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Abstract
This report identifies and describes emerging nondestructive inspection 
(NDI) methods th a t can potentially be used to  inspect commercial trans­
port and commuter aircraft for structural damage. The nine categories of 
em erging  N D I te ch n iq u es  are: aco u s tic  em ission , x -ray  com pu ted  
tomography, hackscatter radiation, reverse geometry x-ray, advanced 
electromagnetics, including m agnetooptic imaging and advanced eddy cur­
ren t techniques, coherent optics, advanced ultrasonics, advanced visual, and 
infrared therm ography. The physical principles, generalized performance 
characteristics, and typical applications associated with each m ethod are 
described. In addition, aircraft inspection applications are discussed along 
with the  associated technical considerations. Finally, the status of each 
technique is presented, with a discussion on when it may he available for use 
in actual aircraft m aintenance programs. I t  should be noted th a t this is a 
companion docum ent to  DOT/FAA/CT-91/5, Current Nondestructive In-.  ̂
spection M ethods for Aging Aircraft. Q  T ]
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*This work was performed for the Federal Aviation Administration (FAA) Technical Center under US 
Department of Transportation Contract DTFA-03-91-A-0018. This document is currently under review by 
the FAA Flight Standards Office for parallel publication by the Department of Transportation.

Of-’ LXX:L'Me''fT m . ..



Preface

In August 1991, a major center with emphasis on validation of nondestructive 
inspection (NDI) techniques for aging aircraft was established at Sandia Nationed 
Laboratories by the Federal Aviation Administration (FAA). This center, called the 
Aging Aircraft NDI Validation Center (AANC), was established by the FAA Interagency 
Agreement. This agreement provided the following tasking statement: “The task 
assignments call for Sandia to support technology transfer, technology assessment, 
technology validation, data correlation, and automation adaptation as ongoing 
processes.” Key to accomplishing this tasking is the FAA/AANC NDI Validation Center 
which resides in a hangar at the Albuquerque International Airport. Other contributors 
to the AANC consortium include Science Applications International Corporation, New 
Mexico State University, and AEA Technology.

In association with this general charter, the AANC was tasked with producing this 
document describing emerging NDI techniques for aging aircraft inspections. Each 
chapter was authored by appropriate NDI technical experts in each of the different 
disciplines. Input was also provided by various researchers throughout the NDI 
industry. The purpose of this report is to present a detailed, consolidated description of 
the prevalent emerging NDI techniques and to discuss their potential applications to the 
inspection demands brought about by the expanding fleet of aging aircraft. “Emerging 
Nondestructive Inspection Methods for Aging Aircraft” is an overview document that is 
intended to provide a backdrop for future NDI development and validation.
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Executive Summary

In response to major concerns about the number of civil airplanes currently 
operating at or beyond their design lives, the Federal Aviation Administration (FAA) 
convened its first conference on aging aircraft in June 1988. One of the products of this 
meeting was a recommendation by a committee of airline and manufacturer 
representatives to conduct research and development aimed at improving nondestructive 
inspection (NDI) techniques. The important goals of this effort are (1) increased 
detection accuracy and reliability, (2) increased speed and decreased cost of inspection, 
(3) improved scanning techniques, (4) improved flaw imagery (signal processing), and 
(5) upgrading existing techniques and procedures as new technology becomes available.

This report investigates the major emerging NDI techniques that are currently 
available or are being developed for application to the detection and evaluation of flaws 
in aging aircraft. The information has been taken primarily from research laboratories 
and from open literature publications of development centers and private industry and 
has been reinforced in many instances by private communication with the companies.

As applied to aircraft inspections, many of the techniques are still in the 
developmental stage. The objective of this report is to present the technical background 
of the major emerging NDI techniques, discuss their generic applications and, in 
particular, their real and potential applications to NDI of aging aircraft, discuss the 
technical considerations for their use (listing advantages and disadvgmtages), give the 
status of each with respect to nondestructive inspection of aging aircraft, and project 
what might be expected of each technique for future use. The major emerging NDI 
technologies for aging aircraft are summarized below.

Acoustic emission testing  detects bursts of high-frequency sound generated by 
flaws in a material under stress and can locate all flaws in a structure and evaluate their 
rate growth in a single test. Although it cannot size the flaw-locating capabilities, it can 
greatly reduce the area that must be scanned by other NDI methods.

X-ray computed tomography (CT) collects X-ray transmissions from many 
angles around a component to digitally map the relative linear attenuation coefficient of 
small-interior volume elements. It provides cross-sectional views of the component’s 
internal structure that are free of the shadowing and superposition of film radiographs. 
CT provides quantitative spatial and material/density assessments from which 
inaccessible regions of a component can be measured and flaw sizes gauged.

Reverse geom etry X-radiography uses an electronic point detector and a raster- 
scanned large-area X-ray source. Unlike conventional radiography, the radiographic 
object need be only in the proximity of the X-ray source. This “reverse radiography” 
technique provides scatter-free digital radiographic images in seconds. The system’s 
contrast sensitivity is superior to that of standard radiography, and its spatial resolution 
is comparable. Its greatest potential lies in the detection of corrosion in aircraft 
aluminum and small density changes in composite materials.

Two advanced electromagnetic techniques are presented: Magneto-optic eddy 
current imaging and advanced eddy current techniques. Magneto-optic eddy current 
imaging (MOI) does real-time visual imaging of airframe fatigue cracks and corrosion. 
Evaluations of MOI by both airplane manufacturers and airlines has shown that 
inspection of large areas for cracks and corrosion is rapid and can be performed through
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paint and airline decals. Its use requires little training, and interpretation of the visual 
image is fairly intuitive. A limitation is its inability to inspect raised surfaces such as 
button-head rivets.

Advanced eddy current techniques employ multiple-frequency and pulsed eddy 
current phenomena. These techniques improve inspection capabilities for fatigue crack 
and corrosion detection, particularly in subsurface or second-layer structures. 
Computerization and signal processing of eddy current signals are advancing the 
interpretation of low-level detection of cracks and corrosion that cannot be detected by 
manual techniques alone. Eddy current C-scan imaging is becoming available through 
the use of encoded scanning devices. The capability of these techniques to inspect 
multiple layers with a single scan reduces inspection time.

The coherent optics discussion includes holographic interferometry (holometry), 
electronic speckle pattern interferometry, and shearography. These are all wide-area 
interferometric imaging techniques that are capable of detecting micron-sized 
displacements of the surface of an object such as the skin of an aircraft. The object under 
test must be stressed to cause the surface to deform euiomalously where a flaw is present. 
Coherent optics techniques Eire most useful for detecting debonds or delaminations; 
flaws that do not bulge under stress, such as cracks, are difficult to detect. Shearo- 
graphy’s relative insensitivity to object motion makes it a clear choice over holometry for 
field inspections.

The two advanced ultrasonic techniques presented are laser ultrasonic 
methods and methods that use electromagnetic acoustic transducers (EMATs). 
The development of laser pulse generation and laser beam detection methods has 
reached the stage where both methods can be applied to the inspection of aircraft 
structures. Both are non-contact and remote—features that lend themselves to fast and 
wide-area scanning. The wide variety of wave propagation modes available with EMATs 
enable the inspector to choose the mode most sensitive to detection of the particular 
tjqje of flaw of interest in a specific aircraft structure. Portable computer systems have 
become available that can be applied to aircreift NDI inspections to increase reliability 
and effectiveness.

Advanced visual inspection methods are moire and structured-light-based optical 
profilometry, Diffracto Sight (a patented process developed by Diffracto, Ltd.), and 
video image enhancement analysis. Moire and structured light are methods to visualize 
and quantify surface height irregularities, Diffracto Sight is a surface slope visualization 
technique, and video image processing is a computer-based methodology for enhancing 
and analyzing video images for flaw detection. The most promising applications for 
these advanced visual techniques are detection and classification of corrosion-induced 
paint liftoff and pillowing induced by corrosion between faying surfaces and in areas 
that would normally require disassembly. Diffracto Sight and video image enhancement 
and analysis are now being investigated by commercial companies.

Infrared thermography has been investigated by several companies for detecting 
such flaws as corrosion and debonds. By the judicious application of external heat 
sources, thermography systems can monitor the temperature distribution on an aircraft 
component. This information is then used to characterize the thermal properties, and 
thus flaws of the structure being tested. The more advanced systems are in the 
prototype stage, and their design and operational feasibility for use on transport aircraft 
is being evaluated.
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ACRONYMS

AANC Aging Aircraft NDI Validation Center
AEA Atomic Energy Authority (UK)
AEMS Acoustic Emission Monitoring Service
ANN artificial neural network
ASME American Society of Mechanical Engineers
ASTM American Society for Testing Materials
AU acousto-ultrasonics
CASK Center for Aviation System Reliability
CBl Compton backscatter imaging; Compton backscatter inspection
CCD charge-coupled device
CNDE Center for Nondestructive Evaluation
CPU central processing unit
CRT cathode ray tube
DSTO Defence Science and Technology Organization (Australia)
EDM electron discharge machining; electrical discharge machining
EMAT electromagnetic acoustic transducer
ESPI electronic speckle-pattern interferometry
FAA Federal Aviation Administration
FAATC Federal Aviation Administration Technical Center (Atlantic City, NJ)
FFT Fast Fourier Transform
F-map feature mapping
LLW leaky Lamb wave
MAUS Mobile automated ultrasonic scanner
MOI magneto-optic eddy current imager
NAARP National Aging Aircraft Research Program
NADC Naval Air Development Center
NASA National Aeronautics and Space Administration (US)
NDE nondestructive evaluation
NDI nondestructive inspection
NDT nondestructive testing
OEM original equipment manufacturer
PAC Physical Acoustics Corporation
PRl PRl Instrumentation
RAF Royal Air Force
RGX Reverse Geometry X-ray
SAIC Science Applications International Corporation
SH shear horizontal
SMOOPI Shadow Moire Out-of-Plane Interferometric (Damage Detector)
SSID Supplemental Structural Inspection Document
SV shear vertical
SWF stress-wave-factor
TOF time of flight
2D two-dimensional
3D three-dimensional
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Introduction

Background

Over the past decade, the commercial aviation industry has experienced a substantial 
growth in its aging aircraft fleet due to increasing airlift demands coupled with the high 
cost of aircraft replacement. In 1989, the average age of the commercial fleet was 12.7 
years with 25 percent of the fleet exceeding the estimated economical design life of 20 
years. If this trend continues, 60 percent of the current commercial aircraft fleet will 
exceed their economic design life by the year 2000.

Chronological age alone is not an effective measure of aircraft condition. The most 
important indicator is the number of flights; other factors include flight time, 
environmental exposure, and usage patterns. It is clear that the total usage of our fleet 
is increasing to unprecedented levels in every aspect: age, number of flights, and flight 
hours.

In 1978, fail-safe design requirements gave way to the damage tolerance approach. 
Damage tolerance requires that the structure be capable of sustaining small cracks 
without failure, and that an inspection program be instituted to detect such cracks 
before they grow to a critical length. This damage tolerance philosophy recognizes the 
impossibility of establishing complete structural redundancy (the fail-safe premise) and 
places greater emphasis on inspection. The FAA issued Advisory Circular (AC) 91-56 in 
1981 which provided a means for aircraft maintenance and inspection procedures to 
meet damage tolerance criteria. It required the evaluation of structures using fracture 
mechanics analyses to develop supplemental structural inspections. Through the 
resulting Supplemental Structural Inspection Document (SSID) program, fail-safe 
designed aircraft were brought into conformance with the damage tolerance approach by 
means of £m updated inspection program.

Maintenance programs, which include Airworthiness Directives, Service Bulletin 
Compliance Documents, Supplemental Structural Inspection Documents, and Corrosion 
Prevention and Control Programs, are essential to ensure a continuous high level of 
safety. Existing NDI techniques play a critical role in these programs through the 
detection of cracks, corrosion, and disbonds. However, the extended usage of aircraft 
means that the occurrence of fatigue cracks and other flaws can be expected to increase, 
thus increasing the probability that some will escape detection. In addition, known 
problem areas, which are subjected to “directed inspections,” use labor intensive NDI 
techniques in order to achieve high probabilities of detection. It is not reasonable to 
apply these methods to an entire airplane. This situation highlights the need for 
improved and more cost effective NDI methods.

The three main potential causes of structural failure in aging aircraft are cracks, 
corrosion, and structural debonds. Fatigue cracks  occur in structures that have been 
subjected to repeated stress cycles. These cracks typically initiate where the design or 
surface conditions provide points of stress concentration. Original fatigue goals based on 
the initial design life estimates of the aircraft may, at some point, not adequately cover 
older aircraft. Thus, new inspection techniques, with the ability to inspect large areas 
while still retaining the ability to resolve small details, are needed.
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Corrosion is neither new nor limited to aging aircraft. Corrosion is highly operator 
dependent and is widespread in aircraft that have not had the benefit of a program for 
inhibiting corrosion from early in-service life. It tends to occur in hidden areas and, 
unlike cracks, may have poorly defined boundaries. Inspection problems associated with 
this type of defect are exacerbated by the fact that corrosion is not always time 
dependent. Therefore, periodic inspections must be supplemented by constant 
surveillance in specific areas.

When debonds occur, they may lead to joint failures or, where rivets are also 
present, higher than anticipated stresses may cause fatigue cracking at those sites. 
Disbonding by its nature occurs at an interface and is, therefore, always hidden. The 
interactions at the bond interface are extremely complex, with the result that the 
strength of the bond is difficult to predict or measure. Even a partial debond may 
compromise the integrity of a structural assembly. Therefore, it is necessary to detect all 
areas of disbonding as early as possible before joint failures or fatigue cracking can 
occur.

Purpose

Developments in NDI need to keep pace with the demands placed by an increasing 
number of SSID-directed inspections along with the possible increase in aircraft flaws 
brought on by extended aircraft usage. The purpose of this document is to describe the 
most prevalent emerging NDI techniques which the FAA is evaluating in its National 
Aging Aircraft Research Program (NAARP) to solve existing commercial aircraft 
inspection requirements and those which may arise in the future.

Scope

This document describes several emerging NDI techniques that are applicable to 
aging aircraft inspection issues. All of the chapters have been structured in a similar 
format that shows the reader the basis for assessing the technology for a particular NDI 
application. The “Technical Background” section provides the physical principles on 
which the technique is based. The “Applications” section describes how the technique is 
currently being applied in industry and how it may be applied if, after suitable 
evaluation, it appears to meet specific aircraft inspection needs. “Technical Con­
siderations” are presented to discuss the issues that must be considered when applying 
a particular technique to an aircraft inspection task. The “Status” section, divided into 
Present and Future, summarizes the state of ongoing research and development and 
possible timelines to actual aircraft use. Finally, a listing of technology sources is 
presented that includes the companies generally considered to be doing important work 
in the field.

The following NDI methods are presented:
1. Acoustic Emission Testing
2. X-Ray Computed Tomography
3. Backscatter Radiation
4. Reverse Geometry X-Ray
5. Advanced Electromagnetics—including Magneto-Optic Imaging and Advanced

Eddy Current Techniques
6. Coherent Optics
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7. Advanced Ultrasonics
8. Advanced Visual
9. Infrared Thermography.

This document does not discuss advances in peripheral technology which may 
benefit NDI techniques. Development of automated scanners and robotic manipulators, 
for example, will permit increased reliability of detailed inspection using several of the 
methods described in this paper. Advanced image processing and artificial intelligence 
methods such as neural networks, as well as computer based information management 
systems, will enhance existing systems and extend the value of these emerging NDI 
technologies.
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1. Acoustic Emission Testing

1.1 SUMMARY
Acoustic emission is a NDE technique which detects bursts of high-frequency sound 

generated by flaws in a material under stress. These acoustic emission bursts can be used 
both to locate flaws and to evaluate their rate of growth as a function of applied stress. 
Acoustic emission testing has an advantage over other NDE methods in that it can 
detect and locate all of the activated flaws in a structure in one test. Acoustic emission 
does not now have the ability to size flaws but it can greatly reduce the area needed to 
be scanned by other NDE methods. Acoustic emission technology has been applied quite 
successfully in monitoring proof tests of pressure vessels and tests of fiber-reinforced 
plastic structures of all kinds. There are now ASTM standards and ASME codes 
applying to its use in testing gas cylinders, and both metal and fiber-reinforced plastic 
vessels, tanks, and piping. The application of acoustic emission testing to aircraft has 
required a new level of sophistication, both in testing techniques and data interpretation, 
because of the complexity of aircraft structures. The technology has progressed to the 
state where there are currently two acoustic emission testing programs being applied to 
fleets of aircraft. These are the US and Australian F-111 fighter/bomber fleet and the 
English Royal Air Force fleet of VC-10 transport aircraft. A study of the results of these 
two programs along with the results of research programs in Canada and Australia 
should give a good estimate of the increase in testing reliability and decrease in testing 
costs possible with acoustic emission testing of aircraft.

1.2 TECHNICAL BACKGROUND

1.2.1 Introduction
In contrast with most NDI techniques, acoustic emission testing is passive, not 

active. No external energy is introduced into the test object to probe its components as 
is done with ultrasonic, radiographic, and eddy current testing. Instead, the test object 
is usually stressed to a level 10 percent or more above its normed working load. Any 
defects that are induced to grow on even a microscopic level by this overload generate 
acoustic signals. Detection and analysis of these signals allow identification and location 
of the defects. Because there is no searching energy to be injected into the structure, 
there are no inaccessible areas due to its geometry. Acoustic emission testing gives 
information on defects throughout the entire volume of a structure. If the applied stress 
field on the structure duplicates the normal working stress fields, then acoustic emission 
detects only “pathological” defects, flaws that can grow under normal loads. Flaws that 
are not affected by working loads will not be detected. For a welded structure such as a 
pressure vessel, acoustic emission testing works well with relatively simple 
instrumentation. However, slight movement of bolted or riveted joints can also generate 
acoustic signals. Thus a complex structure may have many acoustic sources besides 
flaws in its components. These unwanted emission sources greatly complicate acoustic 
emission tests of complex structures. The difficulties are not prohibitive, but they put 
a premium on the intelligent use of signal processing and interpretation.

1.2.2 Description
The terminology “acoustic emission” is widely used to describe both the testing 

technique and the acoustic waves emitted by a material. (However, in this chapter, the
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term “acoustic emission testing” is used to refer to the testing technique.) Acoustic waves 
are generated when a small region of a material undergoes a rapid change in its local 
stress state. Such a change can he associated with a large number of mechanisms. 
Examples of such mechanisms are twining, local yielding, transgranular and 
intergranular fracture of crystallites, and the propagation of cracks in engineering 
materials. A phase transformation of a crystallite producing a volume mismatch with the 
surrounding material is another common emission source. In composites, the fracture of 
the matrix, fiber, or the fiber-matrix interface all generate acoustic waves. In general, 
most irreversible changes in the microscopic or macroscopic structure of a material will 
generate acoustic waves.

The acoustic signals created by these processes are initially impulsive in nature, 
usually being short hursts on the order of microseconds in length. As these signals 
propagate through the material, they result in transient acoustic waves that are 
hundreds of microseconds to tens of milliseconds in length. The impulsive nature of the 
mechanism generates a wide band of frequency components, extending from low audio 
frequencies up to a few megahertz. The upper frequency limit of the acoustic hursts is 
usually determined not by the generating mechanism but by the frequency-dependent 
attenuation of the material. For example, steel and aluminum may transmit acoustic 
waves with frequencies up to several megahertz, whereas some composites may 
attenuate most acoustic energy above 50 kHz. The acoustic hursts occur with random 
spacings in time between bursts. The average time between hursts can range from 
centuries in the case of earthquakes to less than microseconds during catastrophic 
failure. If the average time separating bursts is shorter than the burst length, the hursts 
will overlap and create a noise-like signal known as continuous emission.

The polarizations and amplitudes of the acoustic waves are strongly influenced by 
the microscopic environment of the region of generation. Thus there may not he strong 
correlation between the characteristics of two acoustic waves generated by adjacent 
crystallites or even subsequent extensions of the same crack. There is a randomness in 
the characteristics of acoustic emission signals from the same test or even the same 
micro region. To further complicate the problem, solids have many modes of acoustic 
propagation, some of which are geometry dependent. The result is that by the time an 
acoustic wave propagates from its source to the detecting sensor, the original wave form 
may he draistically distorted and contain far more information about the path traveled 
than about the source of the wave. The relevant information conveyed by all acoustic 
emissions is that an event of measurable amplitude did happen, an approximate time 
when it happened, and some measure of the strength of the source.

1.2.3 Detection

In practice, acoustic emission signals are normally detected by piezoelectric crystals 
or ceramics, which transform the acoustic wave into an electrical signal. These electrical 
signals are then amplified and analyzed by standard electronic techniques. Piezoelectric 
sensors are quite sensitive and can detect average displacements of a surface to within 
a small fraction of an atomic spacing. They are inexpensive and relatively rugged, but 
they do have limitations. The first is that they average the displacement over their 
entire surface area. This can significantly distort the signal from a high-frequency wave 
traveling parallel to the surface (surface wave). They also have mechanical resonances 
determined by their geometries which, at the least, distorts their response to the 
acoustic wave and, at the worst, removes almost all information except the amplitude
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and the existence of the wave. However, their ruggedness, simplicity, and ease of use 
make them the preferred sensor for most acoustic emission applications.

The size range of commercial acoustic emission sensors extends from a cylinder 
about 3 mm in diameter and 3 mm high to a cylinder 30 mm in diameter and 40 mm 
high. Their frequency responses cover the range from about 30 kHz to 1 MHz. The 
sensors often designated as “resonant” will have a dominant frequency response band 
but will also respond with lesser sensitivity to most other frequencies. Broad-hand 
sensors have a smoother response over an extended frequency band, but their response 
is not “flat.” Broad-hand sensors are usually about an order of magnitude less sensitive 
than resonant sensors. In a single test, the dynamic range of the acoustic emission 
usually covers at least three orders of magnitude. As a result even resonant sensors 
respond to a great many frequencies outside their resonant band.

Other methods of detecting acoustic emission exist. These include optical detection 
of a surface displacement, capacitative sensors, and magnetic detectors such as a 
phonograph pickup. All lack sensitivity compared to piezoelectric sensors. Laser 
interferometers have recently been developed into a useful laboratory tool that has the 
advgmtage of a large frequency range and a very small detection area. They can be 
high-fidelity sensors that almost eliminate the problem of averaging the surface 
displacement over the sensor area. However, at this time their expense, size, and 
complexity make them impractical for a large multi-channel test. Capacitance sensors, 
which also have a high-fidelity response, are confined to the laboratory and have several 
characteristics that make them of little use in field tests. Magnetic detectors generally 
do not have the necessary high-frequency response.

