






UNCLASSIFIED
SECURITY CLAS,:FtfC 'i OF TH*!' AGC W~ct P- A* 7~9r1)

0. ABSTRACT (continued)

onuing in concert with a sophisticated detector has provided a reliable
defect detection scheme which can be implemented in a microprocessor-based
system to operate in an automatic mode. It is shown that signal features
extracted from the detected responses contain diagnostic information which
enables the defect to be characterized as to type, orientation, and size.
Direct comparison, are made between conventional defect images and results
obtained from this study; these demonstrate the improvements obtained with the
now approach.

TOTtYCASPC~INO hS.nfr.,Pw ne4



f7 i

No. of Copies Name and Address

2 (each) Director DARPA
Attention: Program Management
Defense Advanced Research Projects Agency
1400 Wilson Blvd.
Arlington, VA 22209

1 (each) Attention: Dr. Gary J. Dau
Electric Power Research Institute
3412 Hillview Avenue
P. 0. Box 10412
Palo Alto, CA 94303

1 (each) Attention: Dr. Michael J. Buckley
Rockwell International Science Center
1049 Camino Dos Rios
P. O. Box 1085
Thousand Oaks, CA 91360

12 (each) Defense Documentation Center
Cameron Station
Alexandria, VA 22314

--.-. ~- -



FOREWORD

This is the Final Technical Report under the subject contract. This research

was sponsored by the Defense Advanced Research Projects Agency under DARPA

Order No. 3553, Contract No. MDA903-78-C-0223, monitored by Dr. Michael J.

Buckley.

Effective Date: 15 March 1978

Expiration Date: 15 March 1981

Reportinq Period: 15 March 1978 to 15 March 1981

VOTE: "The views and conclusions contained in this document are those of the

authors and should not be interpreted as necessarily representing the

official policies, either expressed or implied, of the Defense Advanced

Research Projects Agency or the United States Goverment."

ii



dIa

ABSTRACT

A conventional pulse-echo imaging system has been modified to operate with a

linear ultrasonic array and associated digital electronics to collect data

from a series of defects fabricated in aircraft quality steel blocks. A

thorough analysis of the defect responses recorded with this modified system

has shown that considerable improvements over conventional imaging approaches

can be obtained in the crucial areas of defect detection and characterization.

A combination of advanced signal processing concepts with the Adaptive Learn-

ing Network (ALN) methodology forms the basis for these improvements. Use of

established signal processing algorithms such as temporal and spatial beam-

forming in concert with a sophisticated detector has provided a reliable

defect detection scheme which can be implemented in a microprocessor-based

system to operate in an automatic mode. It is shown that signal features

extracted from the detected responses contain diagnostic information which

enables the defect to be characterized as to type, orientation, and size.

Direct comparisons are made between conventional defect images and results

obtained from this study; these demonstrate the improvements obtained with the

new approach.
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1 . INTRODUCTION

one of the most common procedures for identifying the presence of a flaw in

metals and cermic aaterial is the ultrasonic pulse-echo inspection technique

(Wells, 1969). Conventional manual scanning procedures presently used with A-

scan flaw detectors provide an initial indication of the component condition;

however, under certain circumstances the echo returns from the flaws are not

easily discernable because of large grain boundaries, attenuation or absorp-

tion of the reflected echo, and the masking of the defect response by large

geometical reflectors. Another problem area which deserves attention concerns

the subjective interpretation of the recorded data, which introduces inconsis-

tencies that adversely impact the reliability and reproducibility of the

inspection.

The objective of this effort has been to demonstrate that the problems identi-

fied above can be resolved with a higher degree of success through the use of

advanced signal processing and adaptive learning network methodologies. Pre-

vious work in this area has demonstrated the advantages offered by this

approach (Mcciardi, 1980). In addition to the direct improvements obtained

in the detectability and characterization of the flaw responses, it should be

noted that the procedures developed to accomplish these objectives canx and

have been implemented in a microprocessor-based system so that the flaw

characteristics can be obtained automatically without the need for extensive

operator interpretation.

The various components comprising the data acquisition system are described in

Chapter 2. The procedures employed in collecting the ultrasonic signals with
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this system are presented in detail in Chapter 3. Chapter 4 contains a

discussion of the signal processing and detection algorithms used to improve

the visibility of the defect responses. The feature extraction exercises and

adaptive learning network models determined for defect characterization

purposes are identified in Chapter 5. Conventional pulse-echo images obtained

from the defect data base are shown in Chapter 6, along with improved images

obtained through more sophisticated techniques. 7he conclusions of this

effort are summarized in the final chapter with recommendations for future

work efforts.
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2. THE ULTRASONIC DATA ACQUISITION SYSTI

2.1 SYTEM DESIGN CONCEPT

The ultrasonic data acquisition system described in this chapter is composed

of several distinct subsystems. The design concept of this system was based

on the control of a linear array through use of a series of interconnected

microprocessors which allow for the programmable selection of active

tranmitting and receiving elements within the array as well as for the

autotic collection, digitization, and interpretation of the ultrasonic sig-

nals sensed at the receiver.

The initial design was based on commercial instrumentation provided by the

Electric Power Rsearch Institute (EPRI) and consisted of a conventional

pulse-echo imaging system (Backer, et. al., 1979). This system was modified

by Pacific Northwest Laboratories (BNW) through the construction of a linear

array package and an array controller with a programmable attenuator

capability. Adaptronics tnen interfaced the ALN 4000 Multi Purpose Processing

System, a microprocessor-based signal acquisition and analysis system, with

the other subsystems to obtain digital recordings which are analyzed for

defect characterization purposes.

A block diagram of the system is shown in Figure 2. 1. The major components of

the data acquisition system are the scanning bridge and scanner controller

(EPRI), the array package and array controller (BNW), and the ALN 4000

(manufactured for EPRI by Adaptronics). The ALN 4000 is responable for

supervising the activities of the other major system components as well as for
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starting and stopping the data acquisition and analysis activities. Each of

the major components comprising the data acquisition system is discussed in

detail in the sections which follow.

2.2 SCANNING BRIDGE AND CONTROLLER

The X-Y scanner covers an area of approximately 5 feet x 3 feet and positions

the ultrasonic array within this area in response to commands provided by a

Jupiter-Il microprocessor system. A photograph of the scanning bridge is

shown in Figure 2.2. Communication between the ALN 4000 and the Jupiter-II is

accomplished by sending a set of specific commands from the ALN 4000 (in the

form of ASCII-coded characters) to the scanner controller over a serial data

link. In addition to this computer-controlled mode, a proportional-speed joy

stick is provided for manual scanner positioning. The scanner speed can be

set to a maximum of 6 inches/second or any binary submultiple (6.0, 3.0, 1.5,

0.75, ... ) to a minimum of 6/2255. A single rate is used for both axes during

an automatic scan or during a position command. The current (X,Y) location

can be requested at any time by the AIN 4000, with these coordinates always

being relative to the point within the scanning area where the axes counters

were initialized to zero. A set of 13 different commands can be interpreted

by the controller from the ALN 4000. These include start and stop commands,

positioning operations, status requests, speed settings, and current position

requests. The format of the controller response to each command or request is

then decoded by the ALN 4000 to guarantee that the proper action has been

taken by the scanning bridge.
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2.3 ULTRASONIC ARRAY PACKAGE

An ultrasonic array package was fabricated by Battelle Northwest Laboratories

for use in this project (Posakony, 1978). The package consists of two

separate arrays which were constructed using identical procedures. The char-

acteristics of these two arrays are shown in Figure 2.3. The long horizontLal

array consists of 114 individual elements, and the short angled array contains

eight individual elements. A diagram illustrating the physical dimensions of

the individual components is shown in Figure 2.4. Each element is 0.20 inch

wide, 0.20 inch thick, and 0.50 inch long, with the center-to-center spacing

between adjacent elements being 0.35 inch. The gaps between array elements

have been filled with an absorptive substance which minimizes acoustic

coupling or cross-talk. The entire face of the array has been protected by a

thin layer of epoxy.

The outboard array consists of eight individual elements that have been elec-

trically tied together to function as a single transmitter/receiver (#47). A

goniometer has been attached to the outboard array to obtain accurate angular

measurements. The inboard array is composed of 114 elements, from which a set

of 47 has been selected for use in this study. The association between the

receiver numbers and array elements is shown in Figure 2.5. The receiver

group, 32-37, has been tied together and functions as a transmitter/receiver

group within the inboard array. A photograph of the array head, goniometer,

and associated electronics is shown in Figure 2.6.

A number of independent tests was performed by both BNW and Adaptronics to

measure the performance of the array package. The relative sensitivity of the

2-56 1
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elements comprising the inboard array was determined by BNW by transmitting a

broad-band pulse with a 20 MHz lithim sulfate transducer through a water path

to each element. The maximum signal amplitude was measured for each receiver

and normalized to the average value across the entire linear array section.

The results of this experiment are summarized in Table 2. 1 for each receiver.

The normalized responses are reasonably consistent and do not exhibit wide

deviations from the mean amplitude value.

A more stringent test of the array performance was conducted in which the

recorded signals obtained at each receiver were digitized and analyzed. The

procedure employed in this exercise is illustrated in Figure 2.7. A 2 MHz

transducer was positioned at the bottom of the plastic water tank and was

pulsed to transmit ultrasonic energy into the water toward the linear array.

The array was successively positioned using the X-Y scanner so that each

receiver element within the array was located on a direct path with the trans-

mitter. The digitized waveforms at selected r,..eiver locations are shown in

Figure 2.8. These time-domain responses exhibit very consistent characteris-

tics. A further check is shown in Figure 2.9, which illustrates the power

spectra computed from the individual time waveforms. The spectra shown at

receivers 44 and 45 indicate a slightly higher frequency content than the

other array elements. This is probably related to the fact that these receiv-

ers are located near the end of the linear array, and could receive reverbera-

tions which superimpose with the directly arriving energy.

The results of these perfomance evaluations indicate that the individual ele-

ments comprising the inboard array exhibit consistent time-domain responses.

