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SECTION I

INTRODUCTION

Adhesively bonded airframe structures exhibit many improvements over conven-
tional construction methods. Unfortunately, currently available nondestructive
evaluation methods are inadequate for reliable in-service or manufacturing
inspection and hence represent a serious deterrent to the exploitation of these
improvements. As a step toward overcoming this problem, a joint program involv-
ing Adaptronics, Inc. and Rockwell International was initiated to incorporate
new methods of signal processing and waveform analysis with quantitative ultra-
sonic inspection techniques to achieve a greatly improved capability for
characterization of bond line defects. This characterization should lead to
quantitative measurement of the size, shape, location and nature of defects in
the adhesive bond line, so that full use can ultimately be made of fracture
mechanics methods for predicting the remaining life in a part.

1.1 CONFIGURATION OF SAMPLES

Four different kinds of samples were provided by the sponsor (AFML) shown in
Section III, Figure 2. Each consists of from one to four layers of aluminum
bonded to one another, thereby providing from zero to three layers of adhesive
bonds. The thickness of the aluminum plates ranged from 0.025 in. to 0.080 in.
and the adhesive layers were typically 0.005 in. thick. The samples were 6 in.
across and 9 in. long. Each sample had one flat surface so that inspection
could be done primarily from that side. Fifteen samples of each of the four
geometries were provided, 10 with documentation to explain what kind of defects
had been built in, and five without documentation, for testing purposes.
Several examples of each type of defect were built into each geometry or part.
The five basic categories of defects provided were:

e Porosity

e Crack-like voids

e Circular voids

e Disbonds

e Bondline thickness variations

The first three types were all examples of regions of missing adhesive mate-
rial. They differ in the sizes and shapes of the regions. Pores are '"zero-
dimensional" defects in that their dimensions are small compared to the wave-
length of sound being used for inspection. Crack-like voids are one-
dimensional. They are thinner than a wavelength of sound but have lengths
comparable to or larger than the wavelength. Circular voids are regions both
of whose dimensions are large. Disbonds are regions where adhesive is present,
but for some reason, such as a layer of grease or an unremoved release film,
bouding to the metal plate did not occur. Bondline thickness variations can
result from insufficient or excessive pressure during bonding.

Lo e Lol o b
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The documentation which the sponsor supplied with the samples indicated that
four of the five defect types had been created successfully. Direct thickness
measurements indicated that bondline thicknesses of as little as one-half of
normal were present. Disbonds were successfully created by leaving release
film arop the adhesive when bonding. These regions would be readily detected
in a conventional C-scan.

Porosity and large (i.e., '"circular") voids were prepared by removing adhesive
prior to bonding. In some cases, large adhesive cutout regions entirely filled
themselves during the bonding process due to the temperature and pressure used.
However, in other cases, large voids were successfully obtained. These large
voids were also readily detected by conventional means. The defects which most
closely approached the configuration of crack-like voids are collections of
small voids (or large pores) which were found strung together in a manner
reminiscent of "leaves'" and '"branches.'" Figure 3 in Section III shows an x-ray
picture of such a collection. :

1.2 DATA ACQUISITION

The primary measurement technique used was pulse-echo (i.e., reflection)
measurements made with a high frequency, broadband, unfocused, large diameter
transducer. The reasons for this choice reflect the desire to include as much
information as possible in the data so that the analysis could determine what
types of data are useful and what types are not. The reasons for each choice
are given below.

The choice of pulse-echo measurements was made for two reasons. First, the
samples simulate airframe structures, which are often inspectable from only one
side. Second, it is easier to unfold the data from each of the various layers
when analyzing pulse-echo, as opposed to through transmission measurements,
because in the pulse-echo case, not all of the received signal has passed
through all layers of the sample.

The transducer used was a 15 MHz broadband unit which provided useable informa-
tion from 1 MHz to 20 MHz when operated in a pulsed mode. The reason for using
a high frequency broadband transducer is to inspect the sample with as wide a
variety of frequencies as possible so as to find out which frequencies contain
useful information.

The choice of an unfocused, large diameter (1/2 inch) transducer may seem at
odds with the desire to detect and characterize small flaws. However, the
purpose of these measurements is to obtain as much information as possible
about the flaws. An unfocused, large diameter sound beam returns substantially
more information from a layered structure such as these samples than does a
focused beam. The reason this is true is that a pulse of sound can reverberate
many times within the layers before returning to the transducer. The rather
long duration signal which results contains precise information about the lay-
ers. However, if the sound beam is focused or is generated by a small diameter
transducer, it will diverge rapidly as it reverberates within the layers and
most of the reverberation information is lost. Once it has been determined
which information is*-mportant, the goal of finding and characterizing small
flaws can be pursued by means of focused sound beams which retain enough of the
needed information.