1.2.4 Signal Param eters
A general introduction to the physics and electronics of acoustic emission is given in 

Reference 1-1. Figure 1-1 is from this reference and illustrates some commonly 
measured signal parameters. The most useful parameters in testing aircraft are (1) the 
time of arrival at a sensor to the nearest microsecond, (2) the acoustic emission count, 
which is the number of times the signal crosses a preset threshold in one direction, (3) 
the peak amplitude, defined as the maximum rectified voltage that a signal achieves, (4) 
the signal rise time, which is often defined as the time between the initial detection and 
the occurrence of the peak amplitude, (5) the signal length, which is the time between 
the initial detection of the signal and the time when it disappears into the background 
noise, and (6) the signal strength (sometimes designated as energy), defined as the area 
under the envelope of the voltage-versus-time curve, and (7) the signal energy, defined 
as the area under the voltage squared versus time curve. A combination of these 
parameters from one or more sensors can allow the detection of a flaw, the determination 
of its location to various degrees of accuracy, and an estimate of its severity.

1.2.5 Instrumentation
Acoustic emission instrumentation ranges from a sensor, an amplifier, and an 

oscilloscope or counter to sophisticated computerized instruments. At the high end, a 
system currently being used on the VC-10 aircraft consists of four linked 72-channel 
systems. Data acquisition and analysis speeds vary with both the system and the test 
setup. As an example, a current 24-channel system can record smd process data in real 
time at input rates of up to ~50 burst emissions per second. Most systems have dynamic 
ranges for variations in signal energies up to ~70 dB (variations in signal amplitudes up
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FIGURE 1-1. S im ulated aco u stic  em ission signal show ing the 
triggering points for the acoustic emission count. For this threshold, 
V(, the count, N, is 20. Also shown are the rise times, t .̂ and t_; the peak 
amplitudes, A+ and A_; and the signal length, Tj. In modern systems 
the maximum of the two rise times and of the two peak amplitudes is the 
one used.

to a factor of ~3200). Current large systems are capable of acquiring the necessary data 
to test complex structures such as aircraft. The main problems are the difficulty of 
designing the test setup on complex structures and the difficulty in interpreting the data 
from field tests on real structures.

A single-channel acoustic emission system will record a set of signal parameters from 
one sensor. However, the recorded time of signal occurrence typically has less than 
millisecond accuracy. Multi-channel systems record the same parameters from each 
channel, but they also record either the absolute time or the relative time of eirriveil 
between different channels with sufficient accuracy to allow source location by 
triangulation. Triangulation is a cedculation of the location of the emission source on a 
pleuie using the eirrival times of the acoustic wave at three sensors, the locations of the 
three sensors, and the acoustic velocity in the plate. The location accuracy on a plane is 
affected by several factors, some of them being the thickness of the plate, the size of the 
sensors, and the feature of the wave form that triggers the system. Current systems are 
capable of locating a source to within one centimeter under favorable conditions and to 
within a few inches on many metal structures. Sources on structural members below the 
surface will be detected and an approximate location on the surface will be calculated; 
however, the accuracy of the location will be dependent on the exact geometry around 
the source.
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1.2.6 Overall View of Acoustic Emission Testing

Like all other NDE techniques, acoustic emission testing has its strengths and 
weaknesses. (These are enumerated in more detailed form in Section 1.5, Technical 
Considerations.) In general, some of its strengths are the capability to do global 
monitoring, to both detect and locate flaws, and to detect all flaws affected by loading 
without regard to geometry. It also has the capability to detect flaw growth in real time 
and estimate relative flaw severity, thereby warning of an impending failure. The tests 
are often computerized, which allows the use of relatively untrained personnel after the 
initial design and setup and provides a permanent record of the results.

Acoustic emission testing also has some weaknesses. Although it is able to detect flaw 
growth, it is unable to assess the size of a flaw. It is capable of very high sensitivity which 
may allow the detection of flaws much smaller than the critical size, which can lead to 
worry or unnecessary repairs. The test object, such as an airplane, may be very complex 
and require highly skilled operators to design the test and CEirry out the initial setup. 
Finally, acoustic emission testing is primarily a negative test in that sound parts 
generate little or no emission. Therefore, a bad part which shows no emission because of 
an incompetent test may be declared good.

Where acoustic emission testing programs have been conducted by trained personnel 
fully aware of both the strengths and weaknesses, they have been remarkably successful. 
Acoustic emission testing has also succeeded in situations where other test methods are 
difficult to apply, such as finding flaws in fiber-reinforced plastic structures. The ability 
to test a whole structure at one time makes acoustic emission testing both time and cost 
effective.

1.3 PRESENT APPLICATIONS

The field of Acoustic Emission has developed into a maturing NDE technology over 
the last ten years, as reflected by the growing number of ASTM standards on acoustic 
emission and its incorporation into some ASME codes. It is now the NDE method of 
choice for most proof testing of structures made of fiber-reinforced composites and is 
widely used to test metal pressure vessels, storage tanks, and other potentially 
hazardous structures. Also, it has become an invaluable tool in material science 
laboratories, it is used in the electronics industry to detect loose particles in 
semiconductor packages, and it has proved useful in weld and other process monitoring. 
Reference 1-2 gives an extensive review of current uses of acoustic emission testing.

1.4 AIRCRAFT APPLICATIONS

Much experimentation with acoustic emission has been done in the aerospace 
industry, and some successful applications have been made to military aircraft. 
However, the technology has not been applied to the commercial aircraft fleet. One of 
the first successful applications was the testing of Polaris missile cases in the early 
1960s. In the 1970s, many experimental programs applied acoustic emission testing to 
aerospace problems. Some of the early programs that should be mentioned are those by 
Lockheed-Georgia on structures and on in-flight tests on the C-5A,^’̂  by Battelle 
Northwest on in-flight monitoring on the Maccahi jet trainer,^"* and by McClellan Air 
Force Base work on testing honeycomb panels in the F-111 fighter.^'® The first acoustic 
emission testing on the ground of a fleet of planes was also on the F-111 using 
instrumentation developed by Dr. J. M. Carlyle of Physical Acoustics Corporation
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(PAC). The first in-flight acoustic monitoring of a fleet of planes was performed by 
Dr. S. L. McBride of the Royal Military College of Canada on the CF-100. Dr. Carlyle 
and PAC have now applied acoustic emission tests to a variety of transport aircraft. Dr. 
McBride (now with Acoustic Emission Monitoring Services Inc., AEMS) and his 
co-workers at the Royal Military College of Canada have a continuing program on 
in-flight and structural monitoring of mostly military aircraft. Drs. C. M. Scala and I. G. 
Scott of The Aeronautical Research Laboratory, DSTO, Australia, have also done 
extensive work on appljdng acoustic emission testing to fighter aircraft.

1.4.1 Testing by Private Industry
Physical Acoustics Corporation has applied acoustic emission testing to three types 

of aircraft: the F-111 fighter/bomber, transport aircraft, and the VC-10 fleet.

F-111 figh ter/bom ber
The F-111 has a variable-sweep wing, which is supported by a D6AC steel structure 

called a carry-through box. D6AC steel has both high strength and toughness, but it also 
has a small critical crack size,^‘® as well as a rather high ductile-to-brittle transition 
temperature. This high-transition temperature, although normally not desirable, is used 
to advantage in acoustic emission testing. If the aircraft is cooled to — 40°F (which is 
below the transition temperature) and loads are applied to the wings, any small cracks 
present in the steel will propagate. This crack propagation is detected by the acoustic 
emission it generates.

Physical Acoustics Corporation was awarded a contract to implement acoustic 
emission monitoring of the F-111 during load testing at —40°F. The loads used are -1-7.3 
g and —3.0 g at two different sweeps of the wings. Data was taken and analyzed. A 
commercial acoustic emission system was modified and then tested. More modifications 
were made and the system was then installed in the cold proof-testing chamber at 
McClellan AFB, Sacramento, CA. This system uses 28 sensors and is completely 
computerized. Because of complex geometries and acoustic noise sources such as slight 
movement under bolts, several tjT)es of signal processing were used. Guard sensors to 
exclude signals that did not originate in a predefined area, location by arrival times at 
different sensors, and location by the zone of sensitivity of the individual sensors were 
all used. The severity of the flaws was determined from the location, the signal 
amplitude, and the signal strength (called “energy” in PAC systems, also called MARSE 
in some papers and standards). One of the design criteria for the system was that it could 
be used by Air Force personnel and not require PAC engineers to run it. To this end, 
attempts were made to make the system user friendly. This included a color computer 
graphics display that shows the approximate location and severity of the flaws in real 
time. This display is shown in black and white in Figure 1-2.

Because of security restrictions, the results of this series of inspections are not 
available. However, it is reported that all U.S. and Australian F-111 aircraft eire being 
inspected in this facility, and that cracks have been found by the acoustic emission 
system.

Transport aircraft
In the past several yejirs, PAC has inspected several transport a i r c r a f t .T h e  

program has been partially experimental with a large learn-as-you-test component 
included. Because most of these inspections have been performed for private companies, 
the detailed results are proprietary. Therefore, only brief descriptions of these 
inspections follow.
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F-111 CRTS Acoustic Emission Monitoring System

YELLOW

RED

YELLOW

YELLOW

RED

FIGURE 1-2. Color CRT screen showing approximate locations and severity 
of located emissions on the F-111. Note the yellow events from a cracked 
tunnel truss, a yellow event from a disbonded wing joint, and the red event from 
a broken bolt in the wing carry-through box. The severity of the events is color 
coded. Green is least severe, yellow is moderately severe, and red is most severe.
[Source: Physical Acoustics Corporation, Princeton, NJ. Printed by permission 
from John M. Carlyle.]

C-141 test: The aircraft had cracks in the right wing spar joint, and acoustic 
emission indicated that the left wing was also suspect. A posttest tear-down confirmed 
cracking in the left wing spar joint.

Boeing 707 test: Acoustic emission testing just before this aircraft was converted 
into a private business jet showed high-amplitude sources in both wings and at a site in 
the fuselage. During the rework, cracks were found in a wing joint and in an engine 
thrust link at the wing locations. Also, an improper repair in the pressure bulkhead was 
found at the indicated fuselage location.

Boeing 720 test: This was an early use of pressurization of the fuselage as the 
loading mechanism for an acoustic emission test. One of the cockpit window posts 
produced high-amplitude emission. Upon disassembly, a 3/4-inch-long crack was found 
in the window-post forging. This crack had not been seen by radiography performed 100 
flight hours before the acoustic emission test.

Boeing 727 tests: The upper lobe of a 727 was tested using fuselage pressurization 
for loading and 64 sensors applied to the upper fuselage. Twenty-eight emission sites 
were located. To check these sites for cracks in the skin, two different organizations 
performed eddy current tests. These tests gave quite different results—one reported
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cracks and approximate flaw lengths at 14 of the 28 sites; the other reported no cracks 
at any site. The eddy current measurements were hindered by layers of paint thick 
enough to visually hide the rivet lines. To the best of PAC’s knowledge, these sites have 
not been further investigated.

Two more 727s have had acoustic emission tests with internal fuselage pressure 
loads. Both of these tests were designed to investigate the feasibility of detecting 
corrosion with acoustic emission. The results on the first test indicated that 
pressurization did not cause corrosion sites to produce acoustic emission. The results of 
the second test have not yet been released.

Boeing 737  te s t :  This test was designed to look for problems in the belly area aft 
of the nose wheel. The test was performed just before several skin panels were replaced. 
No problems were found by the acoustic emission test, and none were found during the 
reskinning.

VC-10 fleet
In 1990, British Aerospace recommended to the Royal Air Force that they requalify 

the fuselages of their VC-10 fleet by pressure proof testing. PAC received a contract in 
conjunction with this proof testing to evaluate the effectiveness of using acoustic 
emission monitoring to detect structural damage. During this evaluation, it was 
determined that 288 sensors would be needed to perform source location on the 
complete fuselage. The evaluation showed the value of acoustic emission monitoring, 
and a contract was awarded PAC in 1991 to build a system and train Royal Air Force 
personnel to use it. The system was delivered in November 1991 and the first inspection 
was completed successfully in December. Eight aircraft were inspected in the first year. 
Figure 1-3 shows one of the VC-lOs under test. By correlating the acoustic emission 
results with posttest structural findings, a data base will be built up which will both aid 
in the routine maintenance of the VC-10 and provide solid data on the value of acoustic 
emission monitoring of fuselages.

1.4.2 Canadian Program
For almost twenty years. Professor S. L. McBride and his co-workers at the Royal 

Military College of Canada have been studying the use of acoustic emission to detect 
cracking in Canadian military aircraft.^'®’® This program has now been commercialized 
by AEMS. Most of the work has been aimed at in-flight monitoring of aircraft, but much 
of what has been learned can be applied to structural testing. The problem of how to 
distinguish a crack advancement signal from other acoustic signals present in the air 
frame is basic to any form of acoustic emission testing on aerospace structures.

These studies involved laboratory experiments and data recorded in flight. Sensors 
were attached to structural components of the aircraft, such as the forward wing 
trunnions, and the waveforms of the detected signals were recorded. Also recorded were 
the G loads on the plane at the time the signals occurred. In some tests, one trunnion was 
deliberately cracked to provide a comparison between good and defective parts. The 
results of these experiments showed that crack signals could be identified by using a 
rigorously defined signal rise time, the relative arrivjd times at the different sensors that 
give the location of the source, and the force on the component when the emission 
occurred. Studies were also done on the in-flight noise environment. A wide variety of 
aircraft were used in these tests. The following aircraft were involved in this program: 
CC-115, CC-130, CF-5, CF-100, CF-104, CF-116, CT-114, UK-Tornado, and the US 
Navy A-7.
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FIGURE 1-3. The nose of a VC-10 undergoing an acoustic emission tes t of the fuselage. Note 
the sensors and coaxial cables.

These studies led to the design and construction of a specialized acoustic emission 
instrument specifically for in-flight monitoring. Shortly after the development of this 
instrument, a long-term fatigue test on durability and damage tolerance was started on 
a CF-5 fighter aircraft. Several of the in-flight monitoring acoustic emission systems 
were combined to make a large multi-channel monitoring system. Sensors were applied 
to the lower wing skin of the aircraft at locations suggested by the fatigue test engineers. 
The intent of the test was to subject the aircraft to several lifetimes of fatigue, or stop 
the test if a major failure occurred before completion. The maximum loading was the 
equivalent of 7 g. There were 6.5 loadings per equivalent flying hour and 1.3% of these 
were to 7 g. Figure 1-4 gives some of the results. The upper bars show the number of 
emissions that occurred at each location, approximately at the maximum load. The 
lower bars show the number of defects at each position. Initially, other NDE techniques 
failed to show some of the cracks indicated by the acoustic emission. It was only after the 
wing was removed, turned upside down, and loaded that the cracks were found by these 
other NDE methods. The cracks had been under such high compressive stress that they 
were not seen by eddy current testing or liquid penetrants in the resting position of the 
wing. In further testing acoustic emission was able to detect cracks as much as 3000 
effective flying hours (out of 12,000) before other NDE techniques. It was also found 
that continuous monitoring during the fatigue test enhanced crack detection. Non-crack 
noise tended to average itself over the whole region whereas crack-produced noise 
always appeared at the same location. This observation tends to stress the value of 
in-flight monitoring of critical areas.

1.4.3 Australian Program

The Australian DSTO Aeronautical Research Laboratory, under the direction of 
Drs. C. M. Scala and I. G. Scott, has been studying the application of acoustic emission
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ACOUSTIC EMISSION SIGNALS

Q  Loading Pad 
•  Sensor

— a

15% spar

NUMBER OF DEFECTS

I 44 % sp a r

39 % sp a r

1.0 0 .5  0  0 .5 1.0

DISTANCE FROM WING CENTER (m)

FIGURE 1-4. Comparison of the acoustic emission event histogram with the defect histogram 
from a fatigue test of a jet fighter. The acoustic emission data shows the number of events that 
occurred on the 39% and 44% wing spars during sixty-eight 7-g loadings. These events were 
collected only when the load was above 95% of maximum. The defects are those measured inside 
fastener holes using eddy current and liquid penetrant inspection. The percentages are the spar 
locations in percentage of wing chord. [Source: Acoustic Emission Monitoring Services, Inc., 
Ontario K7G 2V4, CANADA. Reprinted by permission of Dr. S. L. McBride, President.]

testing to military aircraft for the past decade.^ ’̂®’̂  ̂ Their main programs included 
in-flight monitoring of the Macchi jet trainer, a full-scale fatigue test of a Mirage jet 
fighter, and a fatigue test of a wing attachment bulkhead of an F/A-18 aircraft. In the 
process of successfully detecting and locating the cracks that formed in the Mirage wing 
spar and the F/A-18 bulkhead, they tried a variety of signal processing techniques to 
separate crack-produced emission signals from all of the other emission detected during 
the tests.

Adaptive signal-processing techniques were tried with little success. In adaptive 
processing, a training set of data that contains signals from known crack growth in the 
tested parts is needed. This data is hard to obtain for real aircraft both due to the 
complexity of the structure and the difficulty of knowing beforehand where these cracks 
will occur. (One must know not just which part will fail but also where in the part the 
crack will develop.) The general conclusion of the Australian group was that the more
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adaptive the signal processing was, the poorer the location and detection of real cracks. 
Therefore, they developed what they called semi-adaptive processing in which some 
predetermined data was used along with a few carefully selected signal parameters. The 
level and direction of the load was also included.

The parameter set that the Australian group finally chose included the load, the 
relative arrival times at different sensors, and the signal rise times. With this set they 
were able to detect and locate most cracks at a depth of ~1  mm in the F/A-18 bulkhead, 
and all cracks could be located by the time they reached a depth of 2 mm.

1.5 TECHNICAL CONSIDERATIONS
The location and evaluation of acoustic emission sources on an aircraft structure has 

several complications not usually found on simpler structures, such as pressure vessels. 
Acoustic transmission across riveted joints is, at best, variable. The presence of a highly 
anisotropic underlying structure can also complicate acoustic transmission. A third 
complication is that often the ideal location for a sensor is under a faring or is otherwise 
inaccessible. This puts a premium on a careful study of the structure of the airplane 
before the sensor locations are chosen. Even then, during the actual application of 
sensors the chosen locations may have to be modified because of features not seen on the 
blueprints.

Another problem in actual tests on the fuselage of the aircraft is air leaks. A new 
aircraft should have a minimum of leaks, but aging aircraft may be in quite a different 
state. Leaks can generate large acoustic signals which, in some cases, can completely 
saturate one or more channels of a source location system. In such cases, all signals from 
sources within the triangles involving these sensors may be ignored by the system. For 
this reason any leaks seen during the preliminary stages of the pressurization should be 
fixed before the higher pressure stages are reached.

The following lists of advantages and disadvantages are characteristic of acoustic 
emission testing in general and apply equally well to nondestructive testing of aging 
aircraft.

1.5.1 A dvantages
Some advantages of acoustic emission testing are;

• It is a global monitoring technique; an entire structure can be tested in one loading.
• It both detects and locates flaws.
• It can detect all flaws in a structure that are affected by the loading, regardless of the 

geometry.
• It can detect flaw growth in real time and estimate relative flaw severity, thus warning 

of an impending failure.
• It can find defects that are not readily detected by other NDE methods.
• It is often computerized, allowing tests to be conducted by relatively untrained 

personnel once the design and interpretation of the test have been determined. This 
also gives a permanent record of the test.

1.5.2 D isadvantages
Some weaknesses of acoustic emission are:

• It is unable to accurately size flaws. (Flaw size is harder to assess than flaw severity.)
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• It can detect flaws which are much smaller than the critical size, causing unnecessary 
repairs or worry.

• The design of the test can be complex and the interpretation of the results is not 
always straightforward. Highly trained operators are needed for the initial test design 
and setup.

• It is a negative test in that a good part generates little to no acoustic emission. Thus 
an incompetent test can declare bad parts to be good.

1.5.3 Discussion

Acoustic emission testing is now in limited use on military fighter and transport 
aircraft. The RAF operates a system specifically designed to test aircraft fuselages. A 
similar system could be used on a commercial fleet. The problem of using such a system 
on other parts of an aircraft, such as the wings, is more a problem of providing realistic 
loads than of using acoustic emission.

Once a system was in place with a setup designed for one tj^ e  of aircraft, the 
inspections could be fairly fast and inexpensive. A trained crew should be able to test 
one 727-size aircraft in less than a week. Most of the time would be taken in the 
application of the sensors, in checking their response, and in applying internal pressure 
loads to the aircraft. This could be sped up by using electronics that allowed the 
computer to pulse each sensor and receive the pulse at the surrounding sensors. The 
actual pressurization would take about two hours. The rest of the time would be used in 
test tear-down and in inspection of the located flaws with other NDE methods.

1.6 STATUS

1.6.1 P resen t

Two fleet-wide acoustic emission testing programs are currently in progress. They 
are the F-111 inspection program on the swing-wing mounting structure and the 
fuselage inspections of the VC-lOs. The technology used by PAC in these two programs 
is satisfactory for the current programs but certainly is capable of improvement.

A major problem in acoustic emission testing is how to select the significant signals 
from the huge number of emission signals that can be produced by an aircraft. The 
programs in Canada and Australia have shown that the intelligent selection and use of 
signal parameters greatly aids in determining which acoustic emission signals are 
produced by cracks. I t is interesting to note that both programs arrived at approximately 
the same set of parameters. The PAC systems also use various signal parameters to filter 
the incoming data. Further investigation of filtering techniques, especially with respect 
to specific aircraft structures or construction methods, should result in improved 
performance.

Several companies are developing pure digital acoustic emission systems. These 
systems digitize every emission signal and calculate the desired parameters from the 
digitized signal. At present, the data acquisition, storage, and processing rate for these 
systems are still too slow for use in aircraft testing. However the increase in speed and 
capability in computer technology has been phenomenal. In a few years, a pure digital 
system may be able to process data fast enough for use in aircraft testing. One digital 
system uses material characteristics and wave propagation characteristics to measure
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the wave arrival time for a specified velocity at a known frequency and plate wave 
propagation mode.^'^^’̂® This technology can increase the accuracy of locating the 
emission sources on the skin of aircraft, and it should be able to provide new information 
about the problem of acoustic wave propagation through bolted or lap joints.

1.6.2 Future 

New technology

The Australian program found that various types of signal processing worked much 
better with broad-band rather than resonant sensors. The ideal sensor would have the 
sensitivity of the best resonant sensors, a perfectly flat frequency response from 10 kHz 
to 1 MHz, and a contact area of ~1  mm^. It should be a differential sensor to help 
eliminate electrical noise, physically small, relatively inexpensive, and rugged. Although 
the sensor should have a flat response, it should be used with a system with variable 
filtering ranges to help in the reduction of acoustic noise from the aircraft.

Faster digital electronics and display processing would be an asset to any acoustic 
emission system designed to inspect aircraft, but any concrete specifications given here 
would probably be rapidly outdated. More research is needed on acoustic propagation 
through real structures, particularly with welded, bolted, riveted, and glued joints.

Major improvements in location and analysis software are both needed and possi­
ble. Algorithms that could improve the location and analysis are those that address 
location on some parts of the three-dimensional structure, that use over-determined 
data sets (data from more sensors than the minimum needed to locate the emission 
source), and that use the acoustic attenuation to back-calculate the energy of the 
emission at its source.