This observation is important, since the analysis of these recordings can
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TABLE 2.1: NORMALIZED RESPONSE OF LINEAR ARRAY RECEIVERS

ELEMENT RESPONSE ELEMENT RESPONSE ELEMENT RESPONSE ELEMENT RESPONSE

1 1.04 31 1.12 61 .99 91 .97

2 1.04 32 1.08 62 1.00 92 .98

3 .97 33 .98 63 1.01 93 .98

4 .99 34 .99 64 1.02 94 .92

5 .97 35 .06 65 .98 95 .97

6 .96 36 1.02 66 .96 96 .92

7 .94 37 1.00 67 .96 97 .94

8 1.01 38 1.01 68 .94 98 .99

9 1.02 39 1.02 69 1.00 99 1.00

10 1.04 40 .99 70 .95 100 .94

11 1.07 41 1.00 71 .93 101 .91

12 1.09 42 1.02 72 .94 102 .95

13 1.07 43 1.02 73 .96 103 .92

14 1.97 44 1.00 74 .92 104 .91

15 1.05 45 1.01 75 .91 105 .94

16 1.05 46 .98 76 .92 106 .96

17 1.03 47 1.00 77 .94 107 .96

18 1.11 48 .99 78 .88 108 .94

19 1.13 49 1.06 79 .87 109 .93

20 1.09 50 1.08 80 .90 110 .93

21 1.10 51 1.08 81 1.06 111 .96

22 1.10 52 1.12 82 1.05 112 .97

23 1.09 53 1.05 83 1.07 113 1.01

24 1.08 54 1.02 84 .99 114 .91

25 1.06 55 .92 85 1.05

26 1.09 56 .93 86 .96

27 1.11 57 .93 87 .95

28 1.14 58 .93 88 .93

29 1.13 59 .95 89 ..99

30 1.15 60 .97 90 .99
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FIGURE 2.8: WAVEFORMS RECORDED AT VARIOUS RECEIVERS DURING THE
ARRAY RESPONSE TESTS (Amplitudes are all normalized
to unity)
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ARRAY RESPONSE TESTS (Spectra are all normalized to unity)
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proceed knowing that the receivers are uniform and, therefore, differences in

the recorded waveforms can be attributed principally to physical processes

rather than to differing receiver characteristics.

2.4 ARRAY CONTROLLER

A custom controller interface was designed and fabricated by BNW to provide

programmable control over the array package. his controller is linked to the

ALN 4000 system by means of a serial RS-232 data port. Commands are sent over

this link by the ALN 4000 to the controller and echoed back for confirmation.

These commands serve to select the array, attenuator settings, and pulser.

The controller accepts ASCII-coded data, reformats the code into binary form,

and sends the command to the appropriate subfunction for interpretation.

Initialization of the array is accomplished by an 8-bit command used to select

one of the possible 47 receivers.

The receive decoder is composed of four identical I-of-16 subdecoders wtich

are each linked to 16 individual elements. All four subdecoders have inhibit

features which guarantee that only one receiver is operational at any given

time. The 1-to-47 decoder is used to control an RF mechanical relay which

couples the selected array receive element to an onboard, low-noise preampli-

fier. The preamplifier is broadband (1-10 MHz) and has a gain of approxi-

mately 50 volts.

The array controller also provides a means for connecting the high-voltage

spike transmit pulse to either the inboard or outboard array. The received
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ultrasonic signal is then preamplified and input to a programmable attenuator.

This feature is required to prevent saturation of the analog-to-digital con-

version in the ALN 4000. This attenuator can be set in 1-dB steps over the

range from I to 31 dB.

The received signal is sent from the attenuator to the S-80 Reflectoscope sys-

tem which is used for postamplification and signal display. The RF waveform

is then transmitted to the ALN 4000. A photograph of the array controller and

array package is shown in Figure 2.10.

2.5 ALN 4000

The ALN 4000 Multi Purpose Processing System designed and fabricated by Adap-

tronics is a pxugrammable transient data acquisition and analysis instrument

which can obtain digital data in either laboratory or field environments. Dual

microprocessor electronics are provided with an 8-bit analog-to-digital

converter having software-selectable sampling, with up to 4096 samples per

transient being recorded at rates between 156 kHz and 20 MHz. The AIN 4000

includes separate microprocessor units for control of data acquisition and for

high-speed data processing. A powerful processing architecture is used to

eliminate recordings of unneeded data and preserve only significant events for

later recall. A hand-held keyboard with alphanumeric display (or other ASCII

terminal) allows easy interaction between the user and the ALN 4000 system. A

built-in 18-column alphanumeric printer is used for instruction verification

and data tabulation. Data are stored on dual digital tape cartridges with a

capacity of 150 kilobytes per tape. These tape cartridges can be read locally
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or transferred to other computer systems by means of an RS-232C counications

link. The ALN 4000 is a portable instrument and is contained in two enclo-

sures as shown in Figure 2.11.

The ALN 4000 used in this program provided the overall supervisory function

for the entire data collection process. Commication between the AIM 4000

and other subsystem components was accomplished through microprocessor soft-

ware routines resident in the ALN 4000. Special-purpose software for signal

detection, temporal beamforming, and other signal processing algorithms were

programmed and installed in the AIM 4000 to assist the data analysis and

interpretation phases of this program. These software algorithms will be

described in subsequent sections of this report.

The chapter which follows presents a detailed description of how the ALN 4000

was used to collect ultrasonic signals from various defect types, sizes, and

orientations.
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FIGURE 2.11: PHOTOGRAPH OF THE ALN 4000 SYSTEM
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3. DATA COLLECTION PROCESS

3. 1 INTRODUCTION

The data acquisition system described in the previous chapter was used to

collect ultrasonic signals from a set of fabricated defect specimens. The

characteristics of these defects as well as the procedures employed in the

data collection exercises are described in this chapter.

3.2 DEFECT CHARACTERISTICS

Three types of machined defects were selected for analysis in this study: ECM

notches, flat-bottom holes, and round-bottom holes. These categories were

chosen because they were felt to be representative of real flaws encountered

in actual field applications. A total of 16 different sizes and two angular

orientations were fabricated for each flaw grouping.

The characteristics of the flat-bottom hole specimens are presented in Table

3.1. Each hole wee drilled from the back of the metal block to a depth of

approximately 0.5 inch. The diameters of the flat-bottom holes listed in this

table repesent the nominal sizes of the drills used in the fabrication pro-

cess. The actual diameters determined from rubber replications deviate from

these design values by a few ails. The diameters considered in this investi-

gation range from 1/64 inch to 16/64 inch at 1/64 inch increments. The arti-

ficial flaws were drilled at orientations of 00 and 300 with respect to the

vertical. A schematic diagram of the defect locations and sizes is shown

in Figure 3.1 for the 00 flat-bottom holes and in Figure 3.2 for the 300

specimens.
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TABLE 3.1: CHARACTERISTICS CF THE FLAT-BOTTCK HOLE DEFECTS

FBH FBH
Flaw # Diameter Angle Flaw # Diameter Angle

Block 1 .016 inch 00 Block 17 .016 inch 300
2A 3A

2 .031 0 18 .031 30

3 .047 0 19 .047 30

4 .063 0 20 .063 30

5 .078 0 21 .078 30

6 .094 0 22 .094 30

7 .109 0 23 .109 30

8 .125 0 24 .125 30

Block 9 .141 inch 00 Block 25 .141 inch 300
2B 3B

10 .156 0 26 .156 30

11 .172 0 27 .172 30

12 .188 0 28 .188 30

13 .203 0 29 .203 30

14 .219 0 30 .219 30

15 .234 0 31 .234 30

16 .250 0 32 .250 30
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I ~ ~~~~~~~~14" ___________________

TOP

4" V"-

1- 0 0 0

0 1- 0 0 0

SIDEio i T-1 o-n- i
BLOCKS 2 ,.U

RAT BOTTOM HOLES, NORMAL TO SURFACE

HOLE DIAMETERS IN 1/64":
BLOCK 2A: 1, 2, 3, 4, 5. 6, 7, 8
BLOCK 25: 9. 10, 11, 12, 13, 14, 15, 16

FIGURE 3.1: DIAGRAM OF TEST BLOCKS 2A and 2B CONTAINING 00 FLAT-
BOTTOM HOLES
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BLOCKS 3A, 36

FLAT BOTTOM HOLES 300 FROM NORMAL TO THE SURFACE

HOLE DIAMETERS IN 1164":

BLOCK 3A: 1. 2, 3, 4, 5, 6, 7, 8
BLOCK 38: 9, 10, II, 12, 13, 14, 15, 16

FIGURE 3.2: DIAGRAM OF TEST BLOCKS 3A and 3B CONTAINING 300 FLAT-

BOTTOM HOLES
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The characteristics of the round-bottom hole samples are summarized in Table

3.2. The range in size is the same as that discussed for the flat-bottom

holes. he process used in fabrication of the round-bottom hole flaws

involved the use of spheroidal dental burrs to obtain hemispherical reflec-

tors. The actual diameters measured from rubber replications indicate a

variation of a few mils from the nominal values listed in Table 3.2. It

should also be noted that the dental burrs used in the fabrication process did

not provide a smooth hemispherical surface, especially for the smaller

diameter holes. The round-bottom holes were drilled at angles of 00 and 300

from the normal to the surface. Diagrams of the 00 holes are presented in

Figure 3.3 and in Figure 3.4 for the 300 holes.

The lengths and depths of the EDM notch samples are id,,ntified in Table 3.3.

In the case of the notch defects, two length-to-depth ratios were obtained

(3:1 and 5:1). The depth values vary from 10 mils to 80 mils at 10 mil

increments. The actual dimensions obtained from the replicas differ from the

specified values by ±2 mils in depth and t5 mils in length. The actual widths

of the EDK notch specimens are on the order of a few mils. The schematic

representations of the 00 notches and the 300 notches are shown in Figures 3.5

and 3.6, respectively.

Each of the 96 defects described above was machined in test blocks of aircraft

quality 4340 steel plate. C-scan images were obtained from each of the 12

t.st blocks to determine the level of acoustic background reflectors. These

tests were performed using a 5 MHz transducer with a focal length on the order

of four inches. A 3/64 inch flat-bottom hole ASTM test block was used as a
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TABLE 3.2: CHARACTERISTICS CF THE ROUND-BOTTQ4 HOLE DEFECTS

RBH RBH
Flaw # Diameter Angle Flaw # Diameter Angle

Block 33 .016 inch 00 Block 49 .016 inch 306
4A 5A

34 .031 0 50 .031 30

35 .047 0 51 .047 30

36 .063 0 52 .063 30

37 .083 0 53 .083 30

38 .098 0 54 .098 30

39 .109 0 55 .109 30

40 .128 0 56 .128 30

Block 41 .142 inch 00 Block 57 .150 inch 300
4B 5B

42 .158 0 58 .158 30

43 .177 0 59 .177 30

44 .189 0 60 .187 30

45 .202 0 61 .206 30

46 .224 0 62 .224 30

47 .239 0 63 .234 30

48 .287 0 64 .287 30
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SIDE-' -
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BILOCKS 4 AD

ROUND BOTTOM HOLES, NORMAL TO THE SURFACE

HOLE DIAMETRS IN 'M":

BLOCK 4A: 1. 2, 3, 4, 5, 6, 7. 8
BLOCK 48: 9, 10, 11, 12, 13, 14, 15, 16

FIGURE 3.3: DIAGRAM OF TEST BLOCKS 4A and 4B CONTAINING 00 ROUND-
BOTTOM HOLES
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1o 0o 0

SIDE 300

BLOCKS 5A, 58

ROUND BOTTOM HOLES, 300 FROM NORMAL TO THE SURFACE

HOLE DIAMETERS IN 1164":

BLOCK 5A: 1, 2, 34,5,6,7, 8
BLOCK 58: 9, 10, 11, 12, 13, 14, 15, 16

FIGURE 3.4: DIAGRAM OF TEST BLOCKS 5A and 5B CONTAINING 300 ROUND-
BOTTOM HOLES
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TABLE 3.3: CHARACTERISTICS OF THE EUM NOTCH DEFECTS