1.3 DATA ANALYSES

The role of the subcontractor (Science Center of Rockwell International) was to
generate ultrasonic data on defects contained in specimens supplied by AFML.
Flexible acoustic techniques were used along with digital analysis of the
experimental measurements to record data of high precision. This approach
required the use of precise mechanical scanning systems to maintain accurate
alignment of the specimen and transducer orientations coupled to new commercial
electronic apparatus capable of providing high resolution (short time duration)
ultrasonic pulses. In addition, special signal processing and display pro-
cedures were developed to ensure that the digitally recorded waveforms possess
high accuracy and to provide visual representations of the data which would
help in subsequent analyses.

The role of Adaptronics was to: (1) divide each recorded pulse-echo into
segments related with each layer; (2) eliminate the negative effects of trans-—
ducer misalignment and/or surface warpage; (3) extract features from the
resultant UT waveform that are layer-specific; (4) design a classifier system
-— based on Adaptive Learning Network classifiers -- that would decide if an
echo from a given bondline in a multi-layered structure contained a defect and,
if so, decide on the defect type; and (5) conduct a final test of the designed
ALN system using parts that had not been seen before in a blind evaluation
mode.

The major advantages of the approach adopted are that a pulse-echo inspection
can be carried out easily in the field, standard commercial UT equipment can be
used, and the designed ALN system can be implemented in a current Adaptronics
NDE "smart instrument" -- ALN 4000 Process Analysis Microcomputer -- that
employs microprocessor technology.

Therefore, the results of this project have demonstrated the feasibility and
practicability of a field unit, based on adaptive learning networks, for multi-
layered bondline inspection.




SECTION II

PROJECT OVERVIEW

2.1 PROBLEM STATEMENT AND OBJECTIVES

It has long been recognized that more efficient and effective Nondestructive
Evaluation (NDE) methods are needed in order to evaluate reliably the quality
of adhesive bonds between metal parts such as those used in the AFML PABST
program. The objective of the work described in this report was to investigate
new, quantitative nondestructive testing methods that utilize advanced waveform
analysis techniques to establish a basis for inspection of adhesive bonds. The
methods were to demonstrate the ability to:

e Locate and classify flaws in the bond 1lines of multiple-layer
adhesively-bonded parts.

e Assess quantitatively the information content of parameters extracted
from acoustic NDE waveforms with respect to bondline flaw geometry.

e Identify the most discriminating subset of parameters derived from
acoustic NDE waveforms with respect to determining the size (area) of
each of the flaws.

e Determine the sensitivity of each of the flaw models to variations of
its input parameters.

Additional work included investigation of:

e Feasibility of measuring bondline thickness independently of the
velocity of sound in the adhesive layer; and

e Examination of unusual ultrasonic wave interactions involving surface
waves and Lamb waves in the metal adherends and guided modes in the
adhesive layers.

2.2 APPROACH

The approach taken in this project is shown schematically in Figure 1. Each
echo was divided into responses from each layer and a decision of '"non-defect
vs. defect" was rendered per layer. If the automatic system decided that a
defect was present, a second decision was made regarding which of three pos-
sible defect classes was present. Thus, using this system, an operator can
receive as many decisions as pulse-echoes analyzed during a scan over the
part's accessible surface.

Adaptive Learning Networks (ALN's) (Ref. 1) provide the basis for the tech-
niques developed to meet the program objectives. Because ALN's can use the
data to determine which subset of candidate parameters is the most useful, a
large number of such candidates may be proposed at the outset. As described in

e M
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Section 5.2, an important step ir the development of a classifier is the
identification of a training set of samples of known classes. A training set
of adhesively-bonded samples was provided by the Air Force Materials Laboratory
(AFML); ultrasound scans of the samples yielded waveforms from which parameters
were extracted. The samples, their scanning and parameterization, and the
subsequent classifier design are described in Sections III, IV, and V.

2.3 TERMINOLOGY

The work described here dealt with the inspection of adhesive bonds. This
report does not (nor was it intended to) address questions concerning bond
strength, bond failure, service life of the bonded part, etc. All of those
questions depend in various ways on the point-by-point nature of the bond-
line(s) of the part.

This point is emphasized here because of the use in the report of the words
"defect" and '"flaw." The words may be interpreted by some readers as evalua-
tions of the quality, strength, etc., of the part; that is not the intent. All
references here are to small (typically 0.2 sq. in.) regions of a given bond
line; the effect that a region or group of regions of given qualities has on
overall quality was not investigated in this work. Thus "defect" and "flaw"
refer to only small regions of the bondline(s). In most of the report this
will be stressed by characterizing a given point in a bondline as continuous
(meaning that it has, or was classified as having, none of the deficiencies of
interest) or discontinuous. Each point called a discontinuity was further
classified into one of several types.