Future use
Although present systems can be used, definite improvements could be made. Some 

of the signal acceptance logic developed by the Canadian and Australian teams could be 
built into the system hardware. More sophisticated analysis algorithms can be 
developed. Displays such as that used on the F-111 should be available for the complete 
aircraft fuselage. These would show the entire fuselage, and the operator could zoom in 
on any trouble area. Sensors with smaller contact areas and flatter frequency response 
should be developed specifically for aerospace applications. If digital signal-acquisition 
technology improves sufficiently, it should be used. A true all-digital system would give 
much greater flexibility because even drastic changes in the analysis could be 
implemented in the software.

Acoustic emission testing of transport aircraft is possible today. However, it will not 
be implemented on a commercial fleet until there is a good, publicly available data base 
that shows its effectiveness on a fleet of transport airplanes. The best chance to get such 
a data base quickly would be for the RAF to release to the public the entire data base 
that they collect on the VC-10 fleet. This must include the posttest inspections, which 
list how many of the acoustic emissions found were defects, the size or severity of the 
defects, how many false positive indications there were, and whether any defects were 
found that had been missed by acoustic emission. It would also be desirable to give the 
manpower requirements for conducting these tests. Currently, in the United States few 
programs apply acoustic emission testing to aircraft. Several more small-scale testing 
and development programs are needed to rapidly advance the state of the art.
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Acoustic emission testing has great potential to improve the effective inspection of 
aging aircraft and to reduce the costs. However, several years of hard work are needed 
before such an inspection system can or will be applied to commercial aircraft in the 
United States.

1.7 DEVELOPMENT CENTERS

Physical Acoustic Corporation 
P.O. Box 3135 
Princeton, NJ 08543-3135

Contact: Dr. John M. Carlyle, (609) 896-2255

Comment: Dr. Carlyle led the development of both the F-111 test and the VC-10 
test. In addition he has supervised the testing of a variety of transport 
aircraft. For a more extensive description of these tests, see Section 
1.4.1.

Acoustic Emission Monitoring Services, Inc.
RR2
Gananoque, ON K7G 2V4 
CANADA

Contact: Dr. Stuart L. McBride, (613) 544-6992

Comment: Dr. McBride has conducted research in the application of acoustic 
emission techniques to the in-flight monitoring of aircraft for almost 
twenty years. He has tested a large variety of Canadian Military 
aircraft, during both in-flight and on-the-ground tests. For a more 
extensive description of his work see Section 1.4.2.

Aeronautical Resejirch Laboratory 
Defence Science and Technology Org.
506 Lorimer St.
Fishermens Bend, Vic 3207 
AUSTRALIA

Contact: Dr. Christine M. Scala

Comment: Dr. Scala has been involved in studying the application of acoustic 
emission testing to Australian Military aircraft for the past decade. 
See Section 1.4.3 for a more extensive discussion of this program.
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1.8 COMMERCIAL AVAILABILITY

Acoustic Emission Monitoring Services, Inc.
RR2
Gananoque, ON K7G 2V4 
CANADA

Contact: Dr. Stuart L. McBride, (613) 544-6792

Comment: M anufactures acoustic emission system designed for in-flight 
monitoring. Extensive experience in acoustic emission aerospace 
research. (See Section 1.4.2.)

Acoustic Technology Group 
2644 La Via Way 
Sacramento, CA 95825-0307

Contact: Allen Green, (916) 483-1311

Comment: Representative for several manufacturers. Acoustic emission systems 
and components. Extensive experience in acoustic emission technology.

Babcock and Wilcox
Research and Development Division
Lynchburg Technologies Center
PO Box 11165
Lynchburg, VA 24506-1165

Contact: Don Stevens, (804) 522-5160

Comment: Developing digital acoustic emission source location system. Experience 
in acoustic emission testing of power facilities.

Digital Wave Corporation 
14 Inverness Dr. E.
Bldg. B, Suite 120 
Englewood, CO 80112

Contact: Mike Gorman or Jeff Gentry, (303) 790-7559

Comment: Developing digital acoustic emission source location system with novel 
features. Experience in aerospace acoustic emission research.

Dunegan Engineering Consultants, Inc.
P.O. Box 1749
San Juan Capistrano, CA 92693

Contact: Harold Dunegan, (714) 661-3723

Comment: Manufactures a line of sensors and acoustic emission accessories. 
Extensive experience in acoustic emission technology.
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Physical Acoustics Corporation
P.O. Box 3135
Princeton, NJ 08543-3135

Contact: Dr. John M. Carlyle, (609) 896-2255

Comment: The major manufacturer of acoustic emission equipment in the world.
For aircraft experience, see Section 1.4.1.
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2. X-ray Computed Tomography

2.1 SUMMARY

X-ray computed tomography (CT) is a nondestructive evaluation technique 
developed originally for medical diagnosis. It has also proved to be a valuable tool in 
industry, complementing and sometimes replacing conventional nondestructive 
evaluation methods. CT collects X-ray transmission measurements from many angles 
around a component to digitally reconstruct a map of the relative linear attenuation 
coefficient of small-interior-volume elements and view them as cross-sectional images.^'^ 
These images provide clear and easy-to-interpret cross sectional views of the 
component’s internal structure that do not have the shadowing and superposition found 
in film radiographs. CT provides quantitative spatial and material/density assessments. 
Based on these quantitative assessments, inaccessible regions of the component can be 
measured and flaw sizes gauged. Although the use of CT is currently concentrated in 
component engineering, materials research, and failure analysis, it has great potential 
for a variety of aircraft applications.

2.2 TECHNICAL BACKGROUND

Originally developed in the 1970s, CT was built on the foundations of X-ray 
radiography and axial tomography.^'^ CT can be thought of as a high-tech extension of 
standard X-ray radiography. In radiography, an object is placed between an X-ray 
machine and an X-ray measurement device, usually film. When the X-ray machine is 
turned on. X-rays are emitted, traveling toward the film. As the X-rays travel toward 
the film, they interact with the object, causing some of the X-rays to be absorbed or 
scattered in different directions. Typically, dense areas of the object absorb or scatter 
more X-rays tban less dense areas. The film is exposed by the X-rays that make it 
through the object. When the film is processed, the resultant image is a radiograph of 
the object that shows the internal structure of the object with its different features 
superimposed upon one another.

CT expands on radiography by using electronic detectors instead of film and by 
measuring the X-rays transmitted through the object from several different angles. The 
CT detector readings are then processed on a computer to produce a cross-sectional 
image of the inside of the object, without the superposition inherent in radiography.

As an example, consider an object composed of two cylinders of material embedded 
inside a third larger cylinder of material, as illustrated in Figure 2-1. Let the three 
cylinders each be made of different-density materials. If the object is aligned so that the 
axes of the two interior cylinders are collinear with a line from the X-ray source to the 
film, then the radiograph will show all the cylinders superimposed upon one another. A 
CT image obtained by rotating the object about the axis of the large outer cylinder 
would result in a cross-sectional image of all three cylinders with no superposition (see 
Figure 2-2). This is a very simplistic example, but it illustrates the differences between 
radiography and CT, as well as some of tbe advantages a CT image presents.
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SIDE VIEW TOP VIEW
FIGURE 2-1. Views of example cylindrical object.
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FIGURE 2-2. Difference between film radiography and CT Images of the sam e object.

As CT equipment has evolved through its many developmental stages, the principal 
driving factors have been scan-time or X-ray dose to the object, image resolution, and 
image quality. The original CT systems consisted of a single X-ray detector and source. 
Today’s CT systems, which encompass five generations of hardware design and scan 
geometry, span a broad range in their complexity. Figure 2-3 shows each of the five CT 
scanner generations. Each new generation reduced the time required to obtain an image. 
The quality and resolution of a CT image are directly related to scan time and, at long 
scan times, approach the design limitations of the scanner. Thus, as new generations of 
scanners have evolved, the image quality and resolution have improved for a given scan 
time. A detailed description of the different CT scanner generations will not be 
addressed in this text. Because of the high cost of fourth- and fifth-generation scanners 
(several million dollars) almost all commercial industrial scanners are of the second and 
third generation.
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There is a trade-off between spatial or density resolution and scan time. 
High-resolution images require longer scan times than lower resolution images. The 
resolution and scan time of industrial CT scanners are limited primarily by the physics 
of the X-ray sources available. The spatial resolution of a scanner is a function of the size 
of the X-ray focal spot (the point in the X-ray machine where the X-rays are created), 
and the scan time is a function of the rate at which X-rays are emitted from the X-ray 
machine. To obtain a signal-to-noise ratio sufficient to generate high-quality CT images, 
a certain number of X-rays must be detected. The physical properties of X-ray machines 
dictate how high the rate of X-ray generation (current of the X-ray machine) can be for 
a given focal spot size—at high currents, the X-ray machine can be damaged. Another 
consideration is the energy of the X-rays emitted from the X-ray machine. Higher 
energy X-ray machines tend to have larger focal spots. Industrial CT scanners have scan 
times varying from a few minutes to hours and have spatial resolutions varying from a 
few tens of microns to a few millimeters.

The X-ray energy of a CT scanner needs to be high enough so that the X-rays can 
penetrate the object being scanned. Thus, scanners that are designed for the inspection 
of large objects (over a meter in diameter), such as rocket motors, have relatively high 
energy X-ray machines, typically in the megaelectron-volt range. Given that the size of 
the focal spot in high-energy X-ray machines is in the millimeter range, high-energy CT 
scanners or scanners capable of scanning large objects result in resolution in the 
millimeter range. Small objects or low-density objects can be scanned on CT systems 
with lower energy X-ray sources. In microfocus (or small-spot) X-ray machines, the size 
of focal spots is in the range of ten microns, and maximum X-ray energies range from 
160 to 200 keV. Medium-energy CT systems have maximum X-ray energies of 420 to 450 
keV, with resolutions in fractions of millimeters.

CT is a computationally intensive inspection method that requires high-performance 
computer hardware. Typical CT scans acquire millions of detector readings and require 
billions of calculations to generate an image. In the past, the computational performance 
of a CT system contributed significantly to the price and time needed to generate an 
image. With the recent advances in computing technology, the computer components of 
a CT system are not the limiting factor in the performance of 2D or single-slice CT 
systems. However, CT systems that generate full 3D images and data sets still require 
leading-edge computing technology.

2.3 PRESENT APPLICATIONS

Industry currently uses CT for a wide variety of applications. Below is a brief 
description of some of the current applications.

Composites. CT is being employed in several advanced material development 
activities. Carbon-fiber- and glass-fiber-reinforced plastics developed by NASA and the 
aerospace industry are being inspected with CT scanners to locate flaws and 
manufacturing process deficiencies. CT has also provided valuable information about 
how to produce new components from ceramic materials. Examples are ceramic drill bits 
and rotors.

Castings. Automobile m anufacturers are using CT during the prototype 
development stages to inspect engine block, gear box, and aluminum wheel castings. 
Foundries are also investigating CT as a development tool.
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Explosive material inspection. The performance and safe operation of devices 
containing explosives can be seriously affected by flaws in the explosive materials. CT 
is used to detect inhomogeneities, voids, cracks, and inclusions in explosive material 
before, during, and after the manufacturing process.

Rocket motors. Flaws in rocket motors can have disastrous effects when the motor 
is used. Thus, many manufacturers and military establishments use CT to inspect rocket 
motors for propellant voids, delaminations, inclusions, and other anomalies.

Cruise missile engines. CT equipment vendors have demonstrated that complete 
cruise missile engines can be inspected using CT.

Electronic parts. Most equipment manufactured today has some electronic 
components. These components are often very complicated and difficult to inspect. CT 
is proving to be a valuable tool for many such inspections. Examples are:

circuit boards—for bad or missing components and damaged areas,
switches—for closure conditions (i.e., on or off), and
capacitors and transformers—for failed components and windings.

Space shuttle fuel system components. Defective valves used in space shuttle fuel 
systems are inspected with CT as part of failure analysis testing.

Thermal batteries. CT is used for failure analysis of thermal batteries where 
electrical tests do not provide adequate information.

Characterization tool used in the development of advanced materials. The
development of advanced materials often requires that knowledge about material 
interaction and manufacturing be extended to new levels. The properties of the 
materials and the definition of what a flaw is are sometimes not known. CT scanners are 
providing important contributions in advanced material development because of the 
large amount of quantitative data that can be obtained from a CT image.

Measurements. CT is often used to quantify flaws in components. The size of a flaw 
and how it is manifested plays a crucial part in determining the condition of the 
component. In some cases small flaws do not render the component unusable. CT allows 
spatial and density measurements of flaws or flawed areas.

Reverse engineering. In many cases drawings do not exist for parts. Sometimes the 
drawings are lost or inaccessible, or they were never created. Drawings for these parts 
may be needed to make new parts or fix old parts, or to determine how to safely dispose 
of old parts. The images obtained from CT scanners are dimensionally accurate and 
therefore can be used to generate CAD drawings. This capability is in limited use today 
but should be a common tool in the future.

Closed systems. In systems or components where information is needed about 
internal structures or component orientations, CT is often employed. The CT scanner 
provides clear images of the internal structures without the superposition found in other 
radiographic techniques.

Failure analysis. Failure analysis is a difficult process involving many nondestructive 
tools. CT provides additional information that is very valuable in failure analysis.
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Switching components and valves. Critical switching components and valves play 
a significant role in the safety of some systems. CT provides accurate information as to 
their status or condition.

3D visualization of components. By acquiring multiple CT slices or images of a 
part and stacking this data together, a 3D data set can be obtained. By using specialized 
visualization software, a 3D image of the part can be generated. These 3D images 
provide valuable insight into the part structure and design that is sometimes difficult if 
not impossible to perceive by other means.

Trees and wood. CT is being investigated as a tool for inspecting trees and wood. 
Two examples of CT for this purpose are (1) to determine the presence of rot or decay 
in electrical power poles before the poles break, which saves money and provides a 
greater margin of safety, and (2) to determine the quality of the lumber that can be 
obtained from trees prior to cutting logs.

2 .4 AIRCRAFT APPLICATIONS

Current applications of CT in the aerospace industry have been limited to relatively 
small or medium-sized component pieces. Most of the applications discussed in the 
previous section have been developed in the aerospace and related industries. Jet engine 
manufacturers are investigating the use of CT to inspect turbine blades. CT can be used 
to measure internal turbine blade dimensions including wall thickness and point-to-point 
distances. Failure analysis of components that cannot be disassembled is also a common 
application area for CT.

Turbine blades. Because of the high cost of turbine blade manufacturing £md the 
high cost of turbine blade failure, significant effort is being extended to inspect turbine 
blades for inclusions, voids, wear, and dimensional compliance with design specifications. 
CT is a valuable tool in these difficult inspection tasks. Figures 2-4 and 2-5 show CT 
images of turbine blades.

Characterization tool. At the Boeing Defense & Space Group aircraft development 
site, CT is used as a material characterization tool in the advanced materials 
development cycle. '̂® Conventional qualitative inspection methodologies (ultrasonics, 
radiography, and visual) are proving inadequate to fully characterize and understand 
properties and defects of advanced materials and processes.^"* CT can provide 
information about the size and location of flaws in new materials under development 
that allows development engineers and scientists to gain a better understanding of the 
manufacturing processes. Using the CT data, fabrication processes can be optimized, 
reducing the time required to develop new materials.

2 .5  TECHNICAL CONSIDERATIONS

CT is a relatively complicated inspection methodology that requires extensive 
equipment and computer resources. Applying CT to the inspection of aging aircraft is 
quite possible. Following is a brief summary of the advantages and disadvantages of CT.

2-6



Chapter 2. X-ray Computed Tomography
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FIGURE 2-4. A series of CT images from a turbine blade. [Source: Keith Jezek, Scientific 
Measurement Systems, Inc., Austin, Texas. Printed by permission from Keith Jezek.]
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FIGURE 2-5. A CT image of a turbine blade illustrating the m easurem ent features that CT can 
provide. [Source: Keith Jezek, Scientific Measurement Systems, Inc., Austin, Texas. Printed by 
permission from Keith Jezek.]
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2.5.1 A dvantages

• The images and data are readily interpretable, providing density and geometric 
information not available with other types of inspection.

• CT can provide quantitative measures of density (0.1% to 1.0%).
• CT can provide quantitative 3D dimensional measurements (with resolution of 

0.025 mm to 0.25 mm) of tbe interior of objects.
• Volumetric defects, such as voids and inclusions, can be easily detected.
• Tbe size and location of defects can be readily measured.

2.5.2 D isadvantages
• CT equipment is very expensive, typically costing one million to several million 

dollars for a single CT scanner.
• Tbe size of part that can be inspected is usually limited to approximately two cubic 

meters in volume. This is due to tbe large range of motion and part access required. 
CT systems designed for high spatial resolution are usually limited to scanning 
parts ranging in size from a few millimeters to a few centimeters.

• Tbe resolution of image (spatial or density resolution) generated by a CT scanner 
is governed by tbe scan time. Tbe image quality improves with longer scan times, 
asymptotically approaching tbe physical limitation of tbe CT scanner.

• CT scanners are typically non-portable systems that require large X-ray-sbielding 
enclosures or rooms.

• Current commercial CT systems require 360° access to tbe object under inspection. 
Usually tbe parts must be brought to tbe CT scanner rather tban moving tbe 
scanner to tbe parts.

2.6 STATUS

2.6.1 P resen t

CT scanners are useful for small-component inspections or failure analysis of 
assemblies that can fit within tbe object-handling capabilities of tbe scanners. Many 
aerospace companies use CT to support their development testing and inspection 
efforts. Because of tbe high cost of equipment and facilities, CT has not yet been 
employed to a large degree for routine aircraft inspections.

CT systems could be developed, and are currently being considered, for inspecting 
large sections of aircraft structures. Some of tbe obstacles to overcome are tbe 
limitations of tbe X-ray machine and tbe size of tbe CT scanner. Current X-ray 
machines that have sufficient energy to penetrate large aircraft structures have 
focal-spot sizes that limit tbe resolution of tbe CT system beyond what is required. Also, 
tbe output flux of an X-ray machine with a sufficiently small focal spot would force tbe 
scan times of tbe CT system to be unacceptably long for commercial inspections.

2.6.2 Future
No CT systems have been built to tbe size and geometry requirements for a complete 

aircraft scanner; therefore, an adequate CT system would have to be prototyped and 
developed before CT scanning could become a viable inspection technique.
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2.7 DEVELOPMENT CENTERS

Currently, interest in the development of CT technology is high. Several national 
laboratories and commercial CT vendors are conducting studies on computational 
algorithm development:

Boeing Defense & Space Group 
PO Box 3999 
Seattle, WA 98124

Contact: Richard H. Bossi, (206) 773-9968

Comment: Has performed several studies on the potential applications of CT 
technology to the aerospace industry.

General Electric—Aircraft Engines 
1 Neumann Way 
PO Box 15601, Mail Drop Q8 
Cincinnati, Ohio 45215

Contact: Francis Little
(513) 552-4718 Fax: (513) 552-4857

Comment: Has done extensive development in the radioscopic, CT and volumetric 
evaluation of aircraft engine components and used this information to 
perform reverse engineering and input to CAD systems.

Lawrence Livermore National Laboratories 
PO Box 808, L-333 
Livermore, CA 94550

Contact: Dr. Harry E. Martz, (510) 422-4269

Comment: Is developing limited-view and model-based CT algorithms.

Advanced Research and Applications Corporation 
425 Lakeside Drive 
Sunnyvale, CA 94086-4701

Contact: James H. Stanley, (408) 733-7780

Comment: Is doing dual- or multi-energy work with the goal of developing CT 
systems that can differentiate between materieds based on atomic 
number.

Digital laminography, a technique related to CT that generates 2D images from a 
limited number of radiographic views, is being developed by many CT system vendors 
as a complementary inspection tool.

When the computational resources and tools to handle and manipulate 3D data sets 
become widely available, 3D CT systems will become more common.
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Video-detector-based CT systems which have limited dynamic range and 3D 
capabilities exist in development labs and are starting to appear as commercial 
enhancement products for real-time radiography systems.

2.8 COMMERCIAL AVAILABILITY

Several commercial vendors supply CT systems that are built largely to customer 
specifications as far as the object- or part-handling capabilities are concerned. Systems 
are available that can be used to inspect components or subsections of an aircraft. No 
CT systems are currently capable of inspecting complete aircrgift or even large sections 
of an aircraft. Some of the major CT system manufacturers are listed below.

Scientific Measurement Systems 
2209 Donley Dr.
Austin, TX 78758

Contact: Dr. Larry Secrest, (512) 837-4712

Comment: Build turn-key commercial second and third generation CT systems. 
Provide part scanning services.

Bio-Imaging Research 
425 Barclay Boulevard 
Lincolnshire, IL 60069

Contact: Greg Hoeft, (708) 634-6425

Comment: Build turn-key second and third generation commercial CT systems.
Provide part scanning services. Also, build real-time radiography-based 
CT systems.

Advanced Research and Applications Corporation 
425 Lakeside Drive 
Sunnyvale, CA 94086-4701

Contact: James H. Stanley, (408) 733-7780

Comment: Build turn-key second and third generation commercial CT systems. 
Provide part scanning services. Also are building micro-CT systems

General Electric—Aircraft Engines 
1 Neumann Way 
PO Box 15601, Mail Drop Q8 
Cincinnati, Ohio 45215

Contact: Joe Portaz
(513) 552-4681 Fax: (513) 552-4857

Comment: Maintains five systems capable of performing CT evaluation. Energy 
range for these systems is from 140 kV to 2 MeV, with a part diameter 
envelope of less than one inch to 54 inches.

2-10



Chapter 2. X-ray Computed Tomography

2.9 REFERENCES

2-1. Richard H. Bossi, Gary E. Georgeson, Computed Tomography Analysis of 
Castings, Wright Laboratory Interim Report WL-TR-91-4121, January 1992, p. 1.

2-2. John F. Moore, “Evolution of Computed Tomography,” Materials Evaluation, 
Vol. 48, May 1990, p. 630.

2-3. Richard H. Bossi, Gary E. Georgeson, “The Application of X-Ray Computed 
Tomography to Materials Development,” The Journal of The Minerals, Metals 
& Materials Society, Vol. 43, No. 9, September, 1991, pp. 8-15.

2-4. Gary E. Georgeson, Richard H. Bossi, X-Ray Computed Tomography for 
Advanced Materials and Processes, Wright Laboratory Interim Report 
WL-TR-91-4101, June 1992, p. 2.

2- 11,12



Chapter 3. Compton X-Ray Backscatter Imaging

3.1 SUMMARY

Many NDI tools are available to the airline maintenance industry for the detection 
of near surface or first layer flaws such as fatigue cracks or massive skin corrosion. 
However, only a few techniques, such as radiography or visual inspection combined with 
airframe disassembly, can detect subsurface flaws in layered structures. Compton 
backscatter imaging (CBI), a re-emerging near surface NDI measurement and imaging 
technique based on Compton X-ray backscatter principles, can detect critical imbedded 
flaws such as cracks, corrosion, and delaminations in metal and composite aircraft 
structures and offers exciting possibilities for solving many of the most critical flaw 
detection requirements encountered by the aging aircraft industry.