EI4 EDM
Flaw # Angle Dimension* Flaw # Angle Dimension*

Block 65 0 10 x 30 Block 81 300 10 x 30
6A 7A

66 0 20 x 60 82 30 20 x 60

67 0 30 x 90 83 30 30 x 90

68 0 40 x 120 84 30 40 x 120

69 0 50 x 150 85 30 50 x 1SO

70 0 60 x 180 86 30 60 x 180

71 0 70 x 210 87 30 70 x 210

72 0 80 x 240 88 30 80 x 240

Block 73 00 10 x 50 Block 89 300 10 x 50
68 7B

74 0 20 x 100 90 30 20 x 100

75 0 30 x 150 91 30 30 x 150

76 0 40 x 200 92 30 40 x 200

77 0 50 x 250 93 30 50 x 250

78 0 60 x 300 94 30 60 x 300

79 0 70 x 350 95 30 70 x 350

80 0 80 x 400 96 30 80 x 400

*Dimensions represent DEPTH x LENGTH IN 10 - 3 INCHES.
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14"

TOP

4! 4"4. = C= =

BLOCKS 6A,68
EDM NOTCHES, NORMAL TO THE SURFACE, 0.010" WIDE ENDVIEW

NOTCH DEPTHS:

0.010", 0.0210, 0.030"* 0.040", 0.(05", 0.060"' 0.070" 0.080

BLOCK 6A: LENGTH TO DEPTH RATIO I S 3:1
BLOCK 68: LENGTH TO DEPTH RATIO IS 5: 1

FIGURE 3.5: DIAGRAM OF TEST BLOCKS 6A and 6B CONTAINING 00 EDM
NOTCHES
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BLOCK 7A. LENGTH TO DE PTh RATIO I1S 3: 1
BLOCK 78: LENGTH TO DEPTH RATIO IS 5: 1

FIGURE 3.6: DIAGRAM OF TEST BLOCKS 7A and 7B CONTAINING 3Q0

EDM NOTCHES
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reference reflector. The majority of the 4340 test blocks have nondefect-

related reflectors that are generally below the amplitude level obtained from

the reference 3/64 inch diameter flat-bottom hole.

A typical C-scan display representing block SB is shown in Figure 3.7. This

block contains a set of 300 round-bottom hole defects of diameters from 9/64

inch to 16/64 inch. It is obvious from this illustration that the intrinsic

reflectors all lie well above the reference threshold. In addition, it can be

seen that the C-scan image also correlates well with the actual round-bottom

hole diameters.

However, in a few cases, the C-scan images presented a much more cluttered

picture. An example is shown in Figure 3.8, which represents the scan of test

block 4A (00 round-bottom holes of diameters 1/64 inch to 8/64 inch). The

write level used in this illustration was set 3 dB below the amplitude of the

3/64 inch diameter round-bottom hole in the block. At this sensitivity, the

background reflectors are clearly visible and mask the smaller diameter round-

bottom hole reflectors. This observation is typical of the 4340 rolled plate

steel and most likely represents precipitates of the alloying elements used to

provide increased strength and hardness to the material.

Referring again to Figure 3.8, it should be noted that the round-bottom hole

sizes inferred from the C-scan do not increase monotonically with actual

diameter measurements. The reason for this anomaly is related to the obser-

vation made earlier concerning the roughness of the hemispherical shapes.

Visual inspection of the replicas of this block indicates that small flat

zones and other anomalies are present which tend to distort the acoustic echo
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FIGURE 3.7:- C-SCAN OF TEST BLOCK 5B (#9-16 RBH, 300 Orientation) USING A

5.0 Mz TRANSDUCER WITH A 4.0 INCH FOCAL LENGTH

*4

FIGURE 3.8: C-SCAN OF TEST BLOCK 4A, (#1-8 RBH, 00 Orientation) USING A

5.0 MHz, 2.0 INCH FOCAL LENGTH TRANSDUCER. WRITE LEVEL WAS

3 dB BELOW THE AMP2LITUDE OF THE 3/64 INCH RBM REFLECTION
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reflections. The Implications of this observation are addressed in more

detail in the signal analysis portions of this report.

The 12 test blocks containing the 96 defects described in this section were

used in collecting ultrasonic waveforms that were subsequently analyzed for

defect characterization purposes. The section which follows describes the

procedures employed in collecting waveforms from these defect specimens.

3.3 DATA COLLECTION PROCEDURES

The data acquisition system discussed in Chapter 2 was used to collect ultra-

sonic signals from the defect specimens in the various test blocks. The key

camponents of the system with regard to the data collection effort were the

ultrasonic array, the transmitter/receiver controller, the scanner, and the

ALN 4000. Each of these components has been previously described. In this

section the use of these various subsystems in the actual data collection

exercises is outlined and discussed.

The purpose of the linear ultrasonic array was to allow the reflected, dif-

fracted, and mode-converted energy to be obtained over a wide aperture for use

in the defect characterization tasks. To maintain this philosophy, two

general methods were utilized in the data collection, depending on the type

and orientation of the defect under study. The 00 flat-bottom and round-

bottom holes were insonified using the inboard transmitter (TI). The ultra-

sonic signals recorded from the angled holes and both the 00 and 300 ELM

notches were obtained using the outboard transmitter (TO). The reasoning
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behind these procedures was mainly a result of the geometrical properties of

the defects in question. A better physical description of the geometrxcal

influence is illustrated schematically in Figure 3.9 for the 0O hole case and

in Figure 3.10 for the UO ED14 notch case. Ecamination of the 01 hole repre-

sentation of Figure 3.9 illustrates that the main back reflections are concen-

trated near the inboard transmitter while the diffracted energy is scattered

to other regions in the linear array. The EUK notch example depicted in

Figure 3.10 shows that the main reflections are directed back toward the

outboard transmitter, because of the strong corner reflections generated by

the back surface of the test block. The diffracted signals from the crack tip

are scattered to other receivers located within the inboard linear array. It

can also be shown that the angled hole and notch defects would exhibit

radiation patterns similar to those presented in Figure 3. 10. The considera-

tion of these geometrical properties influenced the procedures used in

collecting data on the ultrasonic fields radiated from the various defect

types and orientations.

The first step in the data collection process involved selection of the

appropriate transmitter for defect insonification. As noted above, this

decision was made on the basis of the defect type and its angular orientation.

For 00 hole defects, the inboard transmitter/receiver was selected. In all

other cases, the outboard transmitter/receiver was used. After the

appropriate transmitter/receiver had been designated, the operator proceeded

to move the X-Y scanner around the flaw of interest and located the position

at which the amplitude of the echo was a ma~imum. The pulse-echo recording

was then digitized by the ALN 4000 and written to a tape cartridge along with

other appropriate information (defect number, attenuator settings, etc.). The
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operator could then request that recordings be obtained at other receiver

positions within the array. At his command, these additional recordings were

also digitized and written on the tape cartridges. The X-Y scanner was not

repositioned during these operations, since any movement would alter the

transmitter/receiver geometry and hence the diffracted field. At the comple-

tion of the data collection exercises, the tape cartridges were transferred to

an off-line Data General Eclipse computer system, where the digital waveforms

were decoded, reformatted, and written to a standard 9-track tape for further

detailed analyses. A block diagram representation of the data collection

process is shown in Figure 3.11, which identifies the decisions and procedures

involved in this task. In general, a total of 20 waveforms was collected for

each of the 96 individual defects considered in this study.

The individual waveforms ware digitized at a rate of 20 points per microsecond

to obtain a total recording of 1024 points, which represented a time duration

of 51.2 microseconds. This digitization rate yielded approximately eight

points per cycle at the center frequency of the transducer. The time duration

was sufficient to allow the digitization to begin at the arrival of the front

surface reflection from the test block and to continue until the defect

response returned to the receiver location. Examples of ultrasonic data

collected from the various defect types are presented and discussed in more

detail in the chapter which follows.
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4. DETECTION OF DEFECT RESPONSE SIGNALS

4. 1 INTRODUCTION

The ultrasonic waveforms collected from various defect types, sizes, and

orientations were subjected to a wide variety of signal processing algorithms

during the course of this project. These algorithms can be divided into two

main categories, those used for signal enhancement purposes and those used in

extracting features from the defect-related responses. The purpose of this

chapter is to describe the procedures and techniques used in detecting and

isolating the portions of the digitized waveforms which were related to the

machined defects. The first topic of discussion in this chapter is concerned

with developing the procedures used in separating responses due to geometrical

reflectors from those related to the actual defects. Subsequent sections

discuss the techniques employed to increase the signal-to-noise ratio of the

recorded waveforms as well as the algorithm used in the signal detection

exercise.

4.2 GEQMETRICAL CONSIDk -ONS

In most ultrasonic data collection exercises, the analyst is faced with the

challenge of overcoming two major problem areas. The first involves the

detection of signals in the presence of background noise. The second concerns

the assignment of these detections into one of two categories, those related
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to the geometry of the specimen being inspected and those related to defects

in the test object. This second problem area will be addressed in this

section by describing the procedures employed in this study for making the

distinction between geometrical and defect-related responses.

The detection approach selected for use in this study involved the identifica-

tion of an echo or signal recorded in the pulse-echo mode in which the array

element acted as both a transmitter and a receiver. The ultrasonic array

constructed for this investigation consisted of two transmitter/receiver (T/R)

pairs, an outboard (TO) and an inboard (TI) T/R. The geometrical considera-

tions associated with each T/R pair are quite different and are discussed

separately below.

A schematic illustration of the test block and the outboard T/R is shown in

Figure 4. 1. The outboard transmitter emitted a compressional wave into the

water bath at an angle of 160. This propagating energy was converted into a

shear wave at the water/metal interface. This shear wave entered the metal

specimen at an angle of 360 from the vertical and propagated through the

block. During this process, the shear wave encountered numerous interfaces

where the energy was reflected, refracted, and diffracted. The reflected

signals were recorded at the outboard receiver and then analyzed to determine

which, if any, of the reflections were defect-related.

Examples of pulse-echo recordings obtained from specific defect types using

the outboard transmitter/receiver are shown in Figure 4.2. Several large

amplitude reflections can be seen on each of these individual recordings. The

first lazy,- amplitude arrival on each waveform corresponds to the front
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surface reflection from the top of tho test specimen. At first glance, it

would appear that no direct reflection would be recorded because of the non-

vertical incident angle of the transmitter; however, the angular response of

the outboard transmitter shown in Figure 4.3 illustrates that a large amount

of ultrasonic energy is emitted from the transducer which propagates vertical-

ly downward and is reflected directly back toward the transmitter. In fact,

the detection of this first arrival allows the vertical distance between the

transmitter and the top of the specimen to be calculated as:

Tw * VWDW 2 (4.1)

Where DW is the vertical water depth, VW is the velocity of sound in water

(1.48 mm/Usec) and TW is the arrival time of the front surface reflection

relative to the transmit time. The other arrivals illustrated on the record-

ings shown in Figure 4.2 can be equated with a metal depth according to the

relationship:

DM = (TM- Tw) VM cos (4.2)IDM =2(4)
where TM is the time of the arrival in question, measured relative to the time

the sound entered the metal, VM is the shear wave velocity of sound in the

metal (3.14 mm/Usec) and * is the angle of incidence (360).

