. 1875, 0. 25. 0. 25, 0. 312, 0. 25, 0. 25
220 DATA 0. 1875

230 REM NCF

240 DATA 2. 25, 2. ~~V5~~ 2. 25. 2. 25, 2. 25, 2. 25, 2. 25
250 DATA 5, 5. 5~ 5, 5, 5, 5
24C:’ DATA 10, 10, 10, 10, 10, 10, 10, 10. 10

270 REM ERA

280 DATA 0. 0 114k 0. 0287, 0. 0088, 0. 0106, c~ 00:37, 0. 0091. 0. 0135
290 DATA 0. 01:3:3, 0. 0149, 0. 0108, 0. 006 1 , 0. C) 154, 0. 0541. 0. 0032
300 DATA 0~ 00:33, 0. 0184, 0. 0186, 0. 0314, 0. 0118, 0. 0074, C) . 0113, 0. 0024, 0. 0053

310 REM ACF

:320 DATA 2. 6 1 , 2.  79, 3. 3 1,2 .  79, :3. 2, 2. 99, 2. :3
330 DATA 5. 6, 5. 5, 5. 5~ 5. 5, 5. 4, 5. 4, 5. 4
340 DATA 10. 9, 7. 7, 10. :3, 6, 6. 6, 8. 5, 8. 5. 10. 5, 7. 1

359 REM LSR

360 DATA —37 . 1, —78. 1, —60. 5, —54. 6. —60, —74. 3, —45. 4
370 DATA —41. 7, —56. 9, —41 . —42. 5, —39. 3, —35. 4, —52. 8
:380 DATA —40. 4, —45. 6, —78. 6, —50. 3, —65. 4, —45. 1, —40. 4, —52. 7. —40

390 REM FBH

400 DATA —53. 7, —74. 5, —7 7, —75. 5, —80, —84. 9. —70. 3
410 DATA —55.. —63. 8, —61 , —67. 6. —54. 2. —52. 2~ —74. 6
420 DATA —50. 9. —63, —100 , —74. 4. —79. 8, —69. 4~ —80. 4. —62. 4, —59. 2

430 REM EUM 
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440 DATA —62. 8. —7 1. 2, —64. 6. —71. 5, —82. 1, —83. 9, —72. 4 C-2
450 DATA —56. 9, —69. 9, —63. 3, —53. 3. —54. 9. —59. 5, —70. 9
460 DATA —47. 7. —65. 9, —100 , —79. 6. —82. 2. —68. 5, —61. 3. —68. ..~~. —69. .~~

470 REM LCF

430 DATA —72. .5. —100 , —100 , —100 . —10 0, — 100, —83. 5
490 DATA —66. 8. —78. 7. —64. 7, —72. 5. —63. 6, —70. 5, —78. 3
500 DATA —57. 7, —65. 5. —100 , —68. :3, —100, —70 . —73. 2, —68. 8. —61. 6

510 REM HCF

520 DATA —73. 6, —100, — 100, —100 , —10 0, —100 , —83. 5
5:30 DATA — 7 5 .  1, — 1 0 0,  —78. 5, —78. 1, —71. 8, —72. 4. —79. 5
540 DATA —62. 4, —8 1, —100 , —82. 4. —100 , —78. 6, —78. 9. —78. 3, —71. 1

550 REM EPMP

560 DATA 5. 12.. 12. 9. 14. 14~ 8, 5, 9, 5, 3. 5, 3, 4. 9, 4, 4, :3, 3, 4, 5, 12, 5

570 REM SSR

530 DATA C) . 1, 0. 67, 0. 04, 3. 06, 0. 13, 0. 07, 0. 04
5C~(> DATA 0. 58, 0. 57. 0. 0:3, 0. 05, 0. 78, 0. 01, 0. 05
600 DATA C) . 01, 0. 15. 0. 19. 0. 3, 0. 05, 0. 1, 0. 18, 0. 01, C) . 09