CBI yields a point-by-point measurement of material density. A beam of radiation 
penetrating an object will be attenuated by absorption and scatter. A collimated 
radiation detector located on the source side of the part measures some of the scattered 
radiation from a small region or inspection volume within the object. The inspection 
volume element is defined by the intersection between the collimated detector’s field of 
view and the collimated X-ray beam. When the object is scanned with the collimated 
source-detector assembly and the measured signal strength is stored as a function of 
position in digital memory, a 2D or 3D density map of the inspection volume is obtained. 
Software analysis and display of this data completes the inspection process.

The technical advantages of CBI technology, especially when used for aircraft 
inspection, are many. Like pulse echo ultrasonics and eddy current testing, CBI is a 
single-sided inspection technique capable of obtaining quantitative material information 
about the volume being inspected. CBI responds to material electron density, which is 
directly proportional to its physical density and composition. The information can be 
presented in forms ranging from a simple accept-repair gage for corrosion-induced 
aircraft skin thinning to the more sophisticated 3D tomographic-like digital flaw image 
displays.

Unlike eddy current and ultrasonic NDI, CBI is unaffected by variations in lift off, 
surface roughness variations or paint, metal conductivity, delamination, and air gaps. 
CBI can inspect solid aluminum or composite materials to depths of 5 cm (2 in.) or more. 
If the structure is layered with intervening air gaps, information can be obtained at 
greater depths.

Although many of the technical capabilities of CBI in solving flaw detection 
problems in aging aircraft have been successfully demonstrated, its use by the aircraft 
industry has been almost nonexistent—possibly because no practical, cost-effective 
industrial CBI instrument has been designed that is specific to the commercial airline 
industry. Other deterrents to its acceptance may be the reluctance of aircraft 
maintenance facilities to use radiation-based technology unless it is required and the 
high cost of the custom-made technologically complex inspection systems. However, 
cost-effective CBI systems can be developed.
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3.2 TECHNICAL BACKGROUND

3.2.1 Introduction

Conventional transmission radiographic inspection of an aircraft and its components 
is often limited because of restricted equipment access and the inability of conventional 
transmission radiography to reliably detect critical aged aircraft defects such as 
corrosion and delaminations. An alternate radioscopic inspection technique that images 
backscattered X rays to create a digital density image of the area being inspected is 
Compton backscatter imaging (CBI). By utilizing the backscattered X-ray signals, the 
X-ray detector can be located next to the shielded X-ray source (Figure 3-1) so that 
radioscopic inspection may be accomplished from a single side, similar to pulse-echo 
ultrasonic testing. This configuration is based on Compton backscatter principles 
(Figure 3-2) and can greatly simplify the inspection of an aircraft and its components 
where rear-side access is difficult. Equipment setup is also simplified, since only the 
combined X-ray source-detector assembly must be manipulated, rather than a separate 
X-ray source system and a separate detector system. Compared to conventional 
radiography where the whole area is flooded with X rays, backscatter imaging equipment 
has a highly collimated, pencil-like X-ray beam and detector geometry and exposes only 
a very small volume of the inspection area. This significantly reduces the stray radiation 
and minimizes additional shielding requirements (i.e., time, distance, shielding material) 
for maintenance personnel.

SOURCE-DETECTOR ASSEMBLY
SHIELDED 

X-RAY 
SOURCE

X-RAY 
DETECTOR

X-RAY 
COLLIMATORS

INCIDENT 
BEAM

BACKSCATTERED 
BEAMMATERIAL

INSPECTION 
LAYER

TRANSMITTED BEAM
INSPECTION 

VOLUME

FIGURE 3*1. Diagram showing the essential elem ents of a Compton backscatter X-ray 
measuring system. A tomographic image of the inspection layer is obtained by raster 
scanning the collimated source-detector assembly over the object and storing the measured 
signal as a function of position in a computer.
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COMPTON ELECTRON
ATOMIC

ELECTRONINCIDENT X RAY WITH ENERGY E,

COMPTON SCATTERED PHOTON 
WITH ENERGY E '. ANGLE <t>

E' (keV) = 511 (keV) * Eo (k0V)

[511 (keV) - Eo (keV) * (1 - cos <t>)]

FIGURE 3-2. Diagram showing the X-ray and electron trajectories before and after a 
Compton backscatter Interaction. The Compton equation relates the energy of the 
Compton scattered X ray (E') as a function of its incident energy (Eq) and its scattering 
angle <i>.

Most important, for many applications the images produced with CBI techniques 
are superior to images produced with transmitted X-ray beam techniques. This is 
especially true for low X-ray absorption materials such as thin sections of aluminum or 
composite structures where subject contrast is often very low. The radioscopic 
detectability of small voids and laminar defects such as unbonds is also significantly 
enhanced.

Compton backscatter imaging is a radioscopy technique (radiography with an 
electronic X-ray detector and imager) that utilizes the physical principles of Compton 
scattering to yield a point-by-point measurement of material density (Figures 3-1 and
3-2). A beam of radiation penetrating an object will be attenuated by absorption and 
scatter. A collimated radiation detector located on the source side of the part measures 
some of the radiation scattered from a small region or inspection volume within the 
object. The inspection volume element (voxel) is defined by the intersection between the 
collimated detector’s field of view and the collimated X-ray beam. By raster-scanning 
the object with the collimated source-detector assembly and storing the measured signal 
strength as a function of position in digital memory, a two- or three-dimensional density 
map of the inspection volume can be obtained.

CBI images are digital tomographic images that represent a slice parallel to the 
scanning plane. The depth and thickness of the image slice is determined by the position 
and design of the source-detector assembly. A 3D volumetric object image can be 
obtained by scanning the same area at different image slice depths. Unlike computed 
tomography (CT), which provides reconstructed tomographic slice images from a 
sufficiently large number of X-ray transmission measurements at different orientations 
of the object, backscatter imaging uses a single imaging orientation of the object and is 
totally one-sided. This opens up many inspection possibilities that are difficult or 
impossible to perform with conventional radiography and CT.
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3.2.2 X-ray Interactions

X rays interact with materials through absorption and scattering processes. At 
energies less than 1 MeV, photons are attenuated by photoelectric absorption and 
scattering. The scattering processes are (1) Rayleigh (elastic) scattering and (2) 
Compton (inelastic) scattering. Depending on the photon energy and material, some of 
these interaction processes tend to dominate, as shown in Figure 3-3.

For energies below 100 kV, for example, the predominant mode of photon interaction 
in all medium-to-high atomic number (Z) absorbers (i.e., steel to tungsten) is the 
photoelectric process. This absorption may be described as an interaction of the incident 
photon with the atom in which the entire photon energy is absorbed and one electron, 
usually from the atom’s K- or L-shell, is ejected. This vacancy in the electron shell is 
filled by an upper orbital electron. A low-energy Auger electron or characteristic 
fluorescence X ray is emitted from the atom during this electron transition.

Rayleigh scattering is the elastic scattering of photons by tightly bound electrons. In 
this interaction, X rays lose no energy and are scattered primarily in the forward 
direction. The only contribution of Rayleigh scattering to backscatter imaging is that it 
assists X-ray attenuation; it never dominates X-ray interactions. However, depending 
on photon energy and material, Rayleigh scattering interactions can exceed photoelectric 
absorption or Compton scatter interactions.

The intensity of characteristic fluorescence X rays produced by photoelectric 
interactions in a material can be comparable to or greater than the intensity of the 
Compton scatter X rays. Fluorescence is an important consideration when inspecting 
materials with atomic numbers greater than 18 (e.g., titanium and steel) and can be 
removed from the backscattered radiation with the appropriate K-edge filters. For 
aircraft materials (low atomic number) X-ray fluorescence and Rayleigh X-ray scatter 
do not contribute to the backscatter intensity. However, for high atomic number 
materials (e.g., tungsten and uranium) Rayleigh scattering in the back direction may be 
significant relative to Compton backscatter and cannot be removed by filtering.

3 .2 .3  Com pton X-ray S catte r

Of the several processes which may occur when X rays interact with matter, 
Compton scattering is dominant for most materials over a wide range of industrial 
radiographic energies (Figure 3-3). Compton scattering is a scatter process whereby an 
X-ray photon interacts with a free or outer-shell electron of an atom.®'  ̂The Compton 
interaction causes the electron to recoil and the photon to propagate in a new direction 
with a reduced energy. The mechanistics of the Compton scattering process are 
illustrated in Figure 3-2. The energy of the scattered photon (E') is only a function of its 
incident energy and its scattering angle and is independent of the scattering material.

The energy of the scattered photon (E') as a function of incident photon energy (E^) 
for various backscatter angles is plotted in Figure 3-4. This figure shows that (1) the 
energies of Compton backscattered photons from 135° to 180° fall in a tight energy band 
ranging from 100 to 150 keV for industrial radiographic energies, and (2) the energies of 
180° backscattered Compton scattered photons approaches a 250-keV maximum for 
higher incident X-ray energies. It is interesting to note at this time that the energy and 
hence the maximum range of the backscatter photons in the material being inspected 
impose an inspection depth limit of backscatter imaging (Table 3-1).
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The probability for a Compton scatter interaction is given by the material’s 
Compton scattering cross section, which is shown for carbon and aluminum in Figure 3-3 
as a function of X-ray energy. These graphs illustrate that Compton scattering is the 
dominant contribution to the total X-ray attenuation in aerospace and aircraft materials 
of interest.

Compton scattering in a material is directly proportional to its electron density. 
Material electron density, tabulated in Table 3-2, is directly proportional to its material 
density times the ratio of its atomic number (Z) to its atomic weight (A). Therefore, a

TABLE 3-1. Calculated mean free path of Compton backscattered X rays ( 4> =  135° 
to 180°) in some aircraft materials of interest as a function of peak X-ray machine 
energy. The practical maximum material thickness that can be inspected with Compton 
backscatter imaging is estimated to be 3 to 5 mean free paths.

Peak 
Radiographic 
Energy (keV)

Backscattered 
X-ray 

Energy (keV)

X-ray Range (cm)
Carbon Aluminum Titanium Steel

160
300

10,000

100 
130 -  150 
250 -  300

2.5
2.8
3.4

2.2
2.6
3.3

0.8
1.2
1.9

0.35
0.55
1.00

TABLE 3-2. Electron densities of materials and compounds tabulated in ascending 
order. The Compton X-ray scattering probability of a material is directly proportional to its 
electron density.

Material
Atom
No.

Density
(gm/cc)

e-/cc
(N*Z) Material

Atom
No.

Density
(gm/cc)

e-/cc
(N*Z)

Air 1.29"® 3.88 Silicon 14 2.35 7.06+23
Polyethylene 9.25-1 3.18+2^ Aluminum 13 2.70 7.84+23
Water 1.00 3.35'̂ ^® Concrete 2.35 1.18+24
Polystyrene 1.06 3.43 ■*■2® Titanium 22 4.50 1.25+24
Nylon 1.10 3.63'̂ ^® Tin 50 7.28 1.85+24
Neoprene 1.23 3.85+23 Iron 26 7.86 2.20+24
Lucite, 1.19 3.87+23 Cadmium 48 8.65 2.23+24
Plexiglas Copper 29 8.94 2.46+24
Kapton 1.42 4.35+23 Nickel 28 8.90 2.56+24
Cellulose 1.45 4.50+23 Lead 82 1.14+^ 2.72+24
Nitrate Silver 47 1.05+^ 2.76+24
Carbon 6 1.60 4.82+23 Palladium 46 1.22+^ 3.17+24
Beryllium 4 1.84 4.92+23 Tantalum 73 1.66+^ 4.03+24
Saran 1.68 5.08+23 Uranium 92 1.89+^ 4.40+24
Magnesium 12 1.74 5.18+23 Gold 79 1.93+^ 4.66+24
Silicone
Rubber

1.70 5.53+23 Tungsten 74 1.93+^ 4.68+24

Teflon 2.20 6.36+23 Platinum 78 2.14+^ 5.16+24
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measure of the scatter intensity from a given material volume element is proportional to 
its material density or composition. Any change in density or composition of the 
scattering material will result in a change in the intensity of scattered X rays. Thus it is 
possible to use Compton backscatter measurements to detect variations in these 
material properties where conventional radiography is not practical.

Features of Compton scatter that beeir on backscatter imaging are:

• The Compton scatter cross section is nearly constant over a broad range of energies. 
Thus inspection with high-energy X rays, where the incident beam has negligible 
attenuation, is just as sensitive to material density or thickness variations as a lower- 
energy beam. This is not true for conventional transmission radiography.

• The CBI inspection depth is limited by attenuation and range of the backscattered 
photon, which is reduced in energy relative to the incident energy. The energy of the 
scattered photons is independent of the scattering material. It is only a function of the 
incident photon energy and scattering angle.

• The intensity measurement of the backscattered radiation can be complicated by the 
fact that the X rays are attenuated going into and coming out of the sample by 
Rayleigh and Compton scatter and photoelectric absorption, and by the emission of 
fluorescence X rays from the sample volume.

• Compton scattering sends radiation in all directions. At radiographic energies of about 
300 kVp the scattering is fairly uniform. That is, backscattering (135° to 180°) is 
generally as strong as forward scattering. At higher energies the mean scatter direction 
moves toward the forward direction. Imaging of Compton scattered radiation 
emanating from other directions (i.e., side scatter imaging) is possible and sometimes 
desirable if the object’s geometry permits it.

• Most scattered radiation leaving a test object has undergone multiple Compton 
scattering and has little to do with the location of the initial interaction. Therefore 
multiple-scattered radiation contains no image information and is an image contrast- 
degrading noise in conventional radiography. Image information from Compton 
scattered radiation signals can only be used if care is taken that just singly scattered 
radiation events are measured. This can be accomplished with a highly shielded and 
collimated source-detector assembly. The size of the sample volume or object slice 
being analyzed is defined by the intersecting volume of source and detector collimators. 
The imaging depth is controlled by the collimator’s size and intersection angle and the 
position of the source-detector assembly relative to the surface of the test object.

3 .2 .4  Sensitivity

Radiographic sensitivity is a measure of percent thickness change one can detect in 
an object of a given thickness. It is a function of the subject contrast of the thickness 
change. With good conventional radiographic techniques it is possible to achieve a 2% 
sensitivity over a wide range of material thickness by optimizing the radiographic 
energy. A 0.5% to 1% sensitivity can be demonstrated over a more limited range of 
material thickness. This implies that indications with a thickness or density change less 
than these values are not imaged. Laminar defects, such as disbonds and surface 
corrosion, are difficult to image. Since the lamination usually represents thicker 
sections, it is often necessary to increase the X-ray energy. As the energy increases, the 
X-ray attenuation of the sample material decreases, causing small featvues to be imaged 
with decreased sensitivity.
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With CBI, the measured signal from a volume element being irradiated is directly 
proportional to its electron density. The change in scattered X-ray intensity is directly 
proportional to the change in material electron density as shown in Table 3-2. The 
contrast of a signal originating from a very small inspection volume can approach 100%. 
When material is present in the inspection volume to scatter the X-ray beam, a scattered 
signal will be present. When no material or air is present, there will be very little or no 
scattering and no signal above background will be detected, so that nearly 100% subject 
contrast is provided.

To enhance the detectability of laminar flaws or skin corrosion with CBI, one can 
make the scattering volume thinner and increase its areal size. This is not possible with 
conventional radiography. In general, CBI competes with transmission radiography 
when the test object is thin. In many ways, Compton scatter imaging behaves somewhat 
like a pulse-echo ultrasonic testing technique, where discontinuities, or voids, act as 
reflectors of the incident ultrasonic energy.

In general, CBI works best on lower atomic number materials, such as plastics and 
light metal alloys, where Compton scatter dominates. CBI is especially useful for 
imaging low-contrast features in low atomic number materials. High atomic number 
materials can also be imaged if the part is sufficiently thin.

3.2.5 Com parison with Com puted Tom ography

Computed Tomography (CT) is a well-used technique for specific applications like 
the inspection of rocket motors and jet engine turbine blades. In most CT systems, the 
scanning system rotates around the object or the object rotates inside the scanning 
system. The acquired X-ray transmission data, obtained at many different transmission 
angles, is numerically reconstructed, and the resulting computer-generated image 
(tomogram) represents a slice image out of the object. CT does not work well for bulky 
objects like airframes because of rotational limitations. CT also does not work well for 
flat objects like aircraft wings because of very different object thicknesses in the 
different transmission directions. In addition, image reconstruction artifacts often affect 
the tomographic results.

In contrast, CBI is not affected by the object geometry and images can be generated 
in near real-time without the need for complicated, time-consuming back-projection 
algorithms. Unlike CT, which provides reconstructed tomographic slice images from a 
sufficiently large number of X-ray transmission measurements at different orientations 
of the object, backscatter imaging uses a single imaging orientation of the object and is 
totally one-sided. This opens up many inspection possibilities which are difficult or 
impossible to perform with conventional radiography and CT. CBI images, like CT 
images, show only the area of interest and are free from interfering image 
superimpositions encountered in transmission radiography.

CBI has the capability to obtain single-slice thickness images representing an X-ray 
plane at a specified depth below the test object’s surface. Individual slices may be 
assembled into a 3D image in the same manner used with CT. Also, backscattered 
radiation images can be produced from limited inspection volumes in the immediate 
region of interest. Conventional CT techniques often require acquisition of data from 
other regions of the test part in order to compute the geometry of the region of interest.
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3.3 PRESENT APPLICATIONS

The application of CBI to industrial inspection problems has been almost 
nonexistent until very recently, although the CBI technology has been available for 
almost 40 years, when it was first used in the medical field.®'^“® Its reemergence was 
brought about by the U.S. Air Force’s need for improved NDI techniques for composite 
aircraft assemblies and by the marketing effort launched by the Philips Electronics 
Instrument Company, Industrial Automation Division of their ComScan Unit, aimed at 
the use of CDI to inspect automotive castings. The dormancy of this technology in the 
industrial arena was partly due to a general lack of awareness that the CBI technology 
existed and partly due to its being overshadowed by the rapid developments in 
computed tomography. However, during this industrial dormancy, the technology was 
being used in several other areas; e.g., in the chemical field, for process control, to 
nondestructively measure soil compaction densities for material level and fill 
measurements;®'^ by the militsury for the detection of buried land mines;®'® and for the 
detection of small voids and case separations in artillery shells.®'®

The first reported industrial application of the Compton backscatter measure­
ment technology was the one-sided quantitative measurement of glass-reinforced 
laminates reported in 1970.®' °̂ During the last decade or so, CBI technology has been 
used for several nonindustrial applications: detection of subsurface defects in metals 
and castings;®'^^’̂ ® inspection of composites for ply separations and density 
determination;®'’̂ ®"̂® detection of solid propellant rocket motor to case unbonds and, in 
the automotive industry, for inspection of near surface regions of light metal alloys used 
in such parts as cylinder heads and motor blocks;®'’® inspection of keel sonar domes;®'’  ̂
and inspection of pipe thermal insulation.®'’® References 3-11 and 3-19-25 describe the 
use of radiation backscatter measurement techniques for a variety of other techniques.

3.4 AIRCRAFT APPLICATIONS

3.4.1 Technology

Several aspects of CBI make its use desirable for inspecting aircraft. (1) It is a 
one-sided, near-surface plgmar inspection technique that is unaffected by aircraft paint 
or surface roughness. (2) In low-density materials such as composites it can detect small 
variations in density or thickness that are unlikely to be detected by transmission 
radiography. (3) It is quantitative in measuring material density, depth, and areal size. 
(4) It is unaffected by the delaminations, unbonds, density striations, and electrical 
conductivity that limit the eddy current and ultrasonic techniques.

Some applications for which CBI is especially useful are (1) the inspection of 
composites for variations in density as a result of local compositional variations, voids, 
or delaminations,®'’®’®'* (2) the detection of first- and second-layer corrosion in aircraft 
structures, (3) the quantitative determination of aluminum skin loss due to corrosion,
(4) the imaging of moisture intrusion into honeycomb structures, (5) the imaging of 
cracks in metal and composite structures, (6) the detection of crushed core, (7) the 
imaging of sealants, gaskets, and 0-rings even when these items are enclosed in thick 
sections of aluminum, and (8) the imaging of many aircraft fuselage and engine 
components, including castings, for anomalies.

Figure 3-5 illustrates the application of CBI to measurement of aluminxim skin loss 
due to corrosion. Three Compton backscatter images (0.8 mm thick) of a 3-mm-thick
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aluminum skin from a military transport airplane with corrosion on its backside are 
shown in the figure. Other applications that are of interest were the successful imaging 
of simulated 0-ring damage (i.e., cuts and nicks ) when imbedded in aluminum 3 to 4 
mm thick (Figure 3-6) and the imaging of sub-millimeter porosity and density changes 
in sintered ceramic tensile test specimen. The former example illustrates the power of 
this technique to image details in low-density materials even when covered by dense, 
thick metals. (It is possible that CBI inspection of space shuttle 0-rings prior to launch 
could have averted a catastrophe. The images were obtained by the author with the 
prototype ComScan unit, which was limited by design to a 4-mm maximum depth of 
focus and a 1-2 line pair per millimeter spatial resolution.)

Excellent Compton backscatter images of interest to the aircraft community can be 
found in Philips’ literature advertising the ComScan Unit. Two of their illustrated 
brochures describing the ComScan Unit and its applications are available to the public. 
The ComScan X-ray Imaging brochure^'^® describes the technical operation of the unit 
and illustrates some of its applications, such as the backscatter images of simulated 
crushed honeycomb core, drilled holes in a complex aluminum casting, delaminations in

(a)

(b)
ifc;

m

(C) >

• 4 '  ,  - 

 ‘

FIGURE 3-5. Three Compton backscatter image slices approximately 20 mm x 140 mm by 
0.8 mm thick of military aircraft fuselage skin exhibiting corrosion on its under side. Slice (a) 
is of the surface, slice (b) is in the skin center of the 3-mm-thick aluminum sample and slice (c) 
is of the backsurface showing metal thinning due to corrosion. Surface image slices (a) and (c) are 
darker (less X-ray backscatter) when compared to slice (b) because the backscatter volume 
consisted of air and aluminum. These three tomographic slices, as well as 27 others which are not 
shown, were obtained simultaneously with the 160 kVp prototype ComScan unit in 60 seconds.
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(a)

(b)

(c)

AiuminuRi Support

Damaged RuPber Sana

FIGURE 3-6. Compton backscatter image slices approximately 0.8 mm thick obtained 
with the prototype ComScan machine showing cut rubber bands simulating damaged 
0-rings covered with 3 mm of aluminum. Image slice (a) is inside the 3-mm-thick 
aluminum top layer; slice (b) contains the bottom side of the aluminum top layer, some 
underlying aluminum support structure, and partial image of the cut rubber bands; and 
slice (c) contains the simulated 0-rings and the aluminum support structure.

a fiber-reinforced plastic, corrosion in a riveted airframe skin panel, and defects in a 
polypropylene weld. The other brochure, Announcing A New Dimension In Aircraft 
Inspection, is aimed directly at the aircraft industry. Figure 3-7 shows the ComScan 
Unit being used for aircraft inspection. Some aircraft applications that are highlighted 
include the quantitative determination, both in depth and areal size, of first- and 
second-layer corrosion, honeycomb impact damage, density variations in carbon 
composite sandwiches, water entrapment in honeycomb structures, and the detection of 
delaminations and cracks in stabilizer stringers in an all-carbon-reinforced wing which 
had escaped detection by traditional X-ray inspection methods. This brochure also 
shows how the ComScan unit is configured for airframe inspection on the hangar floor.
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FIGURE 3-7. Aircraft fuselage Inspection for first layer corrosion with 
the ComScan Unit. [Source: Philips Electronic Instruments Company, 
Industrial Automation Division. By permission of Steve Zahorodny.]
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3.4.2 Current System s
To date, none of the commercially produced systems were specifically designed and 

optimized for aircraft inspection. The successful application of CBI technology to the 
inspection of aged aircraft on the hangar floor will require custom-manufactured 
systems optimized for a specific inspection problem. For example, a model optimized for 
the quantitative measurement of localized material loss of aircraft skin with a ±5% 
accuracy would be different in design from one that was optimized for the inspection 
and measurement of areal density variations in composites. Currently Philips has the 
only commercially available system that has been developed for use on aircraft, although 
it was not initially designed for that purpose. Two other one-of-a-kind imaging systems, 
the BIT and the ZT, have recently been developed for the U.S. Air Force.