A direct comparison of the E04 notch arrival times with those of the angled

hole specimens shown in Figure 4.2 indicates that the hole responses arrived

earlier than those of the notch defects. This time difference is related to

both the geometrical properties of the two reflector types and to the manner
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in which the defect types were fabricated. The responses from the EC4 notch

samples arrived at times which corresponded to the block thickness; however,

the hole samples were drilled to a depth of approximately 1/2 inch from the

back surface of the block. Therefore, the ultrasonic returns from the tops of

the hole defects arrived much earlier at the receiver because of the shorter

travel paths in the metal specimen.

An analysis of the geometry of the data collection process for the outboard

T/R can provide a bracket around the time at which an arrival can occur and be

associated with a defect. In equation form, this can be stated as:

TW < TD < TB + TW  (4.3)

where T. is the time corresponding to the block thickness and TD is the time

of the arrival in question. Arrivals occurring outside this time bracket can

be excluded from consideration, while those within this time interval can be

classified as potential defects.

The time criterion described in the above paragraphs is very helpful in

removing several nondefect-related arrivals from consideration; however, in

some specific situations, this single criterion is not sufficient. A good

example of such a case is shown in Figure 4.4, which illustrates a recording

in which a geometrical reflector generated an arrival which fell within the

accepted time tolerances. The lower waveform depicted in this figure was

obtained from a 00 EDM notch of size 20x60 mils. The front surface return

occurred at approximately 53 pseconds and the defect response at approximately

95 Useconds. The arrival which occurred at 77 pseconds could be identified as
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a potential defect response; however, this arrival has been correlated with a

return from the edge of the test block and is related to the wide angular

response of the transmitter shown previously in Figure 4.3. The upper wave-

form shown in this figure was obtained from the same defect by rotating the

test specimen 1800. The front surface and defect responses are nearly

identical for both waveforms illustrated in this figure. The reflection which

occurred at 77 pseconds in the lower signal was not present in the upper

waveform. The schematic illustrations which accompany these two waveforms

describe the transmitter and test specimen geometries for the two cases. The

presence of the edge return is clearly depicted in these schematics and

explains the difference in the two signals shown in the illustration.

A schematic diagram of the test specimen and the inboard T/R is shown in

Figure 4.5. This situation was much simpler than that of the outboard T/R

described above. A vertically traveling compressional wave was emitted from

the transmitter into the water bath. This energy struck the front surface of

the specimen, where part of the energy was reflected back toward the T/R and

part was transmitted across the interface into the metal block. The compres-

sional wave encountered several interfaces in the metal, which resulted in

reflected, refracted, and diffracted signals. The reflections were sensed at

the inboard receiver and then analyzed.

Examples of pulse-echo recordings obtained from a 00 flat-bottom and a round-

bottom hole are shown in Figure 4.6. The large amplitude signals identified

in these waveforms can be correlated with the front surface return, the defect

response, the reflection from the backwall of the block, and various multiple

reflections. Equations similar to those determined for the outboard T/R can
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be derived to determine the water depth and metal depth estimates. The time

constraints used to bracket the defect-related detections would also be

similar to those discussed earlier.

The results obtained in this section have demonstrated that the geometry

of the data collection exercise must be considered in the data analysis.

Bracketing the time interval in which a detection can be correlated with a

defect response has been shown to be very useful in removing many geometrical

reflectors from consideration. However, special requirements are needed in

certain situations to remove geometrical reflections which occur within the

time tolerance limits. The sections which follow discuss the technique-, used

to improve the signal-to-noise ratios of the recorded waveforms to increase

the detectability of the defect responses.

4.3 SIGNAL-TO-NOISE RATIO IMPROVEMENT

Previous analyses of ultrasonic signals have identified several viable

approaches which have been used to improve the signal-to-noise ratios (SNR) of

defect returns (Mucciardi, et al., 1980). Some of the more pertinent

approaches with application to this study include bandpass filtering, matched

filtering, temporal beamforming, and spatial beamforming. The bandpass

filtering technique was tested and was found to be of limited usefulness to

this work because the frequency domain characteristics of the background noise

were quite similar to those of the defect returns and, therefore, could not be

separated with a high degree of success. The matched filter technique was

also evaluated during this program and was shown to be useful in certain
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application areas. This approach involves convolving the recorded waveform

with a reference signal which represents a particular defect response. The

disadvantages of the matched filter algorithm include a large computational

load for implementation because of the nature of the convolution filter and

the fact that separate filters would be required for each defect type. The

improvement in SNR offered by this technique was not sufficient to justify its

incorporation into an automatic detection scheme. The two remaining SNR

improvement algorithms, namely the temporal and spatial beamforming tech-

niques, are easily implemented and have been proven to be extremely useful in

suppressing background noise levels (O'Brien, et. al., 1980). The results

obtained from these two signal processing tools are described below.

The temporal beamforming technique is a simple algorithm in which a number of

waveforms are averaged to reduce background noise which occurs randomly in

time. The approach involves positioning the transmitter and receiver at fixed

spatial locations and repeating the data collection process a specified num~ber

of times. Under ideal circumstances, each successive waveform is identical to

all others in the collection set. However, in the presence of random noise,

each time-domain signal is different. In general, the defect response should

be highly coherent and the noise segments should be relatively incoherent. A

significant amount of the incoherent energy can be removed by averaging a set

of waveforms according to the formula:

1 N
S(t) = t) (4.4)

i= 1

where si(t) is the ith time waveform, N is the number of collected signals,

and S(t) represents the temporal beamforming output. An example of this
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procedure is shown in Figure 4.7, where a set of ten individual waveforms and

their corresponding temporal averages are presented. The reduction in the

random background noise level is illustrated in this example. An investiga-

tion was conducted to determine the optimum number of waveforms to be col-

lected in the averaging process. It was found that collecting a set of ten

recordings offered maximum enhancement.

The main application of the temporal beamforming routine is to reduce the

influence of background noise on the recording. The background noise in this

case is mainly electronic system noise. In most ultrasonic applications, an

additional noise source is related to the metal grain structure (Newhouse and

Furgason, 1980). Temporal beamforming will not be effective in reducing grain

noise because the grain reflections are coherent and will therefore be en-

hanced by the technique. Spatial beamforming has been shown to be a useful

technique for removing grain noise in the waveforms. This approach is de-

scribed in the following paragraphs.

A schematic illustration of the spatial beamforming technique is shown in

Figure 4.8. In this diagram a set of six receivers (Ri ) record the source

energy. The distance from the source to each individual receiver is denoted

as Di . Under assumptions of plane wave propagation in a homogeneous medium

and in the presence of no background noise, the waveforms recorded at each

receiver, Rj, will be identical except for a time delay. This time delay is a

function of the distance from the source to receiver and is given by:

DR - D

T. = (4.5)
1 V
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where DR is the distance to reference, Di is the distance from the source to

receiver i, and V represents the characteristic velocity of the medium. The

beamformed output with respect to the reference receiver is then determined

according to:

1N
S(t) = N 1. (t-Ti) (4.6)

where the si(t) is the recorded signal at receiver i, Ti is the computed time

delay, N is the number of receivers, and S(t) is the spatial beamforming out-

put. Equation 4.6 is identical in form to the temporal beamforming result

given in Equation 4.4, except for the incorporation of the time-delay factor.

It is this difference between the two approaches which enables the grain noise

to be suppressed, since the travel paths from source to receiver are all dif-

ferent and therefore encounter variable grain structures along their trans-

mission paths.

An example of this approach is shown in Figure 4.9, where the response from a

300 EDM notch of size 70 x 350 mils at six receiver locations is presented.

In this illustration the individual waveforms represent the average of ten

successive recordings, so that the electronic noise has been effectively

reduced. The defect responses are easily identified on each of these record-

ings and would not be a problem to detect using a very simple detector. The

key observation to be made from this illustration concerns the consistency of

the defect response at the individual receiver sites and the variability in

the time waveforms outside the defect time windows. This variability is most

likely related to the grain structure in the metal, but does not appear to

influence the defect responses in a significant manner. In fact, this example
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provides a good opportunity for obtaining an experimental indication of what

the true time delays within this receiver group should be. These experimental

times were determined by cross correlating the recordings with a reference

receiver (43). These time delays were then used to compute the spatial beam-

formed response which is shown in the lower portion of Figure 4.9. The reduc-

tion in the noise level is significant, while the defect response is highly

compatible with each of the individual observations.

A more dramatic example is shown for the same receiver grouping in Figure

4.10. These data were collected from a 300 EI4 notch of size 20 x 100 mils.

The defect response can be seen on receiver 43 but is virtually hidden by

noise at the other five receiver locations. The same time delays determined

from the experimental tests were applied to this receiver set to determine the

beamed output shown in the lower portion of this figure. The results are

extremely good in that the defect return is easily identifiable and is above

the noise level of the beamed signal. It follows that the spatial beamforming

technique is very useful in analyzing data recorded with the linear array.

Temporal and spatial beamforming techniques have been applied very success-

fully to ultrasonic recordings obtained during this study. The reduction in

electronic noise and metal grain noise are useful in detecting the presence of

defect responses in the recorded waveforms. The detector selected for use in

this application is described in the next section of this chapter.
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4.4 SIGNAL DETECTION

The signal processing techniques described previously in this chapter have

been used as a preprocessing step to increase the signal-to-noise ratio of a

collected waveform prior to inputting this waveform to a signal detection

algorithm. The detection algorithm used in this program is a relatively

sophisticated technique and is the main subject of discussion in this section.

The algorithm used in this study for detection purposes is essentially a power

detector (Lane and Lemon, 1979) which computes a time-varying SNR ratio and

compares this estimate with a preset threshold level. A detection is called

when the SNR ratio exceeds the threshold level for a prescribed time dura-

tion. Before proceeding with a detailed discussion of the algorithm itself,

a brief description of the parameters required as inputs to the detector will

be given.

Two moving averages are required by the detection algorithm, a long-term aver-

age power (LTAP) and a short-term average power (STAP). The LTAP represents

the estimate of noise power and the STAP represents the estimate of signal

power. The lengths (LTAL and STAL) of these time windows are input constants

used by the routine. A general rule is that STAL should approximate the time

duration of a typical signal response, while LTAL should be about four times

STAL. The detection threshold (THOLD) and update threshold (DHOLD) are

further input constants used by the algorithm. DHOLD is generally less than

the detection threshold and is used to freeze the updating of the LTAP in the

simultaneous presence of signals and very high noise levels. Once the

estimate of the signal-to-noise ratio (STAP/LTAP) exceeds THOLD, a detection
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flag is turned on and must remain on for a prescribed number of points (NON)

before a true detection is indicated. This feature enables the routine

immediately to discard false detections which would be related to high-

amplitude noise spikes and other short-duration artifacts.