410 REM SIR

620 DATA 0. 04, C) . 46, C) . 04. 0. 05, 0. 13, 0. 08, 0. 05
63( DATA 0. 28, 0. 27, 0. 11, 0. 05, 0. :33, 0. OE:, 0. 1

— 640 DATA 0. 1, C:’, 0. :32, 0. 04, 0. 52, 0. 0~ 0. 0

650 REM E:WR

640 DATA 0. 53. 0. 43, 0. 55. 0. 75, 0. 38, 0. :37, 0. 52
670 DATA 0. 45, 0. 33, 0. 6, 0. 8, 0. 46, 0. 72, 0. 5
680 DATA 0. 31,0. 52, 0. 87, 0. 92, 0. 64. 0. 68, 0. 66, 0. 78, 1. 35

690 REM FFR

700 DATA 0. 47. 0. 75. 0. 55, 0. 45. 0. 74, 0. 47, 0. 4
710 DATA 0. 59, 0. 43, 0. 6. 0. 77, 0. 61, o. 79. 0. 62
720 DATA 0. 39, 0. 47, 0. 82, 0. 95, 0. 5, 0. 46, 0. 94, 0. 63, 1. 07

730 REM E:WE

740 DATA 0. 57, 0. 1 1, 0 .  42, 0. 85. 0. 1 9, 0. 23, 0. 64, 0. 03, 0. 17, 0. 37, 0. 36, 0. 18
750 DATA —0. 38, 0. 94, 1. 48, 0. 88, —0. 16. 0. 46, 1. 2. 1. 71,0. 72. 2. 11, 1. 26

760 REM CFE

770 DATA 0. 16, 0. 24, 0. 47, 0. 24, 0. 42, 0. 33, 0. 02
780 DATA 0. 12. 0. 1, 0. 1, 0. 1, 0. 08, 0. 08, 0. 08
790 DATA 0. 09, 0. 23. 0. 03. 0. 4. 0. :34, 0. 15, C) . 15, 0. 05, 0. 29

800 REM DSR

810 DATA 0. 16, 0. 03, 0. 08. 0. 02. 0. 03. 0. 04, 0. 12, 0. 1. 0. 09
820 DATA 0. 17. 0. 04, 0. 15. 0. 09. 0. 12.  0. 26. 0. 28. 0. 5. 0. 14, 0. 52
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830 DATA 0. 06, 0. 02. 0. 12. 0. 04 C-3

840 REM BIR

850 DATA 0. 12. 0. 0. 0. 0, 0, 0. 0. 0, 0. 06, 0. 0. 0. 0
860 DATA 0, 0. 01,0. :3, 0, 0. 26, 0, 0. 0. 0

870 REM R A T I N G

88C.’ DATA —2 . —40 , —26 , — 18, —24 , —36 , —6
890 DATA —4 . — 18, —3 , —4 . —2 . —6 , — 15
900 DATA —4 , —9 . —47 , —15 , —~ 4, —10 , — 12. —16 ,  —5
910 READ X

920 REM MENU

930 PAGE
940 PRINT “ DATA IS ENTERED.
950 GO TO .70
960 PAGE
970 FRINT “ H I T  USER DEFINABLE KEY ACCORDING TO FOLLOW I NG SELECTION LIST”
930 PR I NT “1——DATA LIST”
990 PR I NT “ 2——AVERAGE AND STANDARD DEVIATION ”
1000 PRINT “3——ZERO I:IRDER LINEAR CORRELLAT ION COEFFICIENT S”
1010 PRINT “4——PARTIAL CORRELLAT I ON COEFFICIENTS”
1020 PRINT “5——CORRECTION FOR S I Z E  AND FREQIJENCY”
10:30 PRINT “6——CORRE CTION OF RAT I NG FOR FRE QUENCY”
1040 PRINT “ 7——CORRECT I ON OF RAT ING FOR EFFECTIVE R A D I A T I N G  AREA”
1050 PR I NT “ 8 — — I N I T I A L  DATA ”
1060 PRINT “9——P ::ALCuLAT I ON OF RATIN GS AND CORRELLAT I ON ”
1070 PRINT “10—PRINT ABBREV IATIc ’N TABLE”
1080 END