The Philips ComScan system . The Philips ComScan system is a commercially 
available unit built around a unique compact X-ray scanning head which combines an 
industrial X-ray source (160 kV) and a scanning collimator with a solid-state detector 
array and collimation system to provide planar tomographic-like images. Advertised 
image spatial resolution (for the 10-mm depth range) is 0.4 mm (0.016 in.) by 0.4 mm 
(0.016 in.), with a depth resolution of 0.45 mm (0.018 in.). All scanning motions are built 
into the shielded scanning head to provide an approximate X-Y image area of 5 cm by 
10 cm (2x8 in.). To image larger areas the source-collimator assembly is indexed to an 
adjacent location on the object’s surface. The system is capable of simultaneously 
imaging 22 individual parallel thickness slices to a maximum depth of 50 mm (2 in.) to 
obtain a 3D density map of the volume being inspected. The imaging depth is designed 
into the source-collimator assembly and can be optimized by the manufacturer for 
specific applications.

The unit can provide 3D information in the form of closely spaced planar images of 
the interior of the object being examined. Formation of these images is in real time since 
the images do not require computed reconstruction. The system is capable of detecting 
voids or high density inclusions of 0.025 mm, which indicates a 5% sensitivity to density 
changes from one volume element to the next.

The image data is pixelized (250 by 500 pixels by 16 bits deep) and stored in a frame 
buffer memory. The digital images can be analyzed with standard image processing and 
analysis software and viewed on a graphic display monitor.

The ComScan prototype unit, now located at the University of Houston, can 
simultaneously image as many as 30 overlapping tomographic object slices up to a depth 
of 4 mm in an object with a 5 cm by 20 cm area (2x8 in.) in a single scan of 
approximately 1 minute. Each tomographic slice image consists of 256 by 512 pixel 
elements, each 8 bits. Volume elements imaged with this prototype unit were nominally 
0.5 mm wide by 1.0 mm long by 1.0 mm deep. The accuracy of the depth position is much 
better than the thickness of a volume element because of the overlapping slice 
information. Using X-ray resolution test patterns, the system spatial resolution was 
measured to be 1 line pair per millimeter. The images shown in Figures 3-5 and 3-6 were 
obtained with this system.

BIT and ZT system s. Two other one-of-a-kind backscatter imaging systems 
developed recently for the U.S. Air Force to inspect aerospace composites are the BIT 
and the ZT machines.^'^®’̂® The BIT machine, built by the Advanced Research and 
Application Corp., Inc., is used for inspecting structural foams as well as composite 
materials. The ZT system was manufactured by American Science and Engineering, 
Inc., who also market a Model lOlZZ backscatter X-ray baggage inspection system to 
detect explosives.
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3.4.3 Possible Future Systems

Aged aircraft inspection systems based on the Compton backscatter technology can 
be built by many of the X-ray inspection system manufacturers, computed tomography 
system suppliers, and experienced radiation-based NDI equipment manufacturers. 
Commercial suppliers who have demonstrated a CBI capability include Industrial 
Quality, Inc., Gaithersburg, MD; American Science and Engineering (AS&E), 
Cambridge, MA; Advanced Research and Application Corp (ARACOR), Sunnyvale, CA; 
and Bio-Imaging Research (BIR), Inc., Lincolnshire, IL.

3.5 TECHNICAL CONSIDERATIONS

3.5.1 A dvantages

Compton backscatter imaging is a nondestructive inspection technique that offers 
many advantages for aircraft inspection. Most important, it allows radiographic 
inspection to be performed with access to only one side in much the same way that an 
eddy current or pulse-echo ultrasonic inspection might be conducted. Unlike these two 
commonly employed aircraft inspection techniques, CBI is a non-contact inspection 
technique that is unaffected by paint, airgaps, surface roughness variations, electrical 
conductivity, unbonds, and delaminations. Because of the penetrating power of X rays, 
CBI can inspect first-layer, second-layer, and multi-layer aircraft structures to a depth 
of several inches. In addition to these positive attributes of Compton backscatter 
imaging, CBI offers many other advantages:

• Backscatter X-ray images can be quantitative in material density, thickness, and areal 
size.

• Compton backscatter images are digital and can be manipulated with a wide variety of 
commercial software for analysis, enhancement, and display.

• Compton backscatter images, like computed tomograms, are free of superimposed test 
object surface information and are easy to interpret.

• CBI depends on detecting the scattered radiation which is an image quality degrading 
noise in conventional transmission radiography.

• Depending on source and detector collimator geometries, CBI is capable of obtaining 
laminographic images parallel to the aircraft surface at a known depth. One 
commercial CBI machine can simultaneously image 22 parallel slices in a single 
one-minute scan to obtain a 3D volumetric image of the inspection region.

• Compared to conventional radiography, in which the whole inspection region is 
flooded with X rays, CBI uses a tightly collimated pencil-like X-ray beam which 
minimizes the stray radiation, thus significantly reducing radiation shielding 
requirements (time, distance, or high-density shielding materials).

• Most important, CBI techniques produce superior X-ray imaging results for many 
applications compared to those achievable with transmitted beam techniques. This is 
especially true for low X-ray absorption materials like carbon, aerospace composites, 
explosives, and aluminum, even when they are encased with steel.

• CBI can detect laminar defects and very small amounts of material loss parallel to the 
inspection surface, for which the transmitted X-ray beam is not useful. It can provide 
very high contrast images of low-contrast features in low atomic number materials that 
are impossible to image with conventional radiographic techniques.
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• CBI with the X-ray source and detector mounted into a single shielded assembly is em 
ideal sensor for the automated robotic scanning of the aircraft fuselage.

• CBI systems are easy to use and can be operated by technicians. Imaging is in near real 
time and does not require complex computationally intensive reconstruction as is 
required for computed tomography.

3 .5.2 D isadvantages

Like all inspection techniques, CBI has its shortcomings. Some are system specific
and others are inherent in the technique. The system specific disadvantages could be
overcome or mitigated by tailoring the inspection technology to industry needs.

System specific disadvantages in current designs and configurations are:

• High cost. Currently, only one system is being commercially marketed. System costs 
are projected to decline as customer demand increases and other suppliers enter the 
market.

• Potential radiation hazard. Although a potential for radiation hazards exists, the 
danger is less than with transmission radiography, where the whole area is flooded 
with X rays. CBI employs a small-diameter, collimated X-ray beam and detector 
geometry, which is easily shielded.

• Small inspection area and slow acquisition rates. These disadvantages could be 
overcome by building a system that measures large-area metal loss. This can be 
achieved by increasing the sample volume area while keeping the depth resolution the 
same, or simply by statistically sampling the inspection area. The high-resolution 
images of corrosion, which require a tremendous amount of time-consuming data 
acquisition, are not essential for corrosion detection.

Technique limitations are:

• Reduced image contrast in high atomic number materials (e.g., tungsten).
• Limited depth of penetration. (See discussion below.)

Depth of Penetration: CBI systems have an inspection depth limit. The CBI 
inspection depth is limited by the energy and hence the range of backscattered 
X rays in the material being inspected. As shown in Figure 3-2, energy of the 
backscattered X rays is a function of the incident X-ray energy and the cosine of its 
scattering angle. The calculated Compton backscattered X-ray energies for various 
scattering angles is shown in Figure 3-4. These graphs illustrate that (1) the 
maximum energy of backscattered X rays for 160- to 400-kV industrial inspection 
systems falls into a narrow energy range (i.e., 100 to 160 kV) and (2) the peak 
energies of backscattered photons are in the 250- to 290-kV range even when the 
inspection is being done with 10 MeV or more energetic X rays. Thus the imaging 
depth of CBI is bounded by the maximum rgmge of 250- to 290-keV backscattered X 
rays in the material being inspected. The average range of Compton backscattered 
photons in some aircraft materials of interest are shown in Table 3-2. The practical 
upper inspection depth limit is approximately 3 to 5 times the average X-ray range 
in these materials. For example, the penetration depth in aluminum is approximately 
7.5 to 13 cm (about 3 to 5 in.) when the inspection is being done with 300-kV X rays. 
Because of signal-to-noise statistical limitations of the backscatter measurement, 
better flaw detection sensitivity is achieved when thinner sections are inspected.
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Even though CBI offers technical solutions to some critical aging aircraft inspection 
problems, its disadvantages, especially in its present stage of development, appear to 
slow its acceptance by the industry.

3.6 STATUS

3.6.1 P resen t

Although many of the technical capabilities of CBI for solving aging aircraft flaw 
detection problems have been successfully demonstrated, industry acceptance of this 
technique has been almost nonexistent. The primary reason appears to be the absence 
of a practical, cost-effective industrial Compton backscatter imager that has been 
specifically designed for the commercial airline industry. Other deterrents to ready 
acceptance may be that aircraft maintenance facilities are reluctant to use radiation-based 
technology unless absolutely necessary and that the cost of custom-made, technologically 
complex inspection systems is very high. Even so, the possibility of cost-effective CBI 
systems exists.

Currently, the only CBI system commercially available is the ComScan System 
developed by Philips Industrial X-ray Supply Center in Hamburg, Germany, and 
marketed in the United States by the Philips Electronic Instruments Company, 
Norcross, Georgia. (See Section 3.4.2.) The cost of the ComScan CBI System competes 
with low-end CT systems and is approximately $500,000.®'̂ ®’̂ ®

Two other one-of-a-kind backscatter imaging systems developed recently for the 
U.S. Air Force to inspect aerospace composites are the BIT and ZT machines. The BIT 
machine, built by the Advanced Research and Application Corp., Inc., is used for 
inspecting structural foams as well as composite materials. The ZT system was 
manufactured by American Science and Engineering, Inc.

3.6.2 Future

CBI equipment evaluations conducted by both the manufacturer and potential 
customers have shown the utility of CBI technology. It appears that CBI technology 
offers advantages, especially for the inspection of layered composites and detection of 
second-layer corrosion, when compared to currently employed NDI techniques such as 
pulse echo ultrasonics. These advantages imply that CBI offers a potential solution to 
numerous aging aircraft inspection problems that other currently employed NDI 
techniques fail to solve. Although CBI appears to offer a technical solution for some 
rather difficult inspection problems, its future acceptance by the airline industries will 
be tempered by its present state of development and its relatively high cost.

The successful implementation of CBI technology for the inspection of aged aircraft 
appears to rest with the customer, the airline industry, and the system manufacturers. 
The customer has to show a stronger interest in the development of this technology, 
while the manufacturer has to respond with cost-effective systems designed to address 
aged aircraft inspection areas of interest.
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3.7 DEVELOPMENT CENTERS

Work on Compton backscatter imaging is being carried out by several commercial 
developers and at universities:

FAA Center for Aviation Systems Reliability 
Iowa State University 
Ames, lA 50011

Contact: Donald Thompson, (515) 294-8152

Comment: Is exploring the applicability of coherent X-ray scattering and Compton 
backscatter measurements to detect and quantitatively measure metal 
loss due to first-layer and second-layer corrosion in aluminum aircraft 
structures. Prelim inary results suggest th a t x-ray backscatter 
measurements can detect 5% metal thinning in aluminum fuselage 
skin. They concluded that X-ray backscatter measurements appear to 
be a practical technique for the inspection of aircraft for surface and 
subsurface corrosion damage.

The University of Houston 
4800 Calhoun Blvd 
Houston, TX 77204-4792

Contact: W. L. Anderson, (713) 743-4456

Comment: The X-ray Scattering Laboratory has the prototype ComScan unit on 
loan from Philips. Their research is focused on the ability to detect 
corrosion in petro-chemical tanks and oil pipelines under insulation 
blankets.

Industrial Quality, Inc.
P.O. Box 2397 
Gaithersburg, MD 20879

Contact: Harry Berger, (301) 948-8332

Comment: Has developed a novel X-ray backscatter camera based on CBI 
principles that was used to perform one-sided inspections of composite 
structures up to 7 cm thick. With this camera they were able to see 
small-density changes, voids, and inclusions in addition to delamination 
gaps 0.05 mm wide in thick composites.

Bio-Imaging Research, Inc.
425 Barclay Blvd 
Lincolnshire, IL 60069

Contact: Richard Bernardi, (708) 634-6425

Comment: Has an ongoing effort to develop a cost-effective Compton backscatter 
imaging system. Protot3q)e machines have been constructed and used to 
investigate various industrial applications.
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Advanced Research and Applications Corp.
425 Lakeside Dr.
Sunnyvale, CA 94086

K̂KJIl’LUCv. Uilll n . Ol'aJLlXĈ  ̂ V‘±VO/ iOO“l I Ov

Comment: Has developed a Backscatter Imaging Tomography system (BITTM) 
for the U.S. Air Force to inspect solid-propellant rocket motors and 
a irc ra ft com posite s tru c tu res . T he BIT system s use image 
reconstructing algorithms developed for their CT systems to enhance 
image interpretation by removing the image contribution from 
overlying structures.

American Science and Engineering
Fort Washington
40-T Erie St.
Cambridge, MA 02139

Contact: P. Bjorkholm, (617) 868-1600
Comment: Has been active in building various CBI systems employing both side 

scatter and backscatter geometries. One system, the ZT system 
employing a side scatter geometry, was designed for the inspection of 
cylindrical rocket motors. This system was also successfully used to 
detect broken steel plies in Navy keel sonar domes. Another system, a 
Model lOlZZ backscatter X-ray baggage inspection system, is 
optimized for the detection of explosives. They, together with the 
Boeing Co., have been investigating various proprietary aerospace 
applications of this technology.

U.S. Army
Belvoir Research Development and Engineering Center
Bldg 312
Ft. Belvoir, VA 22060-5606

Contact: B. C. Towe, A. M. Jacobs (University of Florida), (703) 704-2234
Comment: In conjunction with the Department of Nuclear Engineering Sciences at 

the University of Florida, Gainsville, FL, have been performing R&D on 
applying CBI technology for the detection of buried landmines. Current 
efforts involve the development of a mine detection vehicle that can be 
used in the field.

The Philips Electronic Instruments Company
Industrial Automation Division
2975 Courtyard Drive
Norcross, GA 30071

Contact: Steve Zahorodny, (404) 368-4443

Comment: Has a commercial ComScan system in their applications laboratory 
available for customer use. The applicability of this unit for the 
inspection of aircraft structures was recently evaluated by Philips and 
the Boeing Aircraft Company.
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3.8 COMMERCIAL AVAILABILITY

Currently, only one company offers a CBI system commercially.

The Philips Electronic Instruments Company
Industrial Automation Division
2975 Courtyard Drive
Norcross, GA 30071

Contact: Steve Zahorodny, (404) 368-4443

Comment: Philips is marketing the ComScan System developed by Philips 
Industrial X-ray Supply Center in Hamburg, Germany. The cost of the 
ComScan CBI system competes with the low-end CT system and is 
approximately $500,000. (See Section 3.4.2 for a description of their 
unit.)
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4. Reverse Geometry X-Radiography

4.1 SUMMARY

An innovative digital radiography system is now available to the aviation and 
aerospace industries. Because this system detects little scattered radiation, which 
degrades an image, it produces digital radiographs of very small changes in density or 
material thickness (i.e., corrosion) that are difficult or impossible to detect with 
conventional radiographic techniques. This system uses reverse geometry X-radiography, 
and is currently available commercially from the Digiray Corporation as the Reverse 
Geometry X-ray® (RGX)® system.

Unlike conventional industrial radiography, which utilizes a fixed-point X-ray 
source and a large-area detector (film or X-ray image intensifier), reverse geometry 
radiography uses an electronic point detector and a raster-scanned large-area X-ray 
source. In conventional radiography, the radiographic object must be placed close to the 
large-area detector. With RGX, the opposite is true. The object is placed in the 
proximity of the X-ray source. With this “reverse radiography” technique, scatter-free 
(high signal/noise) digital radiographic images are obtained in seconds.

System evaluations have shown that RGX images of aircraft materials and 
components exhibit contrast sensitivity (i.e., 1.25% and 0.2% thickness change in 0.04 
and 0.5 in. of aluminum, respectively) that is superior to the sensitivity obtainable with 
standard radiography, and spatial resolution that is comparable to that obtainable with 
standard radiography. System performance characteristics such as these indicate that 
RGX is an excellent tool for detecting corrosion in aircraft aluminum and small density 
changes in composite materials. Digital image interpretation is assisted by RGX system 
software.

For the RGX system to be useful to the aircraft industry, its components must be 
modularized. If it is possible to place a shielded reverse geometry X-ray source outside 
the airplane against the fuselage and the X-ray detector(s) inside the cabin, cargo bay, 
or wing, many inspection possibilities are feasible.

4.2 TECHNICAL BACKGROUND

4.2.1 The C oncept of R everse G eom etry X-radlography
Reverse geometry X-radiography is a new concept in radiography that was recently 

introduced to the radiography community by Digiray Corporation with the RGX® 
system. The RGX system provides high-quality 2D or stereoscopic (3D) digital 
radiographs with high resolution and high contrast sensitivity in near real-time. RGX 
provides images that are essentially free of scattered radiation (noise), which degrades 
image contrast. The system exhibits an exceptionally high ability to image very small 
differences in material thickness or density (subject contrast) over a wide range of 
material thicknesses when compared to conventional industrial radiography (film) and 
radioscopy (electronic imaging). Figure 4-1 shows these aspects of the RGX image. The 
ability of RGX to reject scattered radiation, which is a common occurrence in most 
X-ray interactions in light aerospace and aircraft materials such as composites and 
aluminum, makes reverse geometry digital radiography an important quality control 
tool for the air transportation industry. Figure 4-2 illustrates the dominant role that 
X-ray scattering interactions play in the radiography of aerospace materials.'*'’̂’
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Reverse geometry X-radiography, like conventional radiography, employs three 
components: an X-ray source, a radiographic object, and an X-ray detector. These 
components are shown in Figure 4-3. Instead of employing a point-source and a 
large-area radiation detector such as film, reverse geometry radiography is performed 
with a large-area raster scanning X-ray source and a small point radiation detector. The 
geometry is exactly reversed.

The reverse geometry X-ray source is a cathode ray tube in which a focused beam of 
energetic electrons is accelerated toward the face of the tube or anode. X rays are 
produced in the target, which is a thin sheet of high-atomic-number metal such as 
tantalum. Some of the X rays leave the transmission target, while others are absorbed 
in the target and in the X-ray tube housing.

The energetic electron beam scans the inside surface of the target in a manner 
similar to that employed in a television picture tube to produce a rapidly moving 
microfocus X-ray source. The electron beam is electromagnetically deflected to create a 
512-, 1024-, or 2048-line pattern. Data from the collimated X-ray detector is 
synchronized with the raster data from the source and processed in a computer to 
produce an image on a monitor.

OBJECT
POINT X-RAY 

SOURCE

FILM OR IMAGE 
IHTEN8IRER

CONVENTIONAL X-RAY

SCANNING 
X-RAY TUBE

OBJECT LEAD SHIELDING

X-RAY
DETECTOR

TO CPU

REVERSE GEOMETRY X-RAY

FIGURE 4-3. Schematic concept of conventional radiography and reverse 
geometry X-radiography illustrating fundamental differences between the two 
techniques.
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The radiographic object is placed next to the source while the X-ray beam scans 
through the object in a raster pattern. Some of the X rays are absorbed in the object, 
some are scattered out of the beam by the object, and the others do not interact at all 
with the object but pass right through it. A fraction of these un-interacted transmitted 
X rays (signal) and a much smaller fraction of the scattered X rays (noise) reaches the 
radiation detector and generates a signal proportional to the number of X rays detected. 
This signal is recorded in an array computer memory as a function of X-ray source 
position or time. An image can be formed with a frame time as little as one-fourth of a 
second.

An identical radiation interaction process takes place during conventional 
radiography. However, in conventional radiography; (1) The total object is irradiated at 
any instant during the exposure compared to just a very small volume fraction with 
RGX, and (2) With the object being close to the large-area detector, a much larger 
fraction of the scattered radiation interacts with the detector, resulting in an image with 
reduced contrast. The reduction in radiographic image contrast results in a proportional 
loss in flaw detection sensitivity.

Another fundamental difference between the two radiographic processes lies in the 
performance characteristics of the imaging detectors. Compared to industrial X-ray film 
or X-ray image intensifiers, the small-point radiation detector, which is a scintillating 
crystal coupled to a photomultiplier tube, has a dynamic range at least ten times that of 
film. This permits the RGX detector to record and display smaller differences in 
material density or thickness over a wider range of materials and thicknesses than is 
possible with conventional radiographic imagers in a single exposure. Finally, since the 
RGX images are digital, a wide variety of standard image-processing tools such as 
averaging, filtering, image subtraction, and edge enhancement are easily and rapidly 
applied to assist in image interpretation.^'^’

The concept of reverse geometry radiography, although simple, is difficult for many 
radiographers to understand immediately because it initially appears to violate many of 
the principles of fundamental radiography. For example, in conventional radiography 
the radiographic object must be placed close to the X-ray detector to reduce image blur. 
With RGX the opposite is true: the image sharpness is maximized when the object is 
very close to the scanning X-ray source.

The following paragraphs describe Digiray’s RGX system and its features.

4 .2 .2  RGX System  D escription

The basic RGX cabinet radiography system shown in Figure 4-4 consists of a 
shielded X-ray cabinet and an electronic equipment rack. The cabinet houses the 
high-voltage power supply and the reverse geometry 100-kV, 1.5-mA X-ray tube. The 
exposure area is in the center behind access doors that, for operational safety, are 
electronically interlocked with the source. The 1-in.-diameter, scintillation-crystal 
photomultiplier radiation detector is housed in the upper chamber. The source-to- 
detector distance is variable from 3 inches to 9 feet. The equipment rack holds an 
AT-386 CPU, an optional image storage disk, a pseudocolor video image processor, and 
a high-resolution display monitor.
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a

FIGURE 4-4. Photograph of a 100-kV Digiray shielded cabinet reverse geometry 
radiography system.
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RGX exposures for 8-bit data vary from 0.25 second to several minutes. 12-bit 
images can also be obtained with a longer image acquisition time. The data from the 
detector is digitized and sorted into a pixel array of 512 X 512, 1024 X 1024 or 2048 X 
2048 lines. Images, up to 10 inches in diameter, are immediately available on a video 
monitor. The radiographer can choose among three levels of line resolution and frame 
time: 512 X 512 line imaging takes 0.25 second per frame, 1024 X 1024 line imaging 
takes 1 second per frame and 2048 X 2048 line imaging takes 4 seconds per frame. 
Multiple frames can be summed or averaged in the computer for contrast and resolution 
enhancement.