The signal detector logic is shown in flow-chart form in Figure 4.11. Typical

values of the LTAL, STAL, THOLD, DHOLD, and NON are identified on this

figure. Experimentation was required to determine these optimum values so

that all the defects of interest could be detected using constant values of

these key parameters, thus making the detector independent of defect type.

The pulse-echo recording obtained at the outboard transmitter/receiver from a

00 EDM notch of size 20x60 mils is shown in the upper portion of Figure 4.12.

The signal-to-noise ratio (STAP/LTAP) is shown in the lower half of this

figure along with the threshold level indicated by the horizontal line. When

the SNR exceeds the threshold level, a detection is signaled. The correspond-

ing detections are illustrated along the time axis of the pulse-echo recording

by arrows. The case presented in this figure is relatively simple, because

only two clear detections are indicated. The first detection corresponds to

the return from the front surface of the block and the second is related to

the EDH notch defect. An example of a more complex situation is shown in

Figure 4.13, which represents the pulse-echo waveform obtained from a 00 flat-

bottom hole of diameter 10/64 inch. A number of detections are indicated in

this example. The first detection is related to the front surface of the

block and is followed by the response from the flat-bottom hole defect. The

detection which follows the defect return corresponds to energy being

reflected from the back wall of the test specimen and is not defect-related.
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The signal detector described in this section provides a summary of all

signals which exceed the preset threshold value. The arrival times of these

detections are then evaluated using procedures outlined in Section 4.2 to

determine if any of the detections in the list are defect-related.

The signal detection and detection association algorithms have been implement-

ed in microprocessor software in the ALN 4000. This process provides an

automatic defect detection capability and has been shown to yield very con-

sistent and accurate indications of the presence of flaws in metal specimens.
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5. DEFECT CHARACTERIZATION

5.1 APPROACH

The ultrasonic data collected from the set of machined defects were subjected

to a variety of analysis procedures to obtain measurements from the recorded

waveforms which could be used for defect characterization purposes. The

features most commonly used in these analyses consisted of both time-domain

and frequency-dmain representations of the defect signatures. The extracted

features were then input to Adaptive Learning Network (ALN) models to identify

the key signal features selected by the models as well as to obtain the

structure of the relationships between the input and output variables.

The entire defect characterization process was composed of three individual

operations. The first step involved classification of the defect into one of

the three categories considered in this study, EDM notches, flat-bottom holes,

and round-bottom holes. The second process was concerned with determining the

angular orientation of the defect, and the third step involved estimating the

size of the defect, i.e., length and depth for the notch samples and diameter

for the hole specimens. The procedures employed in each of these character-

ization steps are discussed in the subsequent sections of this chapter.

Although the specific features used as inputs to the ALN models depend upon

the type and orientation of the defect, a set of relatively general operations

can be defined which are appropriate for all defect categories. These general

steps are shown in Figure 5.1.
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The first step requires that appropriate waveforms be collected using various

transmitter and receiver protocols. In cases where several adjacent array

elements are recorded, a spatial beamformed signal is calculated in an attempt

to increase the defect response over the background and grain noise. These

beamformed signals are then input to a Fast Fourier Transform (FFT) algorithm

which converts the time-domain representation to its frequency-domain equiva-

lent. The power spectrum is partitioned into four frequency bands of interest

for further analysis. The receiver groupings used to form the beamed signals

and the four frequency bands used in this study are identified in Table 5.1.

Once these computations have been performed, the spectral data are then sub-

jected to numerous feature extraction routines. These features include the

center of gravity of the power distribution across the array for each frequen-

cy band and a number of power ratios involving various receiver combinations.

Each of these feature categories has been shown to be extremely useful in

previous investigations (Lane and Lemon, 1979; O'Brien, et al., 1980). These

candidates are then input into ALN models to determine the most diagnostic set

of parameters as well as the functional relationship between these key vari-

ables and the defect characteristic of Literest. The specific features used

for each defect category are identified in appropriate subsections of this

chapter.

5.2 DEFECT CLASSIFICATION AND ORIENTATION

The defect classification scheme employed in this study incorporates geomet-

rical, temporal, and spatial properties of the collected waveforms in the

decision-making process. Two pulse-echo recordings are available for
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TABLE 5.1: IDENTIFICATION OF REFERENCE BEAM NUMBERS AND FREQUENCY BANDS
USED IN FEATURE EXTRACTION EXERCISES

BEAM NUBER RECEIVER GROUPING

1 47

2 46, 45, 44

3 43, 42, 41

4 40, 39, 38

5 31, 30, 29

6 28, 27, 26

7 25, 24, 23

8 22, 21, 20

9 19, 18, 17

FREQUENCY BAND NUMBER FREQUENCY INTERVAL

1 1.56 - 2.10 MHz

2 2.18 - 2.73 MHz

3 2.81 - 3.36 MHz

4 1.56 - 3.36 MHz
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analysis, one from the 0 ° inboard T/R and one from the angled outboard T/R.

Based on geometrical considerations, it is obvious that the 300 holes and the

E014 notches are detected on the outboard T/R while the 00 holes are visible on

the inboard T/R. Thus, the identity of the T/R which detects the presence of

a defect response can be used as a classification tool by separating the

defect types into two categories, with one group containing the 00 holes and

the second group containing the 300 holes and the ELM notches. This second

group can be split into its two components by considering the arrival time of

the defect response. The notch returns appear at a time which corresponds to

the back surface of the test specimen. The 300 hole flaws represent defects

occurring in free space and are not connected to the back of the test block.

Therefore, the 300 hole responses will arrive at an earlier time than the

notch echoes because of the shorter travel paths.

The procedures outlined above can be used to separate the defect returns into

one of three categories, EDM notches, 300 holes, and 00 holes. Classification

of the hole defects into flat-bottom or round-bottom holes can be accomplished

by activating other receiver elements within the array package to determine

the amount of energy which has been scattered by the defect to these receiver

positions. It was found that the ultrasonic energy scattered by the flat-

bottom hole defects is considerably higher than that scattered from the round-

bottom hole defects. In fact, the energy scattered in the pitch-catch mode

could not be detected for the round-bottom hole flaws. This detection diffi-

culty may, in fact, be related to the observation made earlier concerning the

nonspherical tips of these round-bottom holes; however, the experimental

observation made concerning the rapid decay of energy in the scattered field

for the spherical defects is consistent with both theoretical (Domay, et al.,
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1979) and previously-reported experimental results (Whalen, et al., 1979).

The results observed for the flat-bottom holes are also supported in the

literature (Achenbach, et al., 1979; Whalen, et al., 1979). It appears that

this decay of ultrasonic energy in the scattered field can be used as a diag-

nostic feature to discriminate between the flat-bottom and round-bottom holes.

The defect classification scheme described above is presented as a logic dia-

gram in Figure 5.2. It is interesting to note that this scheme has not only

resulted in defect classification, but also has yielded the angular orienta-

tions of the hole defects. The notch orientations cannot be determined from

this scheme and, therefore, require a more detailed analysis.

Examples of pulse-echo recordings obtained from a 50x150-mil and a 50x250-mil

EDM notch at angular orientations of 00 and 300 are shown in Figure 5.3. A

comparison of the 00 and 300 defect responses for the same size defect indi-

cates that the time-domain responses are quite similar in shape but differ

slightly in amplitude, with the 00 response having the higher value. However,

this amplitude difference is not helpful in determining the defect orienta-

tion, because a 300 notch of larger size than a 00 notch could conceivably

possess nearly identical amplitude values. A more diagnostic approach is

illustrated in Figure 5.4, which presents a comparison of the diffracted

('SS') and mode-converted ('SPI) energies obtained from 50x250-mil notches at

the two angular orientations. Note that the mode-converted energy is much

more prevalent for the 00 notch, while the diffracted energy recorded at

receivers near the transmitter is more dominant for the 300 notch. The

situation depicted here was found to be quite representative of the other EDM

notch samples and was determined to be independent of the notch size.
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Both the pulse-echo and scattered field recordings were collected for each of

the 32 EDM notches comprising the data base. The pulse-echo waveforms were

detected in all cases; however, the scattered energy for six of the smallest

notches could not be detected with a high degree of accuracy even though

averages of ten successive recordings were computed to remove temporal noise

variations. The remaining 26 observations were subjected to various feature

extraction routines to acquire parameters for use in estimating the orienta-

tions of the notches.

Fourier power spectra were computed for the pulse-echo, the mode converted,

and the diffracted waveforms. These power spectra were divided into three

frequency intervals (1.56-2.10 MHz, 2,18-2.73 MHz, and 2.81-3.36 MHz), and

ratios of these powers were taken over various -- iiver combinations. A tabu-

lation of the candidate features input into the ALN model is given in Table

5.2. The resulting ALN model is shown in Figure 5.5; it uses two inputs: (1)

the ratio of 'SS' power (diffracted energy) in the frequency band between 1.56

to 2.10 MHz, at receivers 41, 40, and 39, to the pulse-echo recording at

receiver 47; and (2) the ratio of power in the same band at receivers 47, 46,

and 45 to receivers 44, 43, and 42. The performance of the resulting model is

illustrated in Figure 5.6, where the deviations between the true angle and

estimated angle are plotted. The largest deviation of 120 observed in this

sample resulted from the 20x 00-mil 00 EE4 notch specimen. The average

residual was less than 50 for the entire sample. The predicted performance

for unseen data is estimated to average approximately 8.50. It is interesting

to note from the residuals shown in Figure 5.6 that the deviations for the

larger defects are not any less than those for the smaller notches, thus

indicating that the ALN model is independent of defect size.

5-10



TABLE 5.2: LIST OF CANDIDATE FEATURES FOR THE EUM
NOTCH ANGLE ORIENTATIONS

Feature
Number Description

X3 Center of gravity of power distribution across array (Band 1)

X4 Center of gravity of power distribution across array (Band 2)

X5 Center of gravity of power distribution across array (Band 3)

X6 Center of gravity of power distribution across array (Band 4)

X7 Sum of normalized power, Receivers 47, 46, 45 (Band 1)

X8 Sum of normalized power, Receivers 44, 43, 42 (Band 1)

X9 Sum of normalized power, Receivers 41, 40, 39 (Band 1)

X10 Ratio of total normalized power,
Receivers 47, 46, 45 to 42, 43, 44 (Band 1)

Xli Ratio of total normalized power,
Receivers 47, 46, 45 to 39, 40, 41 (Band 1)

X12 Ratio of total normalized power,
Receivers 42, 43, 44 to 39, 40, 41 (Band 1)

X13-X18 Same as features X7-X12 (Band 2)

X19-X25 Same as features X7-X12 (Band 3)

X26-X32 Same as features X7-X12 (Band 4)

Power was normalized by the pulse-echo power (Receiver 47).