1090 REM CORRECTION FOR S I Z E  ANt ’ FRE QUENCY ( 5—9 )

1100 Fu:IR 1=1 TO 2:3
1110 FOR J=5 TO 9
1120 X ( _ I , I ) = X ( , J , I ) — 4 0 *L G T ( X ( 3 , I ) ) + 2 0 * L G T ( X ( 4 , I~~
1130 NEXT
1140 NEXT I
1150 00 TO 960

1160 REM AVERAGE AND STANDARD DEVIATION CALCULATION

1170 PR I NT @40, 12 :F$
1180 N8 1000
1190 GOSUB 2230
1200 N 8 =300

1210 PRINT @40, 12: “ VARIABLE” , “AVERAGE” , “STE ’. 0EV.
1220 I3OSIJ B 2230
1230 82=0
1240 51=0
1250 S:3=c
1260 FOR •J= 1 TO N7
1270 FOR 1=1 TO 23
1280 31(J)=S1(.J)+X (J, I)
1290 82CJ)=82(.J)+X (.J,I)”2
1300 NEXT I
1310 PRINT @40, 12: USING 2 190:.j ,S1(.j ) 123, SQR ( 6 2(j ) .12 :3—(S1(.J)/23r’2)
1320 GOSUB 2230

~
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1330 S2C.J)= SQR ( 92 ( J ) / 2 3 —( S 1(J ) / 2 3 ) ”2 ) 
C 41340 NEXT U

1350 91 31/23
1360 00 TO 960

1370 REM CORRELLAT I ON COEFFICIENTS

13:30 FOR J= 1 TO N7
1390 FÜR I =U TO N7
1400 FOR K=1 TO 23
1410 5 3 ( J , I ) = 5 3 ( J , I ) + X (j , K ) * X ( I , K )
1420 NEXT K.

— 1430 NEXT I
1440 NEXT U
1450 93=92.123
1460 PRINT @40, 12: F$
1470 N8 900
148.0 GOSUB 2230
1490 N8 300
1500 M$= ” ACF LSR FBH EDM LCF HCF”
1510 N $ ”  OMP SSR SIR BWR FFR EWE CFE BSR B IR RAT ”
1520 O$=M$~~N$
1530 P$ ”ERA”
1540 PRINT @40, 12: M$, N$
1550 GOSUE: 2230
1560 FOR •J= 1 TO N7 —1
1570 IF J-(3 THEN 1650
1530 IF •J=3 THEN 1600
1590 F’$=8E13(O$, ( J—2)*6+ 1, 3)
161)0 PRINT @40, 12: “ “ ; F’$; “

1610 IF .J=3 THEN 1650
1620 FOR 1=4 TO .j
1630 PRINT @40, 12:
1640 NEXT I
1650 FOR I =J+ 1 TO N7
1660 P ( J ,  I ) =53( .j , 1) — S i  ( I  )*51 ( U )
1670 R(.J .I)=P( .J ,I) 182( I)/32(J)
1680 IF .J -C3 THEN 1700
1690 PRINT @40, 12: IJS I Nf4 2 2 0 0 : R ( .j , I )
1700 NEXT I
1710 IF .j<:3 THEN 1750
1720 GOSIJE: 2230
1730 PRINT @40, 12:
1740 ‘JOSUB 2230
1750 NEXT U