SECTION III

SAMPLE PREPARATION AND DATA COLLECTION

3.1 SAMPLES

3.1.1 Geometry and Dimensions

Four different kinds of samples were provided by AFML. Their configurations
are shown in Figure 2. Each consisted of from one to four layers of aluminum
glued to one another, thereby providing from zero to three layers of adhesive
bonds. The aluminum plates were of various thicknesses, ranging from 0.025 in.
to 0.080 in. and the adhesive layers were typically 0.005 in. thick. The sam-
ples were 6 in. across and 9 in. deep. Each sample had one flat surface. It
was intended that inspection would be done primarily from the flat side,
especially during in-service inspections.

Fifteen samples of each of the four geometries were provided, 10 with docu-
mentation for determining what kinds of defects were built in, and five without

documentation, for testing purposes. Several examples of each type of defect
(see Section 3.1.2) have been built into each geometry or part.

3.1.2 Layers and Defects

Five types of defects were identified in the contract:

Porosities

Cracklike voias

Circular voids

Disbonds

Bondline thickness variations

The first three types are all examples of regions of missing adhesive material.
They differ in the sizes and shapes of the regions. Pores are "zero" dimen-
sional defects in that their dimensions are small compared to the wavelength of
sound being used for inspection.

Crack-like voids are one-dimensional. They are thinner than a wavelength of
sound but generally have lengths comparable to or larger than the wavelength.
Circular voids are regions both of whose dimensions are large. Disbonds are
regions in which adhesive is present but for some reason, such as a layer of
grease or an unremoved release film, bonding to the metal plate did not occur.

Bondline thickness variations can result from insufficient or excessive pres-
sure during bonding.

The documentation supplied with the samples indicated that four of the five
defect types (namely, all but cracklike voids) were created successfully. That
assessment was confirmed upon later destructive test (see Section 5.3).

-
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Direct thickness measurements indicated that bondline thicknesses of as little
as one-half of normal were present, but rare (see Section 5.1).

Disbonds were created successfully by leaving release film atop the adhesive
when bonding. Those regions were readily detected in a conventional C-scan.

Porosity and large (i.e., "circular") voids were also supplied. In some cases
regions of adhesive cutout entirely filled themselves in during bonding; how—
ever, numerous large voids remained. The 1large voids were also readily
detected by conventional means.

The defects that most closely approached the configuration of cracklike voids
were collections of small voids (or large pores) which were found strung
together in a manner reminiscent of "leaves" and "branches." Figure 3 shows an
X-ray picture of such a collection.

3.1.3 Documentation

The documentation that accompanied each of 40 of the AFML samples comprised an
X-ray, one or more C-scans, and a set of plastic overlays (layout sheets)
indicating the kinds of defects intended to be induced and the layers in which
they were to appear. Examples of each are included (Figures 3, 4, and 5). The
nominal locations of the defects shown on the layout sheets were plotted on the
X-rays and the C-scans to estimate which of the intended defects were realized.
Paths were then laid out for the ultrasound transducer to follow as it was
tracked across the part. A consensus estimate of the documentation at each
point of each track served as the true class label for initial classifier
design. This class assignment procedure is discussed further in Section 5.1.

3.2 DATA COLLECTION

3.2.1 Apparatus

Figure 6 is a block diagram of the computer-controlled ultrasonic system which
was assembled for this project. It consisted of a water tank with scanning
apparatus (shown in more detail in Figure 7(a)), in which samples and trans-
ducers were located; electronics for generation and detection of ultrasound
(using commercial instruments); and equipment to digitize ultrasonic waveforms
for computer processing. This equipment was controlled by the subcontractor's
Interpretive Signal Processor, a minicomputer-based research tool which allows
the experimenter to evaluate quickly a variety of data acquisition and signal
processing techniques. A more detailed description of the components of this
system follows.
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Figure 7.