Receiver 47 is pulse-echo energy; Receivers 39 through 46 are diffracted
energy ('SS').
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5.3 DEFECT SIZE ESTIMATION

The defect characteristics discussed up until this point have emphasized the

classification and orientation of the flaws. In general, these parameters are

required for total defect characterization purposes but are less crucial than

estimates of the actual size of the flaw. Most judgments made concerning

material integrity are based primarily on the size of the defect located in

the critical component rather than on its type or orientation. Accurate and

reliable defect size models are required to assist the analyst in his

decision-making process. In this section, ALN models are obtained for defect

size estimation using features extracted from the ultrasonic flaw responses.

The performance of these models is then assessed in terms of prediction capa-

bility and reliability.

5.3.1 EDM Notch Size stimation

To obtain complete size characterization for the EUM notch samples, two

independent quantities must be modeled, the depth and length of the notch.

The situation is further complicated by the fact that these estimates must be

determined for a set of two angular orientations.

The differences in the scattered energy for these two orientations were dis-

cussed earlier in this chapter (see Figure 5.4) and will not be repeated here.

Attempts were made earlier in this program to group the two angular classes

into one set for size estimation; however, average errors on the order of 20%

were obtained from the ALN models. This large error was not acceptable, and
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the decision was made to model the defezt size for each separate angle group.

The models determined from this approach resulted in much smaller errors than

the combined grouping and are discussed in detail in the following paragraphs.

Individual waveforms were acquired at receiver numbers 17 through 47 for all

00 EDM notches with the exception of the 10-ail-deep notches. Although the

pulse-echo (receiver 47) response could he detected, the smaller amplitude

signals from the 10-mil-deep defects could not be detected at other receiver

locations within the array. A set of nine beamformed signals was computed

from the various receiver groups. Power spectra were then calculated for '.he

pulse-echo signal and for the mode-converted ( 'SP' ) waveforms and used to

determine values for the features summarized in Table 5.3. These features

were input to an ALN analysis for the purpose of estimating the depth of the

00 EDM notches.

The resulting model is shown in Figure 5.7. Two features were selected by the

ALN model, (1) the ratio of power in Beams 3 through 7 to Beams 7 through 9

for frequencies between 1.56 and 2.10 MHz, and (2) the ratio of power in Beams

3 through 7 to the total power over the frequency range from 1.56 to 3.36 MHz.

The average RMS error on the defect depth was 6.2 mils (12%), and the pre-

dicted error for unseen data was 12 mils. A comparison of observed and

predicted depth values is shown in Figure 5.8. The results indi;ated in this

figure are quite good and indicate that the model performs equally well over

the entire depth range from 20 to 80 mils. The largest single deviation

obtained was 12 mils for the 40x200-mil EDM notch. The majority of the

deviations were on the order of 4 tc, 6 mils.
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TABLE 5.3: LIST CI C- jYCATE FEATURES FOR THE 00 EIK NOTCH IEFECTS

FeatureNumber Description

X3 Center of gravity of power distribution across array (Band 1)

X4 Center of gravity of power distribution across array (Band 2)

X5 Center of gravity of power distribution across array (Band 3)

X6 Center of gravity of power distribution across array (Band 4)

X7 Ratio of power in beams 7, 8, 9 to total power (Band 1)

X8 Ratio of power in beams 5, 6, 7 to total power (Band 1)

X9 Ratio of power in beams 3, 4 to total power (Band 1)

X10 Ratio of power in beam 8 to total power (Band 1)

Xll Ratio of power in beam 7 to total power (Band 1)

X12 Ratio of power in beam 6 to total power (Band 1)

X13 Ratio of power in beams 5, 6, 7, 8, 9 to total power (Band 1)

X14 Ratio of power in beams 3, 4, 5, 6, 7 to total power (Band 1)

X15 Ratio of power in beams 3, 4 to beams 7, 8, 9 (Band 1)

X16 Ratio of power in beams 3, 4, 5, 6, 7 to beams 7, 8, 9 (Band 1)

X17-X26 Same features as X7-X16 (Band 2)

X27-X36 Same features as X7-X16 (Band 3)

X37-X46 Same features as X7-X16 (Band 4)

Total power is defined as the sm of the individual powers represented in
beams 1 through 9.

Beam 1 is pulse-echo energy, beams 2 through 9 are mode-converted energy
('SP').
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The same candidate feature set was used to determine the 00 ECK notch length

model shown in Figure 5.9. The ALN model used two input variables, (1) the

center of gravity of the power distribution over the array for the frequency

band from 1.56 to 3.36 MHz, and (2) the ratio of power in Beams 3 through 7 to

Beams 7 through 9 for the lowest frequency band. It is interesting to note

that this second feature was also used in the ALN 00 depth model and was,

therefore, an important sizing feature. The average RMS error on the length

estimates was 36 mils (18%), with the predicted error on unseen data being 61

mils. A comparison of the observed and predicted lengths is provided in Fig-

ure 5.10 and again indicates very good agreement. In this case, the largest

deviation of 88 mils corresponds to the 80x240-mil notch. The residuals for

the remaining defects were generally between 20 to 30 mils.

The candidate features selected for the 300 E3 notch size characteristics are

stumarized in Table 5.4. Comparison of this feature list with that for the 00

notches reveals that the differences between the two feature sets are con-

cerned with the type of defect response being parameterized. In the 00 case,

the mode-converted ('SP') energy was used, while in the 300 notch case, the

diffracted ('SS') response was used. This choice of energy type was consis-

tent with the analyses performed earlier concerning the differences between

the 00 and 300 EDN notch responses recorded in the linear array. The ALN

model for predicting the depths of the 300 notches is shown in Figure 5.11.

The input features for this model were both ratios of power observed in one

beam to the total power: (1) beam 4 from 1.56 to 3.36 MHz, and (2) beam 3

from 2.81 to 3.36 MHz. The average FMS error was approximately 6 mils (12%)

for the total sample. The predicted error for unseen observations was esti-

mated to be 12 ils. These errors are quite consistent with those reported
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TABLE 5.4: LIST Or CANDIDATE FEATURZS FOR THE 300 hDI NOTCH DFECTS

Feature
Number Description

X3 Center of gravity of power distribution across array (Band 1)

X4 Center of gravity of power distribution across array (Band 2)

X5 Center of gravity of power distribution across array (Band 3)

X6 Center of gravity of power distribution across array (Band 4)

X7 Ratio of power in beams 2, 3, 4 to total power (Band 1)

X8 Ratio of power in beams 3, 4, to total power (Band 1)

X9 Patio of power in beam 2 to total power (Band 1)

X10 Ratio of power in beam 3 to total power (Band 1)

Xll Ratio of power in beam 4 to total power (Band 1)

X12 atio of power in beams 2, 3 to total power (Band 1)

X13 Ratio of power in beams 1, 2 to beams 3, 4 (Band 1)

X14 Ratio of power in beams 2, 3 to beams 1, 2, 3 (Band 1)

X15 Ratio of power in beams 3, 4 to beams 1, 2, 3 (Band 1)

X16-X24 Same as features X7-X15 (Band 2)

X25-133 Same as features X7-X15 (Band 3)

X34-X42 Sam as features X7-X15 (Band 4)

Total power is defined as the sun of the individual power represented in beams
I through 4.

Beam I is pulse-echo energy; beams 2 through 4 are diffracted energy ('SS').
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y
A

X2 8

A ~AA
Y 0.58XII + 1.38X28

Where:

A

x = (X-X)/a x
x

y = y + y

With (units in mils):

Xll = 0.18 aXI = 0.089

X28 = 0.18 aX28 = 0.071

Y = 0.05 a = 0.02

E = 0.006 E = 0.012

Average Error 12%

FIGURE 5.11: ALN DETERMINED FOR 30" EIM NOTCH DEPTH ESTIMATION
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earlier for the 00 E124 notches. A comparison of the observed and predicted

depths for the 300 notch samples is shown in Figure 5.12. The deviations

shown in this illustration are generally quite small.

The ALN model determined for the 300 EDM notch length estimate is shown in

Figure 5.13 and used two input features: the ratio of the power in beams 3

and 4 to the total power in frequency band 2; and the ratio of beams 3 and 4

to beans 1, 2, and 3 for frequency band 3. The average RMS error in this case

ws 52 mils (26%) for the training data base. The larger errors reported in

this case are probably related to the difficulty in obtaining a highly

reliable indication of the scattered response at different array locations.

Another possibility which deserves consideration is the exactness of the

defect measurements, especially the orientation of the defect. A slight

variation in the nominal 306 orientation could lead to significant changes in

the scattered field, which may explain some of the deviations shown in the

scatter plot, Figure 5.14.

5.3.2 Flat-Bottom Hole Size Estimation

The size estimation activities for the flat-boti-om hole defects consisted of

determining ALN models which could predict the diameter of the hole defect.

The 00 and 300 orientations will be analyzed independently in this subsection.

The 00 FBH defects were inspected with the inboard transmitter, which emits

a vertically-traveling compressional wave into the test block. Ultrasonic

signals were recorded at receiver numbers 17 through 46, and a set of 8 beamed

outputs was generated representing bean numbers 2 through 9, as shown in Table
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Where:

X = (*-X)/cy

A

y = YT + y

With (units in mils):

X17 = 0.18 aY 1 7  = 0.063

X33 = 1.33 CYX3= 0.86

Y = 0.200 cry = 0.096

E = 0.052 El = 0.071

Average Error = 26%

FIGURE 5.13: AIN DETERMINED FOR 300 EIX4 NOTCH LENGTH ESTIMATION
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5. 1. A set of candidate features was extracted from these beamed waveforms

and is shown in Table 5.5. It should be noted that the pulse-echo recording

was not parameterized in this case because of the difficulty in separating the

flaw-echo return from the front surface return of the test block. The ALN

sizing model determined from this feature set is shown in Figure 5.15; it used

features: the ratio of power in beams 5, 6, and 7 to the total power for the

frequency band between 2.81 and 3.36 MHz; and the ratio of power in beams 7,

8, and 9 to the total power in the frequency band from 1.56 to 3.36 MHz. The

size of the 00 flat-bottom hole diameters ranged from 3/64 inch to 16/64 inch.

The two smaller defect echoes (1/64 inch and 2/64 inch) could not be reliably

detected in this case and were not used in the modeling exercise. The average

F4MS error was less than 1/64 inch (9%) for the training data base and is pre-

dicted to be approximately 2/64 inch for unseen data. A scatter plot of the

observed diameters and those predicted by the ALN model is shown in Figure

5.16; it indicates that the model performed well, with the deviations being

quite small.

The 300 FBH defects were insonified with the outboard transmitter, and wave-

forms were recorded at receivers 23 through 47 within the linear array. A set

of six beamformed composites was formed using these recordings, and features

were measured from the beamformed signals. A list of the candidate features

used in the ALN FBH diameter modeling exercise is shown in Table 5.6. The ALN

model resulting from the training data base of 300 FBH defects, with diameters

ranging from 3/64 inch to 16/64 inch, is presented in Figure 5.17. Two

features were selected by the ALN: the ratio of power in beams 2, 3, and 4 to

the total power for frequency band 1; and the same ratio for frequency band 2.