Other on-line image processing features available to the user include zoom and pan 
capabilities to enlarge features, pseudocolor to highlight areas of interest, tint rolling in 
black and white or color to bring out subtle image density differences, pseudo-3D 
density graphs that project object density as depth, pixel intensity graphs for feature 
analysis such as crack depth, image dimensional measurement, and annotation.

4.2.3 S tereoscop ic  Radiography

A stereo radiography option is available for the RGX system. In this mode, dual 
X-ray detectors are positioned next to each other at a distance approximately equal to 
that between two human eyes to produce 3D images within seconds. The operator wears 
special Polaroid glasses designed to view two rapidly alternating offset images on a 
special shuttered monitor. This feature may be useful for the radiographic determination 
of flaw depth or crack orientation.

The system also has dual-angle imaging capabilities. The two detectors normally 
used to integrate depth perception in three-dimensional imaging can be set to 
instantaneously produce two images taken at small angular differences. This can resolve 
image interpretation ambiguities caused by the overlap of objects in different planes.

4.3 PRESENT APPLICATIONS

At present most applications are in the areas of aerospace, aircraft, electronics, and 
pyrotechnics.

4 .4  AIRCRAFT APPLICATIONS

Because the Digiray system is fairly new, not all of its potential applications have 
been fully investigated. In general, it is applicable to the inspection of most aerospace 
components that can be radiographed with a 100-kV X-ray machine. In addition, the 
RGX system has some potentially unique applications that cannot be performed by film 
and conventional non-film radiography.

Traditional applications, as evidenced by customer hardware being tested in 
Digiray’s Applications Laboratory, include the successful inspection of a wide variety of 
airframe, engine, and aerospace hardware. Representative samples include metal matrix 
and graphite epoxy composites; aluminum and composite honeycomb; castings; turbine 
blades; fasteners; rubber parts; plastic components; aircraft structural parts, both new 
and aged; and a wide variety of electronic hardware, including multilayer circuit boards 
and chip packages.

Representative sample RGX images of some parts of interest to the aircraft 
transportation industry are shown in Figures 4-5, 4-6, and 4-7.

4-6



Chapter 4. Reverse Geometry X-radiography

Stereo radiography with the RGX system is performed by placing two small 
radiation detectors, separated by a small distance, in the cabinet and rapidly alternating 
their respective images on a special display monitor. This has generated some interest in 
the circuit board and microelectronic fabrication industry. Three-dimensional viewing 
enables the operator to perceive individual planes in multilayer printed circuit boards 
and also to obtain a better image of critical solder joints. Other stereoscopic applications 
for RGX imaging include the location of fiber breakage in metal matrix composites and 
the location of subsurface corrosion and material loss.

.'•■■'illM tf i'V i

FIGURE 4-5. RGX radiograph of a 1/2-lnch-th lck  low-radar-vislblllty 
composite showing the composite weave throughout, adhesive density 
variations, and a repair patch.

4-7



Chapter 4. Reverse Geometry X-radiography

FIGURE 4-6. RGX radiograph of a 3/4-lnch-thick composite honeycomb imaging resin-rich 
ceiis and some water entrapm ent (the long irregularity running along the x-axis). These defects 
are much more apparent with RGX imaging.

•  •  •  •  •
FIGURE 4-7. RGX radiograph of the aluminum wing skin of an F-111 showing extensive 
corrosion and exhibiting both metal loss (dark irregular images) and the buildup of corrosion 
by-products (irregular-shaped, brighter regions).
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4.5 TECHNICAL CONSIDERATIONS

4.5.1 Discussion

For the RGX technology to be useful to the aircraft industry, its components must 
be modularized outside the shielded cabinet. In this configuration, the shielded X-ray 
tube would be mounted on a mobile positioner (tripod) or gantry and the radiation 
detector would be miniaturized and connected to the CPU through a long cable. The 
detector, possibly as small as a fiber optic cable, could be snaked into tight places on the 
aircraft or engine to perform single-wall reverse geometry radiography with a higher flaw 
detection sensitivity than is achievable with normal radiographing through materials 
twice as thick. One can also position a detector inside the airplane and place the RGX 
tube outside the fuselage to inspect the aircraft skin, stringers, and frames for corrosion 
that may escape detection with conventional NDI techniques. The image of the skin amd 
its underlying support structure will remain in focus, whereas intervening structures 
near the detector will not he imaged.

X-ray spectrum. The transmission target X-ray spectrum from RGX tubes is 
similar to that of a heavily filtered X-ray spectrum obtained from a conventional X-ray 
reflection source. The thickness of the thin transmission target is optimized for a 
maximum operating energy of the tube. Operating the tube at lower than the optimized 
voltage results in a rapid reduction in X-ray intensity because (1) X-ray production is 
proportional to the accelerating voltage, and (2) more of the X rays will get absorbed 
inside the target to harden the X-ray spectrum (average X-ray energy is closer to the 
peak X-ray energy). This X-ray beam hardening effect coupled with differences between 
film and radiation detector quantum detection efficiencies can explain image contrast 
differences obtainable with the two techniques. For example, RGX image contrast can 
decrease as the kilovolt level is lowered.

The X-ray scintillation detector used in the RGX system is energy sensitive and 
could be used as a spectrometer. By running the detector signal through a pulse height 
or energy discriminator, it is possible to rapidly obtain radiographic images of select 
energies. This capability, although not demonstrated yet, would be extremely useful in 
enhancing small differences in image density for improved corrosion detection. 
Similarly, with the availability of multiple digital image memories, one could employ 
multi-energy radiographic image subtraction techniques in near real-time to enhance 
flaw detection or to simplify image interpretation.

Geometry effects. As in conventional radiography, the reverse geometry 
radiographic process displays similar image distortions and geometrical unsharpness 
effects (image blur). The image distortion is more pronounced near the outer edge of the 
image area and, like in conventional radiography, is proportional to the source-to-detector 
distance. Also, in RGX the depth of focus decreases (geometrical image becomes less 
sharp) as the object is moved away from the source. This decrease in image sharpness 
can be minimized by tighter collimation of the radiation detector.

4.5.2 A dvantages

Some of the technical advantages of reverse geometry digital X-radiography for 
airplane inspection have already been mentioned. These include the ability to image 
small changes in density or thickness in aluminum and composite structures that may 
be missed with conventional radiography or other NDI Techniques. Although this has
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been demonstrated in the laboratory with test panels and plates of uniform thickness, 
the applicability of RGX inspection of complete airframes on the maintenance hangar 
floor remains to be evaluated. Before this can happen, the RGX system components 
must be modularized with additional X-ray-shielding materials to minimize personnel 
radiation exposures. The other proposal, radiographing the airplane fuselage with the 
RGX tube positioned against the skin and with the detector inside the cabin, also 
requires some equipment modifications before it can be demonstrated.

Other advantages of RGX when compared to conventional film radiography include:

• The digital image obtained with the RGX system lends itself to rapid computer 
storage and retrieval of images and to on-line quantitative image analysis with 
image processing software to measure, for example, metal thinning.

• The RGX system can image a wide range of aircraft material thicknesses (latitude) 
with a high contrast sensitivity in a single exposure. The system has a wide 
dynamic range, acquiring up to 4096 levels of gray. The RGX system therefore 
allows the user to manipulate a track ball to “tint roll” through selected density 
levels in either black and white or false color. This technique can dramatically 
highlight such defects as corrosion or water entrapment.

• RGX can provide a spatial resolution that is comparable to that achievable with 
microfocus X-ray real-time imaging systems using projection magnification 
radiographic techniques.

• By reducing the diameter of the point radiation detector from 1 in. to 1/8 in ., many 
additional applications, including on-wing engine inspections, may be feasible. For 
example, replacing bulky film with a very small radiation detector would make it 
possible to snake the RGX detector into many locations that are inaccessible to 
film in airframes, wings, and engines to perform radiographic evaluations.

4.5.3 D isadvantages

Like all inspection systems, reverse geometry radiography has limitations. Some of 
these, such as the limited image area (10 in. diameter maximum) and maximum 
radiographic energy (100 kV) are inherent in the current design but may be overcome by 
the manufacturer. Others, such as the decrease of spatial resolution with increasing 
object-to-source distance, or the geometric image distortion near the edge of the image 
area, can be mitigated by changes in the radiographic setup.

In RGX-radiography the image area is limited to the size of the X-ray tube. This 
may or may not be a problem to a customer since RGX imaging is fairly rapid and large 
areas can be radiographed with multiple exposures. The energy limitation of the tube, 
however, can be a problem, especially if one wants to radiograph thick-section 
components. Since most of the radiographic aircraft applications fall into the other 
extreme, this may not be a severe limitation; however, the present unavailability of RGX 
tubes with different peak radiographic energies may preclude its application for certain 
inspections.

Radiography systems that are radiation-detector based, like the RGX system, 
exhibit the best flaw detection sensitivity when the product of the material linear 
attenuation coefficient times its thickness falls into the 1 to 3 range. Since the RGX tube 
with its transmission target is designed to operate efficiently over a narrow energy band, 
optimum radiographic results will be obtained only for a limited density-times-thickness
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range for a given material. It is predicted that an RGX tube designed to operate at lower 
energies will exhibit even better performance characteristics than the 100-kV tube 
shown in Figure 4-1 when radiographing thin composites or aluminum structures less 
than 0.12 in. thick.

Another area where the RGX system’s applicability may be limited is in the 
radiography of explosive devices. Safe-handling procedures for most explosive 
components do not permit high-voltage equipment in the vicinity required for 
RGX-radiography. Although this may be a problem in the inspection of military and 
space hardware, it presents no problem for the inspection of commercial airplanes 
because they contain no explosive components.

4.6 STATUS

4.8.1 P resen t
The RGX system exhibits some desirable radiographic imaging characteristics that 

make it a useful tool for the inspection of modern plastic and composite materials. 
Because it can reject image-degrading scattered radiation, the RGX system is capable of 
producing digital radiographs of very small density or material thickness changes that 
are difficult or impossible to detect with conventional radiographic techniques. This 
makes the RGX inspection system particularly suitable for the inspection of thin and 
low density materials that are widely used in the transportation industry. Other 
desirable imaging characteristics, such as the capability for stereoscopic (3D) viewing for 
flaw depth or orientation determination and the capability of performing image energy 
slicing for enhanced corrosion detection, contribute to the value of the RGX system as 
a valuable new tool for ensuring the quality of aged aircraft and extending its future life.

The reverse geometry radiographic system is just emerging as a viable NDI tool for 
the aircraft industry. In its present state of development it appears to compete with 
real-time microfocus radioscopy systems for some applications, including stereo 
radioscopy. Although it appears to have advantages over conventional radiography for 
thin-section radiography and the inspection of materials with a high X-ray scattering 
probability such as composites, plastics, and adhesives, industry acceptance has been 
slow.

4.6.2 Future
NASA Langley Research Center is funding Digiray’s development of augmented 

penetrating energies in the range of 160 to 200 kV. Lawrence Livermore National 
Laboratory is assisting Digiray’s development of a portable system for aircraft 
maintenance.

4.7 DEVELOPMENT CENTERS

Digiray Corporation 
2239 Omega Road, Suite 3 
San Ramon, CA 94583

Contact: Dr. Richard Albert, (510) 838-1510

Comment: Digiray has recently developed a high-resolution, 3-in.-diameter X-ray 
tube, which was evaluated by an aerospace firm for on-line inspection of a
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component weld with limited accessibility. Under a NASA small business 
innovative research contract, Digiray is developing a more energetic X-ray 
system for greater material penetration and wider inspection applicability. 
Through a U.S. Air Force contract, Digiray is developing reverse geometry 
computed tomography.

Lawrence Livermore National Laboratory 
P.O. Box 808, L-33 
Livermore, CA 94550

Contact: Dr. Ken Dolan, (510) 422-7971

Comment: LLNL is working with Digiray Corporation to modularize the RGX 
components to make the system suitable for field inspections.

McClellan Air Force Base 
Sacramento, CA 95652-5000

Contact: Ken Bakes, (916) 643-2251

Comment: McClellan continually investigates aircraft and aerospace applications 
of reverse geometry radiography in Digiray’s Applications Laboratory. 
McClellan uses the system to nondestructively inspect military aircraft 
components, including advanced composites. Specific applications have 
included the inspection of aluminum and composite aircraft structures, 
including honeycomb helicopter blades, for moisture entrapment and 
corrosion, impact damage, resin build-up and other undesirable 
indications. At McClellan AFB, the RGX source is mounted in a 
multi-axis frame in line with the radiation detector. Large objects, such 
as F-111 control surfaces, are mounted on a remote control positioner 
between the source and detector for 100% areal inspections.

National Aeronautics and Space Administration 
Langley Research Center 
Hampton, VA 23665

Contact: W. P. Winfree, (804) 864-4963

Comment: NASA is investigating aeronautics and space components applications 
of the RGX system. Their primary interests are enhanced qu£uititative 
flaw detection capability for composites and low-density materials and 
the quantification of aircraft corrosion. They are considering use of the 
RGX raster scanning tube to study the failure mechanisms of advanced 
composites under stress.'*'®
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Chapter 4. Reverse Geometry X-radiography

4.8 COMMERCIAL AVAILABILITY

The reverse geometry X-ray systems are available from the Digiray Corporation.

Digiray Corporation 
2239 Omega Road, Suite 3 
San Ramon, CA 94583

Contact: Dr. Richard Albert, (510) 838-1510

Comment: The RGX system consists of a reverse geometry 100-kV X-ray tube and 
a collimated radiation detector housed in a shielded X-ray cabinet, an 
image processing computer, display monitors, high-voltage power 
supplies, and the image acquisition, enhancement, and display software. 
Operational RGX systems in Digiray’s on-site applications laboratory 
are available for customer application evaluations.

The cost of a basic Digiray Reverse Geometry X-ray system is 
approximately $200,000, including training. Monitor, digital data 
storage, and printer options are available. A 3D (stereo) RGX system 
option is available for about 10% more.
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5. Advanced Electromagnetics

The two techniques discussed in this chapter are magneto optic eddy current 
imaging (MOI) and advanced eddy current techniques. The very distinct nature of these 
techniques makes it appropriate to cover each of them in a separate section: Section 5A 
for the MOI and Section 5B for the advanced eddy current techniques.

5.1 SUMMARY

SECTION 5A—M agneto-op tic  eddy c u rre n t im aging. To ensure the 
continued airworthiness of today’s commercial aging aircraft fleet during its extended 
operational life, the airline industry needs good NDI techniques and sensors. One such 
emerging NDI technique is the magneto-optic eddy current imager (MOI), which does 
real time imaging of airframe fatigue cracks and corrosion. Unlike conventional aircraft 
eddy current NDI in which an accept/reject decision is based on the movement of a 
meter needle or the interpretation of differences in impedance plane diagrams, the MOI 
yields visual images corresponding to flaws. Evaluation of the MOI by both airplane 
manufacturers and airlines has shown that (1) inspection of large areas for cracks and 
corrosion is rapid, (2) the inspection can be reliably performed through paint and airline 
decals (it is insensitive to lift-off effects), (3) the inspection results can be easily 
videotaped for test documentation, (4) interpretation of the results is fairly intuitive,
(5) the instrument is portable, the hand-held sensor is light-weight and easy to use on 
airplanes, and more important (6) NDI inspectors require little training to become 
proficient in its use. Inspection limitations of the MOI include (1) its inability to inspect 
concave surfaces and rivets that are not flushly mounted (i.e., universal or button 
heads), and (2) a loss of flaw detection sensitivity near ferrous fasteners. Laboratory 
probability of crack detection data have indicated that the MOI is at least as reliable as 
existing eddy current techniques, and it has been recently approved by Boeing, 
McDonnell Douglas, and Lockheed for the inspection of some riveted joints on their 
airplanes.

SECTION 5B—A dvanced eddy  c u rre n t techn iques. New advances in eddy 
current techniques employ multiple-frequency and pulsed eddy current techniques. 
These techniques increase inspection capabilities for fatigue crack and corrosion 
detection, particularly in subsurface or second-layer structures. Computerization and 
signal processing of eddy current signals are advancing the interpretation of low-level 
signals and pulsed-signal responses by providing C-scan or waterfall maps that allow 
detection of cracks and corrosion that is impossible to detect by manual techniques 
alone. Eddy current C-scan imaging is becoming available through the use of encoded 
manual scanners. Commercial equipment is available that uses multiple-frequency and 
pulsed eddy current techniques. Since multiple layers can be inspected at the same time, 
using these techniques, the reduced inspection time presents a cost savings.

5-1
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5A. MAGNETO-OPTIC EDDY CURRENT IMAGING (MOI) 

5A.1 SUMMARY

(See Section 5.1)

5A.2 TECHNICAL BACKGROUND 

5A.2.1 Introduction

The MOI instrument, shown in Figure 5A-1 being used by an aircraft technician for 
lap joint inspection, consists of a hand-held imaging scanner head, TV monitor and 
power unit, and 30 feet of interconnecting flexible cables. The light-weight (~  3-pound) 
imaging head contains the eddy-current inducing system, a magneto-optic sensor 
element, and a TV camera.

The MOI images result from the response of the Faraday magneto-optic sensor to 
weak magnetic fields that are generated when eddy currents induced by the MOI 
interact with defects in the inspected material. Images appear directly at the sensor and 
can be viewed directly or imaged by a small CCD TV camera located inside the imaging 
unit for remote viewing. The operator views the image on the video monitor while 
moving the imaging head continuously along the area to be inspected.®^'^

The MOI produces video images in real time that show flaw-induced irregularities 
and inconsistencies in the inspected material. In contrast to conventional eddy current 
methods, the slightly enlarged images resemble the defects that produce them, making 
the interpretation of the results more intuitive than the interpretation of traces on a 
CRT screen. Rivet holes, cracks, and subsurface corrosion are readily visible. Since the 
image is in a video format, it is easily recorded for inspection documentation.

The instrument is capable of inducing currents in a frequency range of 1.6 to 102.4 
kHz. For typical aircraft aluminum, the depth of penetration for these frequencies is 
0.12 to 0.015 in., respectively. At the higher frequencies, the MOI can image and detect 
small, tight fatigue cracks near rivets in the outer surface of aluminum aircraft skins. At 
lower frequencies, the instrument can image and detect subsurface cracking and 
corrosion in aluminum.

The advantages of this visually based inspection technique include increased 
inspection speed, more intuitive and easily interpreted inspection information, a 
reduction in false calls, and the elimination of the need for paint and decal removal. 
Unlike other eddy current inspection systems, the MOI is relatively insensitive to lift-off 
effects.

5A.2.2 Imaging Technology
The present implementation of the magneto-optic/eddy current imaging technology 

uses a 3-in.-diameter sensor and is designed to provide images of a relatively large area 
compared to that covered by an eddy current probe. Present eddy current lap joint 
inspections are performed rivet by rivet, whereas with the MOI it is possible to capture 
several rivets in one image. This capability makes the technology appropriate for large, 
flat or convex, relatively unobstructed areas and ideal for examination of an airplane 
fuselage, wings, and control surfaces.®' '̂^’̂
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FIGURE 5A-1. Airline technician using the commerciai MOi to examine an aircraft 
fuseiage iap joint for fatigue cracks. (Note: The TV monitor, which is facing out in 
this figure, would normally be turned toward the operator.)

The MOI technique is relatively insensitive to the effects of lift-off, so paint removal 
is not necessary. However, maintaining contact with the test surface helps achieve the 
highest quality images. Test inspections have indicated that in some cases crack images 
can be seen through nonconductive material that is thicker than any conceivable paint 
layer(s). Very tight fatigue cracks, as small as 0.02 in. in length, have also been imaged 
and detected at the higher frequencies. At lower frequencies the instrument has been 
able to image simulated corrosion regions through more than 0.1 in. of aluminum skin.

Figure 5A-2 illustrates schematically how MOI images are formed. Images are 
formed when defects or other obstructions such as rivets or holes divert the otherwise 
uniform flow of induced electric currents near the surface of the test piece. This 
diversion of eddy currents creates weak magnetic fields perpendicular to the surface of 
the test piece. These weak magnetic fields are readily imaged in real time by the 
magneto-optic eddy current imager. Since alternating current is used to excite the 
inspection area, only half of the image is generated during each half of the cycle of 
applied current, as shown in Figure 5A-2. The current-switching process occurs so 
rapidly that the image appears as one to the inspector. The images of rivets and holes 
appear as slotted screws.
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S u rface  c ra ck s . Figures 5A-3, 5A-4, and 5A-5 show MOI images of various 
samples. It is clear from these figures that the magneto-optic/eddy current imager 
produces crack images that resemble the crack. Crack images are images of the magnetic 
fields surrounding the actual crack or rivet, which includes a halo region approximately 
one eddy current skin depth in width.® "̂® An estimate of the actual crack length may be 
obtained by subtracting the skin depth (frequency dependent) from the observed defect 
length (taking into consideration scale changes on the monitor). Clearly this method will 
begin to break down when the actual crack length is equal to or less than the skin depth 
(Figure 5A-6). The estimate of length also varies somewhat as the image-level setting is 
varied. An alternative method for estimating crack length is to compare the cracks to 
MOI images of rivets or holes with a known size. These techniques for estimating crack 
lengths have not been extensively tested for accuracy.

I s  INDUCED EDDY CURRENT 
B s  INDUCED MAGNETIC FIELD

FIGURE 5A-2. MOI-formed images. Note the slotted-screw-like appearance of the MOI images.

(a) (b)

FIGURE 5A-3. MOI Image (a) and photo (b) of holes in aluminum tes t panei. The 0.060-in.-thick 
aluminum panel contains four 0.025-in.-diameter holes with EDM notches emanating from them 
in lengths of 0.020, 0.040, 0.060, and 0.080 in. The order is counterclockwise beginning with the 
0.02-in.-long EDM notch in the upper left corner of (a) and (b).
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(a) (b)

FIGURE 5A-4. MOI image (a) and photo (b) of tes t piece made up of two aluminum panels 
riveted together. The top panel is 0.09 in. thick and the bottom panel is 0.05 in. thick with 
various-length EDM notches emanating from the rivet hole shanks. The upper notch in (b) 
extends 0.18 in. from the rivet head while the lower notch extends 0.12 in. from the rivet head.

(a) (b)

FIGURE 5A-5. MOI Image (a) and photo (b) of an extended crack in a riveted aluminum lap 
joint tes t sample. The extended crack was generated during a fatigue test. Note the scalloped- 
shape similarities of the crack and its MOI image.