1760 FOR J=2 TO N7
1770 FOP 1=1 TO U — i
1780 R(J , I)=R( I ,~J)
1790 NEX T I
1800 NEXT
1810 GO IC’ 960

1820 REM PART I AL CORRELLAT I ON COEFFICIENTS

1830 PR I NT @40, 12: F$
1840 FOR J=1 TO 900
1850 NEX T .1
1860 PRINT @40. 12: “VAR IABLES” , “PART IAL CORRELLAT ION COEFFICIENTS”
1870 OOSIJB 2230
1880 PRINT @40, 12: 8$
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1890 GOSUB 2230 C-51900 05= 7 - 8 . 9 - 10 - 11 . 12 . 13 V 14 - 15”
1910 H5= ” . 1  . 2  3 . 4  . 5  .6
1920 J$= ” 16”
1930 PRINT @40, 12 H$ .; OS; JS
1940 FOR 1= 1 TO 15
1950 FOR .J = I+ i  TO 16
196::> R 1= 1
1970 FOR -1=1 TO 16
1980 TF K = I  OR K=J THEN 2000
1990 R~ ‘K: = (R ( I, J)—R ( I. K)*R(.J, K:) )/SQR( C 1—R ( I, K) ’-Z )* (  1—R (J, K)
2000 NEXT K
21)10 PRINT @40. 12: USING 2210: I~~.J .RCI ,JL .R1
2020 IF 1=5 AND .J7 THEN 2050
20:30 IF 1=13 THEN 2050
2040 GO TO 2130
2050 GOSUB 2230
2060 PRINT @40, 12: F$
2070 FOR U 1 1  TO 900
2080 NEXT Ui
2090 PRINT @40. 12 :H S; GS; J$
2100 FOR Ji= 1 TO 400
2110 NEXT Ui
2120 J=9
2130 NEXT U
2140 GOSUB 2230
2150 F’R I NT @40, 12: 85
2160 GO-SUB 2230
2170 NEXT I
2180 00 TO 960
2190 IMAGE 3X ,2E 1, 1 IX , 2 ( 2 E , 8X )
2200 I MAGE 3D. 20, S
2210 I MAGE 3X .2E ’~ 1X ,2 0 , , 2X ,  17(20 . 30, 1X )

2220 REM PRINTER DELAY

2230 FOR J7=1 TO NB
2240 NEXT .J7
2250 RETLIRN

2260 REM DATA PRINTOUT

2270 PRINT @40, 12:F$
2280 N8= 1500
2290 GO-SUB 2230
2300 N8=300
23 1.0 G$= ” X OC NRO NCF ERA ACF LSR FBH EDM LCF HCF ”
2320 .J$= ” LIMP SSR SIR BWR FFR EWE CFE BSR BIR RAT”
232.0 PRINT @40,12:G$; .J$
2340 GOSUB 2230
2350 I$= ”A ”
2360 17=0
2370 FOR 1= 1 TO 23
2380 PRINT @40, 12: 1$, “— “;

2390 PRINT @40, 12: 1~~17; “ “~~

2400 FOR .J=1 TO N7
2410 IF J)4 AND J~~11 THEN 24502420 IF J=19 THEN 2450
2430 PRINT @40, 12: USING 2 5 8 0 : X( J . I)
2440 00 TO 2460
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2450 PRINT @40,12: US I NG 2 5 9 0 : X( U , I )  62460 NEX T J
2470 PRINT @40, 12: 8*
2480 GOSUB 2230
2490
2500 IF 1(7 THEN 2560
2510 IS= ”B”
2520 17=7
2530 IF 1<14 THEN 2560
2540
2550 17=14
2560 NEXT I
2570 GO TO 960
2580 I MAGE 30. 20, ~
2590 I MAGE SD X , S

2600 REM AE :BREVIATION TABLE

2610 PAGE
2620 PRINT “XDC——TRANSDUCER”
2430 PRINT “NRD——NOMINAL R A D I A T I N G  DIAMETER ”
2640 PRINT “NCF——NOMINAL CENTER FREQUENCY”
2650 PRINT “ERA-—EFFECTIVE RADIATIN G AREA ”
2660 PRINT “ACF——A CTL IAL CENTER FREQUENCY ”
2670 PRINT “LSR——LOOP SE N S I T I V I T Y  R A T I O ”
2680 PRINT “FHE :——FLAT BOTTOM HOLE”
2690 PR I NT “EDM ——ELECTR IC DISCHARGE MACHINE ”
2700 PRINT “LCF——L O W CYC:LE FATIGUE ”
2710 PRINT “HCF — —HIGH CYCLE FATIGUE ”
2720 PRINT “ DMP—— t ’AMP I NG ”
2730 PRINT “ SSR—— SPECTRUM SYMMETRY R A T I O ”
2740 PRINT “SIR——SPECTRUM INFLECT ION RAT IC”
2750 PR I NT “BWR——E:ANDW 10TH RATIO”
2760 PRINT “FFR——FAR FIELD RATIO”
2770 PRINT “BWE——EEAMWIDTH ERROR R A T I O ”
2780 PRINT “CFE——CENTER FREQUENCY ERROR”
2790 PRINT “E :SR——E :EAM ~3YMMET RY R A T I O ”
2800 PRINT “BI R—— B EAM I NFLECT ION RATIO”
2810 F’R I NT “RAT ——RA TIN I :i  BASED ON PARAMETERS ”
2820 PRINT “HIT RETURN TO CONTINUE ”
28:30 INPUT AS
2840 GO TO 960