The average RMS error in this model was approximately 1/64 inch (11%) and
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TABLE 5.5: LIST C CANDIDATE FEATURES FOR THE 00
FLAT-BOTTCH HOLE DEFECTS

Feature

Number Description

X3 Center of gravity of power distribution across array (Band 1)

X4 Center of gravity of power distribution across array (Band 2)

X5 Center of gravity of power distribution across array (Band 3)

X6 Center of gravity of power distribution across array (Band 4)

x7 Ratio of power in beams 2, 3, 4 to total power (Band 1)

X8 Ratio of power in beams 5, 6, 7 to total power (Band 1)

X9 Ratio of power in beams 7, 8, 9 to total power (Band 1)

X10 Ratio of power in beams 4, 5, 6 to total power (Band 1)

X1i Ratio of power in beams 3, 4, 5 to total pc'wer (Band 1)

X12 Ratio of power in beams 4, 5, 6 to beams 7, 8, 9 (Band 1)

X13 Ratio of power in beams 2, 3 to beams 3, 4 (Band 1)

X14-X20 Same as features X7-X13 (Band 2)

X21-X27 Same as features X7-X13 (Band 3)

X28-X34 Same as features X7-X13 (Band 4)

Total power is defined as the sun of the individual power represented in beams
2 through 9.

Beams 1 through 9 are diffracted energy ('PP').
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X22

y

X30

A A A

Y = 0.32X22 - 0.93X30

Where:

A

Y = yay + Y

With (units in 64th's of an inch):

X22 = 0.52 aX22= 0.069

X30 = 0.20 aX30 = 0.073

Y - 9.50 C7 = 4.03

E = 0.86 Ep = 2.30

Average Error 9%

FIGURE 5.15: ALN DETERMINED FOR 0° FLAT-BOTTOM-HOLE DIAMETER ESTIMATION

5-30



16

140

412 0

4-4
o 10-

8

4

4-

2 -

0

S-3



TABLE 5.6: LIST OF CANDITZ FEATURZS FOR THE 300
FIAT-BOTTOM MOLZ DEFxCTS

Feature
Number Des cription

X3 Center of gravity of power distribution across array (Band 1)

X4 Center of gravity of power distribution across array (Band 2)

X5 Center of gravity of power distribution across array (Band 3)

X6 Center of gravity of power distribution across array (Band 4)

X7 Ratio of power in beams 1, 2, 3 to total power (Band 1)

X8 Patio of power in beaus 4, 5, 6 to total power (Band 1)

X9 Ratio of power in beams 2, 3, 4 to total power (Band 1)

X10 Ratio of power in beaus 3, 4, 5 to total power (Band 1)

X11 Ratio of power in beams 1, 2 to beams 5, 6 (Band 1)

X12 Ratio of power in beams 2, 3 to beams 5, 6 (Band 1)

X13 Ratio of power in beams 1, 2 to beams 3, 4 (Band 1)

X14-X20 Same as features X7-X13 (Band 2)

X21-X27 Same as features X7-X13 (Band 3)

X28-X34 Same as features X7-113 (Band 4)

Total power is defined as the sun of the individual power re/pesented in beams
I through 6.

Beam 1 is pulse-echo energy; beams 2 through 6 are diffracted energy ('SS').

5-32
__________________________ ,



X9

y
A

X16

Y - 0.42X9 + 0.66X16

Where:

- o (X-X)/a

y y + YY

With (units in 64th's of an inch):

X9 - 0.67 aX9 = 0.098

X16 - 0.57 aX16 - 0.077

Y - 9.50 ay - 4.03

E - 1.09 - 2.38
ip

Average Error - 11%

FIGURE 5.17: ALN DETERMINED FOR 30* FLAT-BOTTOM-HOLE DIAMETER ESTIMATION
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agrees quite well with the error obtained from the 00 FBH defects. A campari-

son of the ALN predicted diameters and the true diameters is shown in Figure

5.18.

5.3.3 Round-Bottom Hole Size Estimation

The size estimation activities for the round-bottom-hole defects were handled

in the sam fashion as those presented earlier for the other defect catego-

riesj however, the amount of data which was recorded from the RBH defects was

significantly less than that used in the previous exercises because of the

difficulties associated with detecting any scattered energy. The waveforms

obtained from these defects were obtained from both the inboard and outboard

transmitters in the pulse-echo mode. Efforts to record scattered signals at

other locations within the array were not successful even when a large number

of temporal averages (100) was formed. This observation was also made by BNW

in their initial efforts to collect data from these defects (Lemon, et al.,

1980).

Two waveforms were collected for each defect, one from each of the T/R groups.

Peatures were extracted from these recordings and are shown in Table 5.7. The

AM model for the 00 RBH defect diameter estimation is shown in Figure 5.19.

Two input variables were used in this model, the total power in the frequency

band from 1.56 to 2.10 MHz for the outboard recording and the frequency at

which the 1/3 power lIvel was attained at the inboard recording. The average

RMS error for the model is 1.55/64 inch (16%). The comparison between the

true and predicted 00 RBH diameter values is shown in Figure 5.20.
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TABLE 5.72 LIST Or CANDIDATE FEATURES FOR THE 00
AND 300 ROUND-BOTTCO HOLE DEFECTS

Feature
Number Description

X4 Ratio of power in band I to band 2 (Outboard T/R)

X5 Ratio of power in band I to band 3 (Outboard T/R)

X6 Ratio of power in band 2 to band 3 (Outboard T/R)

X7 Ratio of power in band 1 to band 2 (Inboard T/R)

x8 Ratio of power in band 1 to band 3 (Inboard T/R)

X9 Ratio of power in band 2 to band 3 (Inboard T/R)

X10 Ratio of inboard power to outboard power (Band 1)

Xl1 Ratio of inboard power to outboard power (Band 2)

X12 Ratio of inboard power to outboard power (Band 3)

X13 Total power in band I (Outboard T/R)

X14 Total power in band 2 (outboard T/R)

X15 Total power in band 3 (Outboard T/R)

X16 Total power in band 1 (Inboard T/R)

X17 Total power in band 2 (Inboard T/R)

X18 Total power in band 3 (Inboard T/R)

X19 Ratio of inboard power to outboard power (Band 4)

X20 Frequency at which 1/3 power point is reached (Outboard T/R)

X21 Frequency at which 1/3 power point is reached (Inboard T/R)
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X13
AY

X21

A A A

Y = 0.45X13 + 1.13X21

Where:
A

x - (x-X)/a x

y = ya

With (units in 64th's of an inch):

X13 = 0.024 a X1 3 = 0.016

X21 - 29.93 aX21 2.55

Y - 9.50 Yy 4.03

E - 1.55 E 2.59

Average Error = 16%

FIGURE 5.19: ALN DETE14INED FOR 0* ROUND-BOTTOM-HOLE DIAMETER ESTIMATION
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The same feature set shown in Table 5.7 was used to determine the ALN model

for the 300 RBH diameters. This model is presented in Figure 5.21. It used

two input features, the ratios of the inboard and outboard powers in band 2

and in band 4. The average RMS error for the 300 RSH defects is 1.31/64 inch

(13%), which is quite comparable to that of the 00 RBH flaws. A scatter plot

of the observed and predicted values is shown in Figure 5.22.

5.4 SUMMAR

The results presented in this chapter demonstrate that the characterization of

a defect signal can be obtained through the use of signal processing and ALN

modeling techniques. In general, the results are in good agreement with the

known defect characteristics. The advantages offered by this approach will

become more evident in the next chapter, where a series of conventional pulse-

echo images is presented.
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Y -0.11X11 1.03X25

Where:

x = (X-X) /ar

y = ya + y

With (units in 64th's of an inch):

Xll = 0.99 a =~ 0.12

X19 = 24.0 a =1 18.2

Y = 9.85 Cry = 3.98

"F = 1.31 Ep = 2.52

Average Error =13%

FIGURE 5.21: ALN DETERMINED FOR 30 ROUND-BOTTOM-HOLE DIAMETER ESTIMATION

5-40



16-

14-

0 ,

12

Cu

0
.Co
-W 10

*.
4.1

q8-

t6

04

4

2

0 ,I , I III I

0 2 4 6 8 10 12 14 16

Observed Diameter, 64th's of an Inch

FIGURE 5.22: COMPARISON OF OBSERVED AND PREDICTED DIAMETERS,

300 ROUND-BOTTOM-HOLE DEFECTS

5-41



6. ULTRASONIC IMAGING

6. 1 CONVENTIONAL PULSE-ECHO 4AGING

Pulse-echo isometric images were made for each of the test blocks described in

Chapter 3 by Battelle Pacific Northwest Laboratories using the ultrasonic

imaging system developed for the Electric Power Research Institute (Becker, et

al., 1979). The outboard transmitter/receiver was used to image the EDM notch

defects and the 300 hole defects. The inboard transmitter/receiver was used

to image the 00 hole defects.

The procedures used in forming these images involved the establishment of a

reference echo amplitude, so that the amplitudes of the echoes obtained from

the defects of interest in this study could be measured relative to this

reference. A 3/64 inch diameter FBH located in a #3 Hitt block made of 4310

steel from an ASIM test block set was used as the reference reflector. A flat

3/8 inch x 3/8 inch, 2.25 MHz transducer was usuJ in conjunction with a KB

6000 flaw detection system so that the relative measurements could be obtained

directly in dB. The returned echo height was adjusted to correspond to 80% of

the full screen height and was set as the 0 dB reference point. The echo from

each defect in the data base was then obtained by maximizing the return using

the scanning bridge. The maximum return was then adjusted until the echo was

at 80% full screen height of the KB 6000 and the gain setting was recorded.

The results of these calculations are shown in Table 6.1. It is interesting

to note that in many cases the defect could not be located using the
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TABLE 6.1: RELATIVE ECHO AMPLITUDES FROM TEST BLOCK DEFECTS

Numbers are dB gain relative to the amplitude of

an ASTM 3/64 FBH

4 J

.

C- , ,.) -L,

• wa0 0 *el D0 % 0 1.
U- n -W U UU

ad~ *a* 6 - 7: 1

1. +14 +11

2. + 7 +11 +13 +10 + 9

+4 +11 +6 +11 +6 + 2

4. -2 +10 +6 +8 +4 -2

5. -5 +5 +3 +6 0 -4

6. -8 +7 0 +2 0 -6

7. -11 +6 -2 0 -3 -7

8. -13 +3 -5 0-3 -

9. -13 -9 -4 +2

10. -15 -10 - 2 + 4

11. -16 -12 - 6 - 2

12. -17 -14 - 8 -M

13. -15 -14 - 2 0

14. -18 -16 -9 -2

15. -19 -17 -+7 + 4

16. -19 -18 -7 - 1

Hole diameter in 1/64 inches, or notch depth in 10 m3 units.
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procedures outlined above. Defects with effective echo amplitudes smaller

(positive entries in Table 6.1) than the reference reflector amplitude could

not be imaged because the acoustic noise inherent in the test blocks exceeded

the write level of the imaging system. One point worth noting is the fact

that the #3 FBH sample (3/64 inch diameter) echo is 4 dB below the reference

standard, which is primarily due to the higher attenuation properties of the

4340 test blocks.