Extended cracks. Extended cracks may not generate continuous images, as is 
apparent in Figure 5A-5. Because the sensor images the magnetic fields surrounding an 
extended crack, a nonuniform current flow around such a crack leads to a nonuniform 
image. Typically, the center portion of the image of a very long crack will be weaker than 
that at the ends because of nonuniform current flow near the center. The ends of these 
types of cracks are usually quite obvious and easily detectable.
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S econd-layer c ra c k s  and  corrosion . Defects which are not near the surface 
may also be detected, provided that the eddy current skin depth is at least as great as 
the depth of the defect. Defects deeper in material than one skin depth usually produce 
very weak magnetic fields that are difficult or impossible to image. Thus, the 
instrument’s settings of 25.6, 51.2 and 102.4 kHz are used for imaging near-surface 
defects, while the lower frequency settings (1.6 to 12.8 kHz) can penetrate deeper for 
imaging second-layer cracks and corrosion. Inspection at lower frequencies is 
accompanied by a loss of resolution and a reduction in flaw detectability. The eddy 
current skin depth as a function of excitation frequency for various conductors is shown 
in Figure 5A-6. Figure 5A-7 is an image of EDM notches in the second layer of a DC-9 
test standard. The images of these deeper defects are more diffuse and less sharply 
defined than surface cracks. This occurs because the magnetic fields associated with 
these defects are weaker and more diffuse.

304 STAINLESS
ce.

GRAPHITE
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0.01

7075-T6AL

0.001
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FIGURE 5A-6. Eddy current penetration depth as a function of 
excitation frequency for select materials.

(a) (b)

FIGURE 5A-7. MOI image (a) and photo (b) of a second-layer EDM notch in a DC-9 eddy 
current te s t standard. Note that the images of deeper flaws are more diffuse and less sharply 
defined than surface flaws shown in Figures 5A-3, 4, and 5.
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Figure 5A-8 shows an image of a corroded region in a panel removed from an older 
commercial airplane. The image is a mirror image of the actual component because it 
was obtained from the opposite, non-corroded side.

In conventional eddy current inspections involving thickness measurements of a test 
piece, phase information from the complex impedance vectors can provide a quantitative 
measure of thickness. Thickness information can also be estimated from MOI images. 
By varying the excitation frequency throughout its range and knowing the corresponding 
standard depth of penetration for the material being inspected, estimates of depth may 
be obtained. For example, if a second layer crack is observed at 12.8 kHz, but not at 25.6 
kHz, then its depth would be somewhat greater than the skin depth at 12.8 kHz. The 
depth contour of a region of corrosion can be similarly estimated.®'''^"*

To evaluate the MOI for corrosion detection, the Volpe National Transportation 
Center, under FAA Technical Center sponsorship, conducted a joint feasibility 
demonstration of the MOI with Boeing and Physical Research, Inc. (PRI).®^'^ The study 
indicated that thinning less than 10 percent of base metal thickness would be hard to 
detect with the MOI. Quantitative estimates of residual thickness were also harder to 
make with the MOI than with eddy current scanning. However, it was reported that the 
MOI visualization of the extent of corrosion is simple and free of the labor intensive 
point-by-point mapping required by eddy current scanning.

F erro m ag n e tic  fa s te n e rs . Residual magnetism in ferromagnetic (i.e., steel) 
fasteners may obscure the magnetic fields generated by defects in the vicinity of the 
fastener. Severe image distortions caused by the residual magnetism in a fastener will 
mask flaw images and preclude their detection. However, demagnetizing the fastener 
prior to inspection permits the MOI to image defects in the vicinity of steel fasteners. 
Magnetized fasteners can be easily degaussed with a small hand-held AC yoke 
commonly used in the magnetic particle inspection process. The image of a properly 
degaussed fastener will look like a slotted screw, whereas magnetized fasteners appear 
as dark, often distorted, spots.^'^ ®’̂  The magnetized fasteners will also be imaged even 
when the excitation eddy current is turned off.

(a) (b)

FIGURE 5A-8. MOI Image (a) of a corroded region in an aluminum panel removed from a 
commercial airplane and the corresponding MOI image (b) taken from the side opposite the 
corrosion.
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5A.2.3 Evaluation of AANC Sample Defect Library Specim ens

In January 1992, personnel at Sandia National Laboratories, Albuquerque, NM, had 
the opportunity, with the assistance of a PRI Instrumentation representative, to inspect 
a number of the aged aircraft specimens in their sample library with a MOI. The MOI 
test instrument was PRI’s latest version (Model 301-1), which had an eddy current 
frequency range of 1.6 to 102.4 kHz. The accessible surfaces of all aluminum specimens, 
large or small, were scanned with the MOI operating at various frequencies in order to 
detect both corrosion and fatigue cracks (simulated and real).

Some of the samples that contained both surface and subsurface flaws (ultrasonic 
test specimens) were too thick (>0.125 in.) to be analyzed for internal flaws with the 
MOI. The simulated surface cracks were easily imaged. When the specimens were 
covered with O.OlO-in.-thick paper to simulate thick paint, the MOI could detect all of 
the visible surface flaws. The MOI personnel who scanned large Boeing 737 skin panels 
were able to detect some previously unknown cracks. Of particular interest were the 
commercially fabricated multilayered eddy current laboratory reference test samples 
simulating DC-9 riveted structures containing very small machine-simulated cracks. 
The cracks emanating from rivet holes were as short as 0.100 in. With the MOI, it was 
possible to readily detect the 0.100-in. surface cracks even when covered with 
O.OlO-in.-thick paper to simulate paint. One multilayered specimen contained simulated 
second-layer cracking around rivets in a 0.050-in.-thick aluminum sheet covered with an 
unflawed 0.071-in.-thick top skin. The randomly distributed rivet hole cracks in the 
second layer ranged in length from 0.125 in. to 0.250 in. With the MOI operating at 1.6 
kHz, it was possible to detect all of the second-layer cracks that were >0.1875 in. in 
length. There was also some indication of the 0.125-in.-long crack, but interpretation 
was more difficult.

Some of the specimens exhibited corrosion, which was also evaluated with the MOI. 
Much of the corrosion was cosmetic and the metal thinning was insufficient to be 
detected (i.e., <5%-10% reduction in thickness). However, other areas of corrosion 
were readily detected, especially where the corrosion-induced metal loss left a sharp, 
jagged, or well-defined edge in the aluminum skin. It appears that corrosion detection 
with the MOI is related to both the depth and shape of the remaining metal cavity after 
metal removal by the corrosion process. Corrosion was most easily detected when there 
was a sharp thickness transition in the MOI’s 3-in.-diameter image area. It also appeared 
that large-area corrosion with little or uniform metal removal was very difficult to detect. 
These findings are consistent with the ones presented in the FAA Technical Note.® '̂®

In general, MOI appears to be more sensitive for the detection of fatigue cracks than 
corrosion. Its corrosion detection performance characteristics could not be evaluated 
objectively with the available test specimens. This determination requires a more 
precise laboratory evaluation with well characterized corrosion samples. Several ongoing 
studies are investigating the capabilities of the MOI to detect corrosion.

5A.3 PRESENT APPLICATIONS

The MOI instrument was designed for aircraft inspection. (See section 5A.4.)

5A.4 AIRCRAFT APPLICATION

The tedious nature of inspections carried out using a conventional pencil probe and 
a template, which requires paint removal to ensure that fasteners are visible, has

5-8



s . Advanced Electromagnetics—MOI

prompted several airlines and manufacturers to investigate the use of MOIs. The 
following paragraphs contain information from American Airlines, Cessna, Tower Air, 
and Boeing which was excerpted from internal reports and communications between the 
users and PRI Instrumentation, Inc.

A m erican  A irlines. American Airlines inspection personnel first used the MOI 
to detect fatigue cracks in section 41 of Boeing 747s. The MOI was used without paint 
removal. American also used MOI in two other applications. They inspected the upper 
row of fasteners on skin lap joints of stringers 4 and 10 of a Boeing 727 and were able to 
detect cracks through the paint and decals 360° around the fasteners with a single setup. 
This inspection was previously done using a sliding probe. Due to the nature of the 
sliding probe, the center of the probe has to be over the center of the fastener, and cracks 
off axis 30 degrees or more could go undetected. Moreover, the skin lap joint on stringer 
10 has either paint or decals covering fasteners, making the sliding probe inspection 
even more difficult.

American also tried the MOI on a Douglas DC-10, searching for cracks in the lower 
wing skin panels. The equipment was able to image successfully without paint removal.

In general, some inspectors at American Airlines felt that the MOI inspections are 
better, easier, and faster to use than conventional eddy current inspection methods. 
Other inspectors using the MOI to inspect lower wing panels felt that it was too bulky 
and tiring.

C essna A irc ra ft. Cessna Aircraft Company performed a pressure cycle test to 
evaluate the structural integrity of four cabin skin butt joints, various stringers, window 
doublers, and frames at fastener locations on a 10-foot-long fuselage test assembly. NDI 
was to be performed every 5,000 pressure cycles between 36,000 and 119,000 cycles. The 
original inspection technique was to have been done using a conventional surface eddy 
current pencil probe and template, but because of the large number of fasteners to be 
inspected (about 2,000) and the planned frequency of the inspections (once per day), the 
conventional inspection method was abandoned in favor of MOI.

The first MOI inspection at 36,000 cycles was completed in 3 man-hours, compared 
to an estimated 24 man-hours using the pencil probe and template method. At 85,000 
cycles (about four aircraft lifetimes) five cracks were detected. These had lengths of 
approximately 0.02 in. (two cracks), 0.07 in. (two cracks) and 0.05 in. (one crack). The 
test was continued to 119,900 cycles (about five aircraft design lifetimes). At this time, 
a total of 40 cracks were detected, the longest of which was approximately 0.19 in.

Cessna concluded that the MOI equipment was easy to operate and that crack 
images were easily interpreted. Cessna’s experience indicated that the MOI is capable of 
routinely detecting surface-breaking cracks 0.05 in. and longer. It is estimated that 336 
man-hours were saved by using the MOI rather than the conventional eddy current test 
method.

T ow er Air. The Quality Control Supervisor at Tower Air used the MOI to perform 
a required eddy current inspection on three recently repainted 747 aircraft. Stripping 
and repainting would have added both time and expense to the job. They found the 
sensitivity of the unit to be good and located one indication, which was validated with 
an eddy current pencil probe. After paint and fastener were removed from the area, they 
were able to see with a magnifying glass a very small static discharge burn on the edge 
of the rivet countersink.

B oeing’s P ro b a b ility  of D etection . To evaluate how well the instrument 
performs, the Boeing Commercial Airplane Group QA R&D department generated crack
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probability of detection (POD) curves for the MOI unit and three other conventional 
eddy current test methods. Their results for the MOI and the sliding probe test method 
are shown in Figures 5A-9 and 5A-10. These results were generated by having different 
inspectors evaluate a number of representative lap joint samples containing EDM 
notches to simulate cracks. These flawed specimens were developed by Boeing for the 
specific purpose of testing such devices and techniques. Each point on the graphs 
represents the proportion of the inspectors detecting one particular manmade flaw.

Figure 5A-9 shows the POD plot based on the evaluations by 12 inspectors using the 
magneto-optic/eddy current imager. All of the inspectors using this device were 
experienced inspectors but without formd training on the MOI, yet the data approaches 
a high POD at a crack length of about 0.1 in.

Figure 5A-10 shows the POD plot for the sliding probe eddy current method. In 
general this technique is insensitive to off-angle cracks, such as the 0.15 in. one showing 
about a 50% POD.

Several points of qualification should be mentioned. First, the exact length of these 
cracks is not known with certainty, since this would require destructive testing, which 
would destroy the test samples. Crack lengths were determined with dye penetrant and 
optical means. For example, it is uncertain that the crack shown at about 0.085 in. on the 
plots actually exists. Second, the crack about 0.1 in. long, which is not detected by the 
MOI, was in a geometric location not accessible to the imager. Other than these points, 
the estimated POD for large cracks (>0.08 in.) approaches and remains near 1.0, which 
is the desired characteristic for any technique.

Boeing, W ichita. Along with the Boeing Commercial Airplane Group’s study, the 
military side of Boeing has evaluated the MOI for the purposes of inspecting B-52G/H 
pressure cabin side skins.®'̂ "® They concluded that the detectable crack length using the 
MOI is approximately the same as with surface eddy current inspections, but the speed 
of the inspection and the subsequent attentiveness and enthusiasm of the operator was 
improved. They report that the template-guided surface eddy current inspections of 
pressure cabin skins that took 32 hours to complete were completed using the MOI in 
3-1/2 hours.

U se of MOI a t  a ir c ra f t  m a in ten an ce  fac ilities . In addition to Boeing 
evaluation of the MOI, numerous hangar inspections of aging aircraft have been 
performed at Alaska Airlines in Seattle, American Airlines in Tulsa, the Dee Howard 
maintenance facility in San Antonio, Texas, Japan Airlines in Tokyo, and McCord Air 
Force Base, Tacoma, to name a few. These inspections have shown that rivets and cracks 
on aircraft can be imaged even through relatively thick layers of paint and have 
demonstrated that the device can image cracks and corrosion on in-service aircraft with 
a good probability of detection and a low probability of false calls.

Conclusion. In general, users have concluded that the MOI is fairly easy to use 
even with very little training. Typically, training consists of a 1- or 2-day in-house course 
covering theory of operation and practical hands-on training using flawed aircrjift 
specimens. The operation of the MOI requires only the selection of the power and 
frequency level, and the equipment requires less setup and calibration time than other 
eddy current techniques. Its large 3-in. inspection area and its ability to perform the 
inspection in real time are other advantages. Several evaluators thought that the 
imaging head would tend to get heavy after prolonged periods of inspecting the 
underside of a fuselage or wing.
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FIGURE 5A-9. A plot of probability of detection versus crack size for the MOi.
Each plotted point is the proportion of 12 inexperienced MOI inspectors 
detecting a particular crack. The crack detection probability rises rapidly to 1 at 
about the 0.1-in. crack length and remains at this high level as crack size 
increases.
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FIGURE 5A-10. A plot of probability of detection versus crack size for the 
sliding probe eddy current method. Each plotted point is the proportion of 
inspectors with various degrees of training detecting a particular crack. The 
crack detection probability does not rise nearly as rapidly as for the MOI and 
does not approach 1 very closely even as crack size increases.
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5A.5 TECHNICAL CONSIDERATIONS 

5A.5.1 Advantages
The major advantages of MOI are:
• Both fatigue cracks and corrosion can be detected. High frequency scanning is used 

for surface fatigue cracks. Low frequency scanning is used for subsurface cracks 
and corrosion.

• Flaw detection is relatively insensitive to lift-off.
• Rivet inspections can be performed through decals and heavy coats of paint. Rivets 

do not have to be visible to the inspector since the MOI images all rivets in a 
3-in.-diameter field of view.

• Tests have shown that in some cases crack images can be seen through 
nonconductive material that is thicker than any conceivable paint layer(s). Very 
tight fatigue cracks, as small as 0.02 in. in length, have been detected at higher 
frequencies. At lower frequencies simulated corrosion regions have been detected 
through more than 0.1 in. of aluminum skin.

• Large-area inspection capability makes it possible to reduce inspection times. 
Inspection times have been reported to take 1/8 to 1/10 the time needed for eddy 
current inspections. Reduced inspection time should reduce operator fatigue.

5A.5.2 Disadvantages
• Residual magnetism in steel fasteners can interfere with image interpretation and 

must be removed by degaussing. This can be done with a small hand-held AC yoke 
commonly used in the magnetic particle inspection process.

• Contact with the test surface must be maintained to achieve the highest quality 
images through decals and paint.

• The operator may become fatigued from holding the MOI imaging head for very 
long inspections. This is especially true when the operator is required to inspect 
positions above shoulder height.

• The MOI equipment is bulkier and more difficult to maneuver than the 
comparable eddy current devices used for the same inspections. This can lead to 
using procedures that call for two-person teams. One person concentrates on the 
image-head scanning and the other person watches the video image and makes the 
flaw call.

• To detect flaws at any orientation, the MOI head must be rotated 90 degrees for 
each inspection site. This means that two passes are necessary for each row of 
rivets that is examined.

• Inspection surfaces must be convex and relatively flat. Thus the MOI cannot be 
used on or immediately around button-head rivets. Rivet sites next to patches 
would also be inaccessible to the MOL

• As with any video image, a relatively dark environment for the monitor is needed. 
Images on a video monitor are hard to view in bright daylight.

5A.6 STATUS 

5A.6.1 P resent
MOI procedures have been developed by both Boeing and McDonnell Douglas for

use on their aircraft. Boeing published an all-model procedure in March 1992 and has
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included it in their aircraft NDI manuals.®' '̂® The final procedures from McDonnell 
Douglas are soon to be published. Lockheed is currently involved in writing procedures. 
The military has also been interested in developing procedures for use of the MOI. A 
Technical Order is currently being written for B52s. Efforts will soon begin on other 
military aircraft.

Extensive laboratory inspections by personnel from PRI Instrumentation, Boeing 
Commercial Airplane Group, McDonnell Douglas, Lockheed, NASA, the FAA (Galaxy 
Scientific Co.) and a number of others over the past three years have demonstrated the 
ability of the MOI to detect cracks both in prepared samples and in samples extracted 
from aging aircraft.

The field performance of the MOI is currently being evaluated in airline maintenance 
facilities as part of £m FAA-sponsored aircraft lap splice experiment being fielded by 
Sandia National Laboratories. The experiment will evaluate the field performance 
characteristics of the MOI along with the capabilities of currently approved eddy 
current techniques in airline maintenance and inspection facilities. The objective of the 
experiment is to make reliability assessments for high-frequency eddy current 
inspections of lap splice joints, as those inspections are currently performed in the 
aircraft maintenance and inspection industry. It takes into account such variables as 
facility differences (human factors considerations), inspector training, and equipment. 
The experiment is scheduled to be completed in 1993.

5A.6.2 Future
Technical evaluation of the MOI instrument by the airline transportation and 

manufacturing industry is continuing. It is anticipated that the MOI will also play an 
important role in the airworthiness assurance of the commuter fleet. The primary 
reasons for this are (1) the skin panels, stringers, and frames are thinner in the 
commuter aircraft, and the MOI could achieve a greater reliability in detecting first- and 
second-layer flaws in these airplanes when compgired to that achievable in the transport 
fleet, (2) it allows rapid inspection of large areas without paint or decal removal, and 
more important (3) the NDI inspectors require little training before becoming proficient 
and confident.

Since the MOI’s output format is a video image, it can be easily analyzed or 
enhanced with a wide variety of cost-effective off-the-shelf image-processing and 
analysis software and hardware. Preliminary work by the Photonics Group at NASA 
Ames Research Center has demonstrated the feasibility of performing real-time image 
processing on MOI images. They have digitized videotape outputs of corrosion around 
rivets and have processed these to produce enhanced, easily interpreted images clearly 
delineating the affected areas. It is anticipated that this work by NASA and others will 
lead to the development of an MOI system with alarms and the possibility of automated 
inspections.

Both NASA Langley and PRI Instrumentation have demonstrated the feasibility of 
building a multidirectional magneto-optic imager that would automatically switch the 
direction of the induced eddy currents and preclude the need to physically rotate the 
MOI head and to perform the inspection twice on each row of rivets, as must now be 
done with the commercial MOI. Development of such a multidirectional imager could 
speed up the inspection process, thereby reducing operator fatigue.

The multidirectional MOI would also be the ideal real-time robotic NDI sensor for 
the inspection of aged aircraft. In addition to its already established attributes of
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(1) being able to detect fatigue cracks in aircraft skin panels without the removal of 
paint or decals, (2) the rapid inspection of large areas, (3) being eeisy to set up and 
calibrate, (4) video signal output that can be readily recorded for inspection 
documentation, and (5) video signal output which lends itself to the application of 
off-the-shelf image processing/analysis software and automatic defect recognition 
systems, the multidirectional MOI will require only a single scan to nondestructively 
inspect a long row of rivets for cracks independent of their angular orientation. 
Additional attributes that would make the multidirectional MOI an ideal robotic NDI 
sensor include (1) the MOFs large-area imager (3-in.-diameter area), (2) being able to 
detect flaws at speeds up to 1 in. per second without objectionable blurring of motion, 
and (3) being relatively insensitive to eddy current lift-off effects. These desirable 
robotic NDI sensor features of the multidirectional MOI would permit it to be used with 
contour-following scan robotics, with less stringent requirements for positional accuracy, 
in the aircraft maintenance/repair facility environment.

5A.7 DEVELOPMENT CENTERS

Aging Aircraft Nondestructive Development
and Demonstration Center 

Department 2752 
Seindia National Laboratories 
Albuquerque, NM 87185-0615

Contact: Floyd Spencer, (505) 844-5647
Comment: Use of MOI is being incorporated into a traveling “Probability of 

Detection Experiment” being conducted by the AANC. This experiment 
will assess the inspection reliability for the MOI device when inspecting 
cracked lap splice specimens.

5A.8 COMMERCIAL AVAILABILITY

The magneto-optic eddy current imager is an off-the-shelf item and is available from 
the manufacturer:

PRI Instrumentation, Inc.
25500 Hawthorne Blvd., Suite 2300 
Torrance, CA 90505-6828

Contact: Bill Shih, 310-791-1774

Comment: The cost of the MOI is approximately $30,000. Based on anticipated 
inspection-time savings, the MOI is potentially more cost-effective than 
an eddy current pencil probe when several inspections must be 
performed.
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5B. ADVANCED EDDY CURRENT TECHNIQUES 

5B.1 SUMMARY

(See Section 5.1)

5B.2 TECHNICAL BACKGROUND

Eddy current techniques are applied on conductive materials to detect cracks and 
corrosion in aircraft skins and structural elements. Basic principles and equipment used 
for eddy current testing are discussed in Reference 5B-1. Multiple-frequency and pulsed 
eddy current techniques, which were not included in Reference 5B-1, will be discussed 
here. Dual- or multiple-frequency techniques and pulsed eddy current techniques are 
emerging as viable, cost-effective methods to detect cracks and quantify corrosion in 
single- and multi-layered metal skins.

An alternating electrical current flowing in a wire-wound coil induces a changing 
magnetic field around the coil. Placing the coil next to a conductor induces eddy 
currents within the near surface of the conductor, and these induced eddy currents 
create a magnetic field that opposes the applied field. The overall effect is an impedance 
change measured in the coil. Flaws or thickness changes of the test-piece influence the 
flow of eddy currents and change the impedance of the coil accordingly. Instruments 
record the impedance changes either through impedance plane plots or by needle 
deflections of a microampere meter.

The depth of penetration of eddy currents is inversely proportional to the square 
root of the product of magnetic permeability, electrical conductivity, and frequency of 
the inducing currents. Therefore, eddy current tests are most sensitive to discontinuities 
on the surface next to the coil, which makes them very effective for detecting fatigue 
cracks in the near surface. High frequencies (above 10 kHz) are generally used to detect 
near-surface flaws. Low frequencies (100 Hz to 10 kHz) are used to detect inner flaws or 
corrosion. Eddy currents deeper in the material are weaker and lag in phase compared 
to the currents near the surface. By measuring the phase, one can determine whether the 
defect is near the surface or at the inner wall.