2850 REM CORRECT I ON OF RAT I NO FOR FREQUENCY

2860 FOR 1=1 TO 23
- 

- 
2870 X C 19, I)=X (19, I)+LGT (X (4, I).f10)*20

‘ 2880 NEXT I
2890 00 TO 960

2900 REM C0RREc:TION OF RAT ING FOR S IZE

2910 FOR 1=1 TO 23
2920 X C  19, I ) = X ( 19, I ) + 4 0 *L G T (X ( : 3 , I) *i 0 0 )
29:30 NEXT I
2940 GO TO 960

2950 REM AVERAGE CORRELATION OF PARAMETERS TO FLAW RESPONSE

2960 R 1=0

- V V - V

~
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2970 FOR U 1=6 TO 9 C-72980 R i ( 1 ) = R 1 ( 1 ) + R C U 1 , 5 )
2990 R1(2)=R1 (2)+R (U1,1Z)
3000 R1 (3)=R1C3)+R (Ui, 16)
3010 R1(4)=R1(4)+R (J1,15)
:3020 R1 (5)=R1(5)+R (J1, 18)
3030 NEXT .J1
:3040 R1=R 174
:3050 R1=A BSC R 1)
:3060 R3=0

:3070 REM CALCULAT I ON OF RAT I NG

2.080 FOR 1=1 TO 23
:309~ R3 ( 1,  I ) = X ( 5 ~ I )+ 40
:3100 R3(2 ,  I ) = — X ( 1 2 ,  1)/0, 064
3110 R3 ( 3, I ) = C 0 .  09—X ( 16 .  I ) ) / 0 .  04
3120 R3 ( 4, I ) = — X ( 1 5 ,  1)10. 27
312.0 IF X ( 1 5 , I ) > 0  THEN 3150
3140 R3 ( 4, I )=— 9 *R 3(4 ,  I )
2.150 R3(5,  I ) = — X ( 1 8 ,  1)/0. OlE:
3160 NEXT I

3170 REM CALCULATION OF AVERAGES

3180 S 1( 19)= 0
:319~ 82< 19)=0
:3200 FOR 1=1 IC’ 23
3210 X ( 1 9,  I ) = 0
:3220 FOR .J=1 IC’ 5
:3230 X ( 1 9 , I ) = X ( 1 9 , I ) + R 3 ( J , 1 ) * R 1 ( . J )
3240 NEXT U
:3250 S 1( 1 9) = 8 1( 1 9) + X ( 1 9.  I )
3260 92( 19)=92 ( 19 ) + X ( 19 .  I ) ” - 2
3270 NEXT I
3280 S1( 19)=S1( 19)/23
3290 S2( 19)= SQR (92 (  19)/23~ 8 1< 19 ) 2)