Isometric images of the 12 t.&t blocks are shown in Figures 6.1 through 6.12.

Images of the 300 FBH defects of diameter 1/64 inch to 8/64 inch and of the 00

and 300 RBH defects of diameters 1/64 inch to 8/64 inch could not be obtained

because of reasons identified above. A detailed examination of these images

reveals some rather interesting properties which will be discussed below.

A visual comparison of the 00 FBH images shown in Figures 6.1 and 6.2 does not

appear to contain any information related to the relative size of the individ-

ual defects, even though the diameters of defects range from 4/64 inch to

16/64 inch. The area of the image pattern does not indicate any significant

variation in size from defect to defect. This phenomenon is probably related

to the beam spread of the transmitting mechanism, which distorts the effective

area of the region being insonified. Another comparison between Figure 6.2

(00 FBH) and Figure 6.4 (300 FBH) appears to offer some distinctions which

could be useful for orientation estimates, but no sizing information could be

obtained in either illustration. The same general conclusions stated above

for the FBH samples apply to the RBH 1- jes shown in Figures 6.5 through 6.8.

The images shown for the ECM notch defects (Figures 6.9 through 6.12) are

rather interesting in that the shapes of these reflectors are quite compatible
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with those presented for the hole samples, even though the geometrical proper-

ties of the defect classes are quite different.

It is evident that the results obtained from conventional pulse-echo imaging

techniques can be improved in a significant fashion through the combination of

signal processing and ALN techniques presented in the previous chapter. The

improvements are related to both the defect detection and characterization

tasks. For example, the FBH and RBH defects could be detected quite consis-

tently down to diameters of 3/64 inch, while the threshold for the imaging

system was as high as 11/64 inch in diameter. The images obtained from the

pulse-echo system contain very limited information for a reliable method of

defect classification, orientation, or size estimation. The results presented

in the previous chapter address each of these characterization requirements

with a higher degree of certainty; however, improvements in the imaging capa-

bilities can also be obtained by the introduction of more sophisticted tech-

niques. A set of improved imaging techniques will be described and evaluated

in the subsection which follows.

6.2 Enhanced Images

The defect images shown in Figures 6.1 through 6.12 were obtained by BW using

a conventional pulse-echo imaging technique. The procedures used during the

exercise described above were to form a black/white representation, where the

black signifies a detcction and the white signifies no detection. Since the

modified system described in this report possesses the capability of recording

the raw waveforms as well as applying temporal averaging to improve the

6-10



signal-to-noise ratio, it was decided to repeat the imaging exercise for a few

defects in the data base. The procedures employed in this exercise are out-

lined below.

The scanning bridge was used manually to position the appropriate transmitter

over the defect until the maximum amplitude response was obtained. Once this

position was located, the operator informed the ALN 4000 of this fact, and the

ALN 4000 moved the transducer 0.5 inch in the X and Y directions and initiated

its acquisition of the ultrasonic waveforms. The defect was scanned over a

one-square-inch area, and data were recorded with a resolution of 0. 1 inch in

both directions. This scanning pattern is illustrated in Figure 6.13.

A total of 121 waveforms was obtained for each defect scanned during these

operations. The waveforms were written to magnetic tape cartidges after a

temporal average of 10 individual recordings was obtained. The contents of

the tape cartridge were then transferred to the Data General Eclipse computer

system for plotting and off-line analysis purposes.

Using software packages resident on the off-line computer, a sequence of

three-dimensional plots was made of the rectified recordings. An example of

this output for a 20 x 100 mil 00 EEM notch is shown in Figure 6.14, and for

an 80 x 400 mil 00 EDM notch in Figure 6.15. The waveforms presented in these

two figures represent five positions along the X-axis, with the ten waveforms

in each grouping corresponding to the ten Y-axis positions. The amplitude

values indicated on these plots have been normalized by the maximum amplitude

within a given sequence so that the relative change in strength as a function

of position can be seen. It should be noted that the amplitude does decay
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with position, which would enable an image to be formed which would color the

image in more than a conventional black/white fashion. The most logical way

to form this colored image is to weight the scale from black to white accord-

ing to the signal-to-noise ratio of the defect response. An example of this

procedure is shown in Figure 6.16 for the 20 mil and 80 mil defect responses

shown in Figures 6.14 and 6.15. Several different views of the images are

shown so that a more direct visual interpretation of the flaw characteristics

can be obtained. The illustrations presented here provide a much clearer

description of the EEX4 notch responses than those shown in Figure 6.10 for the

same defects. In fact, the indications of length and depth provided by the

different viewing positions tend to confirm a notch-type defect. Representa-

tive images were obtained for the remaining defects in this test block and are

shown in Figures 6.17 through 6.19. The same general trends identified above

are also evident for these different size EDM notches.

Waveforms were also obtained from a 13/64 inch diameter 00 round-bottom hole

using the inboard transmitter following the same procedures outlined above for

the notch defects. The rectified waveforms for this defect are shown in

Figure 6.20. The maximum amplitude occurred in the middle scan and decayed

quickly for the RBH defect. The reflection was entirely lost after a movement

of 0.2 inch. This observation is consistent with the expected results,

because the curvature of the defect causes a change in direction of the large

amplitude reflections. The rectified waveforms obtained from a 10/64 inch 00

flat-bottom hole defect are shown in Figure 6.21. The defect amplitude was

nearly constant in the middle positions, which was expected from a rather

uniform reflector. The amplitude decayed once -the transducer moved outside

the diameter of the FBH defect. Images of these rectified reaponses were not
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drawn; however, the images of these defects would be much narrower than those

presented earlier for the EDM notch defects. The distinguishing characteris-

tic between the RBH and FBH defect images is the flatter amplitude distribu-

tion for the FBH, while a sharp amplitude decay is visible for the RBH.

The images presented in this section contain sufficient information to assist

an analyst in his visual interpretation of the flaw characteristics. A combi-

nation of these improved images with the characterization activities described

in the previous chapter could prove to be a very important tool for many

nondestructive evaluation applications. A more stringent application of these

techniques will be described in the section which follows.

6.3 SPECIAL TESTS

The defects considered thus far in this report are types that have been

machined into steel test blocks. These flaws are rather smooth and symmetri-

cal, whereas, ia reality, flaws are often characterized by multiple, adjacent

defects and/or highly irregular shapes. Two special cases have been consid-

ered and are discussed in this section. One case concerned the placement of a

series of multiple artificial defects close to each other to determine if any

indication of these multiple targets was present in the reflected signals.

The second case involved the detection of a fatigue crack in a test block.

A series of four ED4 notches was placed into four Aluminum test plates

according to the specifications shown in Figure :6.22. Cases 1, 2, and 3

involved EDN notches of constant depth, but the spacing between the defects
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FIGURE 6.22: CONFIGURATION OF DEFECTS IN ALUMINUM PLATES
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varied from 150 to 50 mils. Case 4 consisted of four notches of different

depths, with a 50-nil spacing between the defects.

Ultrasonic waveforms were collected from each of these plates using the out-

board transmitter/receiver. The transmitter/receiver was moved a distance of

40 mils across the top of the notches for each successive collection. The

waveforms are shown in Figure 6.23 for each of the four test cases. These

waveform sets exhibited some very interesting characteristics which could be

used to obtain information relative to the defect sequences.

In Case I, the position of the maximum amplitude changed as the transducer was

moved across the defect sequence. In some of the waveforms obtained for this

case, a double peak appeared, which may lead an analyst to conclude that multi-

ple defects were present. The smaller defect spacing for Case 2 appeared to

manifest itself as a sharp increase in the duration of significant energy;

however, the fine 50-il spacing for Case 3 was difficult to detect through a

visual comparison of the defect responses. The waveforms obtained for Case 4

presented a rather unique pattern. In some instances, two distinct arrivals

were seen, while in the later waveforms, the individual arrivals appeared to

coincide in time.

The purpose of these tests was to determine if any information could be ob-

tained from the Aluminum test plates which could be used to infer the presence

of multiple defects. The positional responses shown for these tests certainly

deviated from the single defect responses shown in earlier sections, The

deviations could be used to justify more detailed examinations of the flaw

areas to determine if any additional quantitative information could be derived

from the ultrasonic echoes.

6-24



CLASE 1 CASE 2 CASE 3 CASE 4

'r-~ --',p --&

II

kl,

.IL L,.

-vTT d " LT

I F I

-"Y - "'.AIM .,

It. ,. IR,

k~~~~p Apo 40 ""ie _.Wim,... . .

FIGUR .23 COPAISON OF WAEO.-RCRDDFO

THE.. FOUR, ALMIU TEST.......

6-25. ...



The second special test was related to a fatigue crack placed in a steel block

(EPRI Block EPT-18). Two fatigue cracks are located in this test block. The

rectified waveforms obtained from the larger defect are shown in Figure 6.24.

It is interesting to note that this crack is not a simple defect but consists

of several distinct cracks. This fact was essentially verified by the

waveforms shown in this figure. The amplitude of the insonified region rises

and falls throughout the scan. Ultrasonic images were prepared for this

fatigue crack and are presented in Figure 6.25. The complexity of this crack

is clearly depicted in these images: several local maximum-amplitude and

minimum-amplitude regions can be seen.

The special tests performed during this project were designed to demonstrate

potential field applicability of the developed techniques. The evaluations

described in this section were not totally exhaustive but do indicate that the

results obtained from the machined specimens can be applied to more complex

defect geometries to obtain some information which would assist the analyst in

defect characterization.
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FIGURE 6.25: DIFFERENT VIEWS OF THE FATIGUE CRACK LOCATED IN

EPRI BLOCK EPT-18 (Images are weighted by the

signal-to-noise ratio.)
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7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

Results obtained during the performance of this project indicate that signifi-

cant improvements in capabilities of existing ultrasonic imaging systems can

be obtained through a combination of linear array technology, signal proces-

sing, and Adaptive Learning Network modeling.

A large aperture linear array has been used to record the pulse-echo signal as

well as the diffracted and mode-converted signals resulting from the interac-

tion of the input sound wave and the defect. The availability of these

various signal types was extremely helpful in the defect characterization

activities. Both temporal and spatial beamforming algorithms were applied to

the recorded waveforms and were successful in improving the signal-to-noise

ratios of the defect responses. Detection of the defect responses was accom-

plished by means of an advanced algorithm which was much more sensitive to the

smaller-sized defects than the conventional pulse-echo imaging system. The

use of the ALN methodology in defect characterization has been shown to be far

superior to conventional schemes in which defect characteristics are inferred

from an ultrasonic image.

The activities described above can be incorporated into an automatic system to

provide information directly to the analyst concerning detection and charac-

terization of flaw responses. This is a primary area recommended for future

development. Other areas of recommended future work concern investigation of

phase-steered and focused transmitters, incorporation of more elaborate scan-

ning mechanisms (including variable transducer emergent angles), and testing

of algorithms developed under this program on a specific application of

interest.
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