(a)

L

M

(b) (c)

Configuration of Transducers and Specimens Used for the
Inspections. (a) Schematic representation of water tank
apparatus. (b) Normal, pulse-echo inspection technique,

(c) Angle beam configuration for bond line thickness
measurements.,
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A capacity for scanning a transducer or pair of transducers over a specimen was
provided by a custom—built mechanical scanner equipped with stepping motors to
drive a platform along two orthogonal axes. Electrical signals for controlling
and measuring the motion of the platform could be generated manually or by the
computer so that the platform could be positioned at any location over a speci-
men. Three mechanisms were available to control the alignment of the sound
beam relative to the surface of the specimen. One adjusted the angular orien-
tation of the transducer above the specimen support platform; the transducer
was attached to a Lansing mount (Model 10.203) fixed to the scanning platform.
Another adjusted the orientation of the specimen support platform; the third
was the use of the pair of angle beam transducer holders described in the next
paragraph. All of the scanning apparatus, including the specimen support
platform, was attached to a rigid frame above a stainless steel water tank
40 cm wide x 66 cm long x 25 cm deep. This permitted an area 22 cm x 16 cm to
be scanned in one pass, while the transducer-to-specimen separation could be
varied from O to 20 cm.

A subsidiary objective of this work was to determine whether it is feasible to
deduce the thickness of the adhesive bond from ultrasonic measurements alone.
It was proposed that, by combining a measurement of the time for an ultrasonic
wave to traverse the bond with a measurement of the physical separation of the
reflections from the top and bottom boundaries of the bond when the incident
ultrasonic wave was not normal to the bond plane, it would be possible to
determine the thickness of the adhesive layer. A special pair of transducer
holders was designed for the scanning apparatus which would support a trans—
mitter and a receiver transducer so that their angular orientation relative to
the specimen normal could be adjusted (Figure 7(c)) and so that one could be
translated relative to the other by the scanning motors. This work is dis-
cussed in Appendix C.

3.2.2 Ultrasound Instrumentation and Signal Recording

The ultrasonic apparatus consists of a Reflectoscope Model UM 721 with a 50S db
plug-in for applying a high voltage, short-time duration voltage pulse to a
high frequency broadband transmitter-transducer and for providing at its output
the amplified RF waveform of the reflected ultrasonic signal. This combination
of ultrasonic test equipment was chosen because it is readily available com-
mercially and because it generates ultrasonic signals containing a broad spec-
trum of frequencies with each pulse. Details of the ultrasonic signal genera-
tors, transducers, and receivers are omitted because their effects on the sig-
nal are measured and corrected in the digital analysis carried out by the
computer in each case.

Digitization of the ultrasonic signals 1s accomplished by a Biomation 8100
transient recorder which captures the RF waveforms of the ultrasonic pulses,
digitizes up to 2048 points (1001 points were used for this work) and transfers
the digitized data into the computer for processing. The minicomputer upon
which the Interpretive Signal Processor program system is based is a Data
General Eclipse S/200 equipped with real-time displays of waveforms being
processed as well as disc memor- and industry-compatible 9-tracl’ magnetic tape
for archival storage of data.
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3.2.3 Alignment Considerations

Early in the project normal-incidence pulse-echo data for seven runs on single-
adhesive~layer samples were received. Each run contained a set of time-domain
waveforms, each of which was acquired at a different position on the sample
under test. The sample was scanned in a 1- or 2-dimensional pattern to include
the defect and a defect-free region. Analyses of the power spectra of the
front-surface echoes, which should be independent of any underlying defects,
revealed substantial differences within each sample. Re-examination of the
scanning transducer and its mounting jig indicated that much of the variation
was due to differing amounts of misalignment of the ultrasound beam and to
small regions of warpage of the samples.

Figure 8 illustrates the problem. Selected points along the track taken by the
scanning jig were chosen for analysis because they were expected to reveal the
characteristics of the transducer and the defects. The front-surface echo
starting time was approximately standardized and the power spectrum computed.
Note the change in scales of the power spectrum amplitude plots (right-hand
column of graphs) and the change as well in relative spectral composition. The
change from the topmost to bottommost points, for example, or from the align—
ment point to either of the previous two, probably is due only to misalignment
and, in any case, makes difficult the accurate deconvolution (see Section 4.4)
of the transducer-only response from the response at a defect.

There are a number of reasons to expect that in a practical inspection system
the sound beam may not always be normal to the surface of the part. These
reasons include defective transducers, imprecise scanning mechanisms and part
placement and unintentionally as well as intentionally curved part surfaces.
This non-normal incidence results, as was evident above, in frequency-dependent
destructive interference of the sound wavefronts. Another example is provided
by the upper curve in Figure 9, which shows the envelope of the spectrum of a
15 MHz transducer whose sound beam has been carefully aligned to be normal to
an aluminum surface by maximizing the amplitude of the top surface reflection.
The second curve is the same configuration, but with the transducer translated
6 inches to one side. Because the present scanning apparatus does not maintain
perfect alignment, and because the specimens are not perfectly flat, the
spectrum has been changed noticeably. The lowest curve shows the spectrum
which results when t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>