:3300 REM CALC:IJLATION OF CORRELLA TION COEFFICIENT S

3:310 .J=19
:3:320 FOR 1=3 TO 18.
3:330 33( j , I ) S 3 ( . J , I ) + R 3 ( 1, I ) *X ( 5 , I ) + R 3 ( 2 , I ) *X ( 1 2 , I ) + R 3 ( : 3 , I ) * X ( 1 6 , I )
3340 9:3(j , I ) = 5 3(U .  I ) + R 3 (4 ,  I ) *X ( 15 ,  I ) + R 3 ( 5 ,  I ) *X ( 1 8,  I )
~~~~~ NEXT I
:334o :~~3( j ,  I)=: ;3(.J, 1)/23
3.370 FOR 1=6  TO 9

33:30 P ( 19 ,  I )= 93 ( 1 9,  I ) — 8 1 ( 1 9 ) * S 1 ( I )
:3:391) R ( 1 9, I ) = P ( 19 , I ) / 8 2 ( 1 9) / S 2 ( I )
3400 NEXT I
3410 PRINT @40, 12: “ FBH ” , “ EDM ” , “ LCF ” 1 “ HCF”
3420 PR I NT @40, 12: US I NG 3 4 4 0 : R ( 19 , 6 ) , R ( 19 , 7 ) , R ( 1 9, S ) , R ( 19 , 9 )
34:30 ‘30 TO 960
3440 IMAGE 4 ( 5X ,2 .t I. 2E1 , SX ) 
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APPENDIX D

DEFINITION OF TRANSDUCER CHA RACTERIZATION
AND RATING PARAMET ER S

Definitions of the 12 t r ansducer  cha racter izat ion param eters and
the five rating parameters  developed in the present  program a re  as
follows:

A. RF Characteristics

Six of the parameters describe charac ter is t ics  of
the RF power spectrum and RF waveform.

The center f requency (CF) is d efined as the
average of the f requencies  (upper and lower) at which the power spectrum
amplitude is half of maximum value (-6dB) ,  i . e . ,

F j + F ~CF = , (D l )
2

where F1 is lower f requency and F~ is upper f requency.

The center frequency error  (CFE) is calculated
by dividing the d i f ference  between the center f requency and the nominal ,
or nameplate f requency (NF),  by the nominal frequency,  i. e.

CFE = 
CF - NF (D2)

NF

The bandwidth indicates the range of f requencies
over which  the t ransducer  op~ rates between the -6d B points. The band-
width ratio (BWR) is defined ’~~ s the 6 dB width of the spectrum divided by
the center f requency,  i. e.

BWR = . (D3)
CF

Spectrum symmetry refers to the balance in
freq uency distribution about the central f requenc y measured within the~~ound s
of the bandwidth(BW). The spectrum symmetry ratio (SSR) is defined by

SSR 4CF - Fi - F 2 -F3 - F4 , (D4)
2BW

where  F 1, F 2, F3, and F4 are  the upper and lower f requencies  at -12 dB
and -20 dB points of the power spectrum. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~-
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D-2
Spectral inflection measures the singularity

of the center frequenc y for those cases where the electrical tuning is
not correct and two resonance }~eaks are created. The spectrum
inflection ratio (SIR ) is defined(6) as the ratio of the amplitude (A1) in the
“valley” between the resonance peak s where the spectrum slope reverses
and the maximum amplitude (Ac) of the spectrum, (see Figure 5, pg. 13
in main bod y of report) i. e.

A1SIR . (D5)
— A c

The damping factor for  a t ransducer  is the number
of cycles in the ultrasonic pulse train produced by the initial electrical pulse.
Thi s determines the lower resolution limit for  the transducer.  The damping
factor (DMP) is obtained from the RF waveform by counting the number of
cycles with an amplitude that is at least 10% of the maximum amplitude.

F: B. Ultrasonic Beam Character ist ics

Five of the performanc e parameters  were  defined
to descr ibe the geometric cha racteri stics of the ul trasonic beam produced
by each t ransducer .

The far  fi eld maximum point (Y~~) is the focal
point of the t ransducer.  On the distance-amplitude plot , the far  fiel d
maximum point is determined as shown in Figure 4. A theoretical value
for this point can be calculated f rom the formula

= d 2 - X 2 
(D6)0

where  d is the t ransducer  diameter and ?~ is the ultrasonic wavelength in
the test medium. The far fi eld ratio (FFR) is defined as the ratio of the V

experimental to the theoretical  values of thi s point.

In the far  field region , the  ul t rasound radiating
from the t ransducer  is a well-defined beam. Thus , a beamwidth can be
measured which is indicative of geometrical losses due to divergence and
t ransducer  size. The beamwidth e rr o r  (BWE) is the deviation of the
measured beamwidth from the theoretical beamwidth of a piston source.
The experimental beamwidth (EBW) is measured from the beam profile
plots. The theoretical beamwidth (TBW) is  calculated f rom the formula

TBW = PL [tan (sin~~~ 
0.51 

~ )] (D7 ) 
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where  PL is the ultrasonic path length. The beamwidth error  is then
calculated~

6) from

EWE = 
TBW - EBW 

(D8)
TBW

An effective diameter ratio (EDR) can be calculated by inver t ing Equa-
tion (D7)  to give

- 0.5 1 ?%.EDR - 
- ~~ 

. (D9 )
d [sln ( tan PL ~ ]

Beam symmetry about the center of the beam is
found by measur ing  the beam center at -6 dB (BC 6), -12 dB (BC 12), and
-20 dB (BC 20 ) of maximum amp litude. The beam symmetry rati o (BSR)
is d efined relative to the beam width at - 6dB (BW 6) by the formula

BSR = 
2 (BC6 - BC 12 - BC 20) (D10)

BW 6

Beam inflection indicates the p resen ce  of un-
desirable side lobes in the beam. The beam infl ection rati o (BIR) is
defined as the ratio of the amp litud e at the inflection point (A 1) and the
amplitud e at beam center (A C), i. e.

BIR = Ai 
. (D l i )

A C

C. Conversion and Noise Charact e r i s t i c s

Two additional performance parameters were
defined to charac ter ize  conversion eff iciency and electrical noise.

The loop sensitivity is used to measure  the
conversion efficiency of a t ransducer .  The loop sensitivity ratio (LSR)
is defined as the logarithm (in dB) of the ratio of the initial pulse (V T )
applied at the transducer and the return echo (y E) from a parallel flat
surface, i. e.

VTLSR -20 Log 10 V E 
- (D 12)

The noise ratio (NR .) is defined (6) in terms of the
background noise level (BNL) and the transducer noise level (TNL) by th e
formula

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~-V-V----—-~~~ -
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NR = TNL - BNL . (D 13)
BNL

The background noise level is measured with  a 50 ohm dummy loa d in
place of the t ransducer .  The noise ratio must  be calculated at a specific
time after the electrical pulse. Two noise ratios were  calculated for
each t ransducer  at 2 and 10 psecond s a f t e r  the initial pu lse  leading edge.

D. Flaw Characterization

To descr ibe the flaw response of the t r ansducers ,
a flaw response rati o param eter ( F R R )  was defined as the logarithm of the ratio
(in dB) of the initial pu l se  amplitude to the flaw echo amp litude

FRR = -20 Log10 
VT 

. (D 14)
e(flaw)

A s eparate flaw response rati o ( E R R )  was measured  fo r  each flaw , with
each t ransducer .

E. Performance Rating Parameters

The loop sensi t iv i ty  ra t ing is defined b y

LS Rat ing  = LSR + 35 
, 

(D 15)

where  LSR is ioop sensit ivity ratio and 35 is the upper bound of the  99%
confidence interval for  the LSR f rom Table VI.

The center frequency rating is d efined by t~-ie
formula

CF Rating = -CFE/0 .  07 , (D 16)

where CFE is the center frequency error and the divisor is 1/ 5 of the
upper bound of the 99% confidenc e interval from Tabl e IV .

V 

The beamwidth e r ro r  rating is d efined by the
formula

r -B wE fo.z7 , B WE > 0
BW Rating =-

~ 
. (D 17)

LBWE ,b0. 03 ,

W h e r e  BWE is beamwidth error and the divisors are 1/5 of the upper and
lower bound s of the 99% confid ence knterval  from Table V. 
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The spectrum inflection rating is defined by the formula

SI Rat ing = -SIR/0 . 07 , 
(D 18)

where  StR is the spectrum infl ection rati o and the divisor is 1/5  of the
upper bound of the 99% confidenc e interval for  SIR from Tabl e IV .

The beam inflection rating is d efined by the formula

BI Rating -BIR/0.  03 , (D 19)

where  BIR is beam inflection rati o and the divisor  is 1/5 of the upper
bound of the 99% confidence interval for BIR f rom Table V.
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