Single-frequency eddy current measurements can be used effectively to determine 
corrosion of a single-layer skin. However, the use of single-layer techniques to assess 
corrosion in a two-layer skin fails because a variable gap between the skins produces a 
signal that cannot be distinguished from a corrosion signal.

The response from a variable gap is suppressed by simultaneously mixing eddy 
current signals for two or more test frequencies. The primary frequency chosen is the 
one most sensitive to the flaw of interest (cracks or thickness changes by corrosion). The 
secondary frequency chosen is the one more sensitive to the gap variation but less 
sensitive to the flaw of interest. Digitally combining the two signals by using a mixing 
algorithm produces an output signal that optimizes or enhances the flaw response and 
minimizes or suppresses the undesirable gap response. The result is reliable detection of 
second-layer corrosion.

An extension of the advantages of multiple-frequency eddy current testing is 
provided by pulsed eddy current testing. A pulse provides essentially an infinite range
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of frequency excitations. The lower-frequency components of the pulse propagate slower 
and are less attenuated than the high-frequency components. The relationship of time 
delay and depth of penetration can be used to gate the response signal to extract 
information on flaw depth location. Lift-off variations are reduced and a deeper 
magnetic field penetration is obtained due to the wide-hand frequency excitation pulse.

A pulsed eddy current inspection technique has been developed for fatigue crack 
detection at fasteners in aircraft skins and structures. The technique uses a square wave 
pulse applied to a coil and a broad-hand Hall effect sensor for detection purposes. The 
original work on the technique was done by David Harrison of the Royal Aircraft 
Establishment.®®'^ Campbell and Gibbs developed a commercial scanner based on 
Harrison’s work.®®'® The scanner rotates the eddy current probe above and around the 
circumference of the fastener head. Algorithms are used to process the response signal, 
which varies due to the rotation of the probe. From the processing, a target and 
cross-hair display is generated on the instrument screen, and the scanner is moved 
laterally until it is centered over the fastener and the target and cross hair are visually 
aligned.

Figure 5B-1 shows a schematic of the basic construction of the rotating Hall effect 
sensor and coil. As the scanner spins the probe, a pulser drives the coil with a 
square-wave voltage pulse. A horizontal trace of the Hall effect sensor response can be 
made on the instrument screen that represents the full 360° rotation of the probe. 
Gating the response signal at different time delays from pulse excitation and generating 
a waterfall plot of successive gated signals provides a “map” of inspection data that 
represents “slices” down through layers of the structure. Figure 5B-2 shows an exeunple 
of a map where the location and depth of the flaw can be determined from the waterfall 
plot. In the figure, a straight horizontal line indicates no flaw whereas a bump or curve 
in the line indicates a flaw.

In recent years, PC-compatible data acquisition systems have been developed to 
process eddy current data. C-scan images (2D pictures) of eddy current inspection data 
over an area of a test-piece can be made using digital encoders attached to a manual 
scanning apparatus. Low-cost systems can be made using portable PC-compatible 
computers and manual scanners that attach easily to the test-piece. Encoded x-y 
position data along with signal data acquisition, signal processing, and image display can 
improve inspections significantly. Two examples of C-scan pseudocolor images of eddy 
current inspection data are seen in Figure 5B-3. These images were recorded using a 
Mobile Automated Scanner.®®"* The Mobile Automated Scanner can also be used for 
ultrasonic data acquisition and C-scan display. (A photograph of the scanner can be seen 
in Figure 7-7 of Chapter 7, Advanced Ultrasonics.)

A two-dimensional color image showing variations of the eddy current response 
signal over a test-piece area is an integration of a very large single-point data set. Since 
the large data set is viewed at one time, the ability to identify certain types of flaws is 
fast, more intuitive, and more reliable than single-point evaluations. Quantitative 
measurements of crack length or contour maps of percent corrosion can be made in a 
timely manner from the images. One two-dimensional examination of a layered 
structure with data acquisition of the eddy current response in a pulsed mode can be 
used to form separate images of cracks and corrosion for the multiple-layered skins. This 
process eliminates the cost of making different single- or multiple-frequency inspections. 
Scans using an array of eddy current probes instead of a single probe can decrease the 
inspection time significantly.
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FIGURE 5B-1. Basic configuration of scanner with rotating Hall effect sensor 
and eddy current coll. [Source: Stavely Instruments, Inc., Kennewick, 
Washington. Reprinted by permission from Stavely Instruments.]
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FIGURE 5B-2. Eddyscan map of 2-mm EDM notch In third layer of a riveted 
AI-TI-AI sandwich 4.5 mm deep at 140° rotation. [Source: Stavely Instruments, 
Inc., Kennewick, W ashington. Reprinted by permission from Stavely  
Instruments.]
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FIGURE 5B-3. Pseudocolor C-scan images of eddy current data for (a) first and second 
layer c rack s a t fa s ten ers  and (b) first and second  layer corrosion a t fas ten ers .
[Source: McDonnell Aircraft Company, St. Louis, MO. Printed by permission from McDonnell 
Aircraft.]

Artificial neural networks could also be trained with a computer system, and C-scan 
mappings of flaw classifications could be made to further reduce reliance on operator 
interpretation of inspection results.

5B.3 PRESENT APPLICATIONS

Multi-frequency eddy current techniques have been developed for detecting cracks 
in heat exchanger tubing of steam generators in nuclear power plants. Mixing a low 
inspection frequency, which is most sensitive to the tubing support plates, with a higher 
inspection frequency, which is most sensitive to cracks in the tubing, allows a clear 
display of crack signals adjacent to and under the support plates.
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5B.4 AIRCRAFT APPLICATIONS

For both top-layer and second-layer corrosion of lap splices, 10 percent corrosion loss 
is the maximum allowable before repairs must be made. Ten percent top-layer corrosion 
can be determined successfully by using single-frequency techniques. Ten percent 
second-layer corrosion (which represents only 5 percent of the combined thickness) has 
been reliably detected only with dual frequency-mixing techniques.®®'® Two other 
applications where dual frequency-mixing has been beneficial are in the detection of 
surface cracks at a changing radius where lift-off varies and in the detection of cracking 
under fasteners in first- and second-layer skins.®®'®

The Nortec 30 Eddyscan pulsed system has demonstrated its ability to find cracks 
and corrosion in fastener holes through several skin layers with the fastener in place.®®'®

Eddy current C-scan imaging as displayed in Figure 5B-3 has the potential to 
improve inspections for many aircraft applications that require quantitative information 
of crack length and corrosion assessment.

5B.5 TECHNICAL CONSIDERATIONS

Dual-frequency eddy current techniques increase the signal-to-noise ratio of desired 
flaw signals significantly. This cannot be done with single-frequency techniques. The 
increased signal-to-noise ratio has allowed 10 percent second-layer corrosion to be 
detected. Instruments that incorporate the dual-frequency mixing techniques are easy 
to use and they can reduce the inspection time by providing inspection of two layers 
simultaneously.

Pulsed eddy current techniques offer many advantages over conventional single­
frequency techniques: Lift-off effects are reduced, and simultaneous sensitivity to 
various thicknesses is possible. With the availability of low-cost portable computers, 
data acquisition of the dynamic time-base eddy current response witb signal processing 
could provide flaw characterization information not possible with single-frequency 
methods. Initial cost of the equipment could be up to five times that of normal eddy 
current testers. Training required to operate the equipment is not expected to be more 
extensive than would be required for conventional equipment.

Two-dimensional C-scan images of any analog eddy current signal can provide fast, 
reliable, easy-to-interpret, documented inspection results. Such inspection results are 
not feasible with point-by-point manual inspections.

5B.6 STATUS

Multi-frequency and pulsed eddy current instruments are on the market. The 
development stage of the instruments is such that they can be implemented in the field 
immediately after applications are identified and procedures developed to fully realize 
their capabilities.

5B.6.1 P resen t

Pulsed eddy current techniques for corrosion assessment could be developed and 
ready for field use in two or three years. Research in eddy current flaw characterization 
continues to be done in nondestructive evaluation. Eddy current modeling and flaw 
characterization techniques have been developed.®®'^’®’® For example, C-scan eddy
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current images of cracks are blurred (see Figure 5-3a) because of the large-radius 
nonlinear response of the transducer. For such images, a restoration technique was 
recently developed that produces accurate flaw size estimates from the eddy current 
images.

Recently, a field-ready commercial manual scanner with a PC-compatihle data 
acquisition and display system using a dual-frequency eddy current technique for 
corrosion detection was demonstrated on a panel section of the AANC 737 airplane.®®'^^ 
Figure 5B-4(a) is the eddy current C-scan image obtained over the inspected area where 
the light color indicates corrosion damage around the tearstrap, stringer, and frame 
locations. Figure 5B-5 shows the portable R-Theta manual scanner attached to the 
aircraft and the C-scan image being developed on the CRT screen of the portable 
computer. A second C-scan image of the same general location of the AANC aircraft is 
shown in Figure 5B-4(h). The image of Figure 5B-4(h) was generated using a single 
frequency for detection of corrosion in the outer skin layer using an automated X-Y 
portable scanner, data acquisition, and display system that is commercially available.

5B.6.2 Future: Estimated Time to Field

Implementation of dual frequency techniques and pulsed eddy current techniques 
for quantitative corrosion assessment could be developed and ready for aircraft 
inspections in the mid to late 1990s. Implementation of the manual and automated 
C-scan imaging techniques can take place as soon as procedures and calibration 
standards are established. Procedures for each specific aircraft application with 
appropriate calibration standards and calibration procedures need to be developed 
before the C-scan systems can be used with confidence by airline inspectors.

Manual Scanner Automated Scanner

BS 887 BS 887

Stringers

^ 2 3 ^

-24-

W m

(a) (b)

FIGURE 5B-4. Eddy current C-scan images obtained on the AANC 737 airplane In the area aft 
of the rear cargo door.
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FIGURE 5B-5. Manual scanner attached to AANC 737 airplane 
for eddy current C-scan imaging of corrosion in the outer skin 
layer.

5B.7 DEVELOPMENT CENTERS

Research work on pulsed eddy current techniques is presently being done at the 
following centers.

FAA Center for Aviation Systems Reliability 
Iowa State University 
Ames, lA 50011

Contact: John C. Moulder, (515) 294-9750.
Comment: Eddy current modeling and pulsed eddy current techniques are being 

developed.
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Center for Communications and Signal Processing 
Electrical and Computing Engineering 
North Carolina State University 
Raleigh, NC 27695

Contact: Griff L. Bilbro, (919) 515-5101.

Comment: Eddy current signal processing and image reconstruction techniques are 
being developed.

5B.8 COMMERCIAL AVAILABILITY

A number of manufacturers who offer advanced eddy current instruments for 
detection and imaging of defects are listed.

Zetec
1370 N.W. Mall
P. 0. Box 140
Issaquah, WA 98027-0140

Contact: Bill Chevalier, (206) 392-5316.

Comment: MIZ-22 is the latest dual-frequency eddy current portable instrument 
with advanced mixing technology.

Krautkramer/Branson/Hocking 
50 Industrial Park Road 
Lewistown, PA 17044

Contact: Dave Jankowski, Product Mgr for Eddy Current Instruments and Art 
Leach, Sales, (717) 242-0327.

Comment: Phasec 3.4 and Phasec 2.2 are portable instruments that can be 
configured by the operator for multi-frequency use and suppression of 
unwanted signals.

Nortec
Staveley Instruments, Inc.
421 North Quay St.
Kennewick, WA 99336

Contact: Tom Reep, (509) 735-7550.

Comment: Nortec 19e Eddyscope is a portable eddy current instrument with 
dual-frequency mixing capability that permits reduction of unwanted 
signals. The Nortec 30 Eddy scan uses a rotating scanner probe and 
square wave pulse application for crack detection and imaging at 
installed fasteners.
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Foerster Instruments, Inc.
1140 Industry Drive
RIDC Park West
Pittsburgh, PA 15275-1028

Contact: Timothy Brown, Regional Sales Mgr., (412) 788-8976.

Comment: Foerster Instruments manufactures the Defectoscop AF that can be 
used for detection and imaging of defects in aircraft structures.

Eddy Current Technology Inc.
201A Horace Avenue
Virginia Beach, VA 23462

Contact: Stephen Dean, (804) 490-2765.

Comment: The new ECT MAD 4D-XS is a portable multi-frequency eddy current 
system.
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6.1 SUMMARY

For the purpose of this chapter, “coherent optics” will include holographic 
interferometry (holometry), electronic speckle pattern interferometry (ESPI), and 
shearography. These are all “wide area” interferometric imaging techniques that are 
capable of detecting micron-sized displacements of the surface of an object such as the 
skin of an aircraft. For these techniques to be used in flaw detection, the object under 
test must be stressed in a manner that causes the surface to deform in an anomalous way 
when a flaw is present. These techniques are particularly useful for detecting debonds 
or delaminations, which can be caused to bulge by heating or applying a vacuum. Flaws 
which tend to cause only in-plane deformations, such as cracks under tension, are the 
most difficult to detect using coherent optical techniques.

Film-based holometry has been in laboratory use, and in limited use in production 
inspection, for over twenty-five years. The inconvenience of wet film processing and the 
need for automated data reduction techniques have limited its use. ESPI and 
shearography are newer techniques that use electronic imaging, and due to the 
convenience of electronic imaging over film, they are experiencing rapid growth. 
Shearography is a clear choice over holometry for field inspections due to its relative 
insensitivity to object motion.

Several production inspections in the aerospace industry currently use these 
techniques. Time-average holometry is ideally suited for modal analysis of turbine 
blades and wheels. United Technologies Pratt & Whitney currently use both ESPI and 
shearography to inspect gas turbine compressor tip seals. In 1990, Laser Technology 
Incorporated (LTI) fielded a three-series laboratory experiment on full-sized panels 
which simulated Boeing 727 and 737 fuselage construction. The object was to evaluate 
the flaw detection capability of shearography. Weak rivets, cracks, and lap joint debonds 
were easily detected. The lap-joint images contained a lot of information, but were 
complex to interpret. To rectify this problem, significant operator training is needed, 
and sophisticated data analysis techniques are being actively researched. In a 1991 LTI 
comprehensive field demonstration on selected portions of a Boeing 737 fuselage, twenty 
percent of the candidate area was covered in the available 24-hour period, and 
thirty-one debonds were detected. Based on this demonstration and the assumption 
that shearographic inspection would eliminate the need for extensive internal visual 
inspection, it was estimated that when the data interpretation and sensitivity issues are 
resolved, shearography could substantially reduce inspection costs.

6.2 TECHNICAL BACKGROUND

Several good references on holometry and ESPI are in the open literature. Charles 
M. Vest authored a complete college text on the subject that includes full mathematical 
analysis on fringe formation, fringe localization, and data reduction from fringes.®’’̂ The 
Metals Handbook is an applications-oriented treatment that has sections on laser 
selection, optical equipment, and applications.®'^ E rfs Speckle Metrology, although 
somewhat dated, gives the basics of speckle interferometry and ESPI.®'® Y. Y. Hung has 
written several papers explaining the principles of shearography.®'"*
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The objective of this chapter is to give, using a minimum of mathematics, a physical 
feel for why coherent optics techniques work and to relate their use to aging aircraft 
inspection. First, the conventional diffraction-based explanation of holometry is given. 
Next, since the electronic recording used in ESPI and shearography is based on fringes 
rather than diffractive reconstruction, an explanation based on fringes in the hologram 
itself is given. Last, we discuss present applications of the techniques in the aerospace 
industry and their application to aging aircraft inspections in particular.

6.2.1 Optical In terference Concept

The concept of optical interference is fundamental to all the implementations of all 
the inspection techniques presented in this chapter; therefore, a few points should be 
made about this process.

If two light beams of the same wavelength X and intensities I  ̂ and I2 intersect at a 
detector, the resulting intensity is given by

I = II -|- I2 +  C0s(</)) (1)

where the phase is the relative phase difference between the two beams. The 
information of interest is carried in this phase term. The observable quantity is the 
intensity I, which being a cosine function of 0, is periodic. This means that a single 
measurement of I can only determine 0 within the range 0 to 2x, or in a “modulo 27t” 
sense. Other information, such as multiple measurements of I coupled with counting the 
number of cycles of the cosine function, must be employed to fully determine the phase.

6.2.2 Holographic Interferometry (Holometry)

F ilm -b ased  ho lography: R ecord ing  th e  hologram . Figure 6-1 shows the 
basic idea of hologram construction. The diffusely scattering object is illuminated by 
coherent light from a laser, and each point on the object scatters a spherical wave of 
light, part of which hits the photographic film that will become the hologram. (In this 
model, a “point” on the object is an area whose size is dictated by the aperture 
intercepted by the hologram. The size of the point is usually on the order of a few 
wavelengths of light.) The light from each point on the object interferes with that from 
every other point, creating the familiar speckle pattern. This speckle pattern is typically 
considered to be a noise component, usually the major one, in holographic imaging. 
Since light obeys the superposition principle, a single object point can be considered for 
this discussion.

The film is also illuminated by a reference beam, which must be coherent with the 
light scattered from the object. In practical terms, this means that both the object light 
and the reference light must be derived from the same laser, separated by a beamsplitter, 
and then travel roughly the same distance before they recombine at the film plane. The 
two path lengths must be the same to within the coherence length of the laser, which is 
the distance the light can travel and still have a predictable phase. The following are 
typical coherence lengths: for helium-neon lasers, ~20 cm; for Ar-ion lasers with an 
etalon, a few meters; and for diode-pumped, frequency-doubled YAG lasers, tens of 
meters.
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FIGURE 6-1. Hologram construction process. Light from object interferes 
with reference beam to form intensity pattern which is recorded at hologram 
plane.

At the film plane, the reference wave and the object wave interfere to form a grating 
structure, which is recorded by the film. The key concept to holography is that while the 
film responds only to light intensity, the phase of the object light, relative to the 
reference beam, is recorded in the spatial phase, or position, of the intensity grating 
recorded on the film. When the film is developed, it contains a superposition of these 
gratings from each point on the object, all with the correct phase relative to one another. 
This film is the hologram.

Film -based holography: D iffractive reconstruction. To reconstruct or 
replay a hologram in the conventional way, a duplicate of the reference beam is used to 
illuminate the hologram. Each grating on the film diffracts light, some of which exactly 
duplicates the original light wave from the object, as shown in Figure 6-2. Since the 
hologram reconstructs the wave from each point on the object (and all waves have the 
correct relative phase), the total diffracted wave exactly duplicates the object wave that 
would have been scattered from the original object. Thus the hologram stores and 
reconstructs the entire object wave, including both amplitude and phase. If an observer, 
such as the eye or a camera, is placed in the reconstructed wave, an image of the object 
is reconstructed as indicated by the dotted lines in Figure 6-2. This image has all the 
optical characteristics of the original object, including depth of focus and parallax, 
which result in the familiar three-dimensional imaging capability of holograms. This 
three-dimensional characteristic is incidental to holometry. What makes holographic 
interferometry possible is the fact that the phase of each scattered wave is recorded.

Film -based holographic interferom etry. The holographic image can be used 
in several ways to make measurements of displacement. Figure 6-3 is a diagram of 
double exposure holometry. In this technique, two holographic images of the same 
object are sequentially recorded on a single film. Between recording the first and the 
second image, a stress is applied that causes the object to move. When the hologram is
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FIGURE 6-2. Diffractive reconstruction of film-based hologram. Part of the 
reconstruction beam is diffracted by the hologram, reconstructing original object 
wave.

reconstructed, both images are superimposed and interfere on a point-by-point basis. At 
a particular object point, the total optical path from the illumination point to the 
scattering point to the observer is I-P-0 in Figure 6-3. In the second image, this path 
becomes I-P'-O due to displacement of point P. These waves strike the detector 
simultaneously and interfere according to equation (1). In this case, the phase <t> = 
2t A/X, where A is the difference in optical paths. If these paths differ by an integral 
number of waves (including zero), the two image waves interfere constructively at the 
observing detector (cos<̂  =  1), and the point appears bright. If the paths differ by an 
integral number plus half a wavelength, the light waves interfere destructively (cos0 =  
— 1), and the point appears dark. The result is an image of the object that is covered with 
a pattern of interference fringes of cosinusoidal intensity, as predicted hy equation (1). 
Each fringe is the locus of an equal change in optical path, and the image is essentially 
a contour map of change in path length. Figure 6-4 is an example of a holographic 
interferogram. In this case, the object was a thin spherical shell, stressed by internal 
pressurization (4 psi). The object had a thin spot, which is indicated by the “bulls-eye” 
pattern.

Two other common modes of holometry in use are real-time and time-average. In 
real-time (or live-fringe) holometry, a single holographic image is superimposed on the 
actual object, which is also illuminated. The object wave interferes with the image in a 
fashion similar to the double exposure case, but here the object can be stressed and the 
fringes observed in real time. In time-average holometry, the object is moved, typically 
by vibration, during the hologram exposure. The resulting image is an integral over all 
the object positions during the exposure. If the motion is simple harmonic vibration, the 
resulting fringe pattern in the image has an intensity that is mathematically expressed 
as a Bessel function of the vibration amplitude. Because a part that is vibrating 
sinusoidally spends most of its time at the two extremes of its motion, this Bessel fringe 
pattern is similar to the pattern that would result from a double-exposure interferogram
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FIGURE 6-3. Holometry, with diffractive reconstruction. Two diffracted 
image waves interfere, giving information on path-length difference.

FIGURE 6-4. Holographic interferogram of an aluminum 
shell, s tressed  by pressurization. Shell is 0.3 m in
diameter and 0.5 mm thick, with 4-psi pressure difference 
between holographic exposures.
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with exposures taken at both extremes. It is helpful to keep this in mind when 
interpreting time-average interferograms. In particular, the nodes, which do not move at 
all during the exposure, reconstruct brightest. This version of holometry is often used for 
modal analysis.

Electronic speck le-pattern  interferom etry (ESPI). If the film is replaced by 
an electronic detector such as a CCD camera, the experiment becomes electronic 
holography, or electronic speckle-pattern interferometry. In practice, some changes to 
the layout depicted in Figure 6-1 are necessary, as shown in Figure 6-5. One change is 
dictated hy the detector resolution. In film holography (Figure 6-1) a large angle 
(typically 45° to 90°) can be used between the object and reference beams, and the 
intensity grating has a line spacing on the order of a wavelength, which is a fraction of 
a micron. This requires a film with a resolution of several thousand line pairs per 
millimeter. Since typical CCD cameras have a face-plate resolution on the order of tens 
of microns, the reference beam must he nearly collinear with the object beam. This is 
typically done with a beamsplitter and additional optics, as shown in Figure 6-5. 
Another fundamental difference is that the resulting holograms are recorded 
electronically and cannot be reconstructed optically as shown in Figure 6-2. For this 
reason, the object is typically imaged onto the detector and an image plane hologram is 
formed. While this can also be done in film holography, it is typically not necessary—the 
imaging is done by the detector, whether it is the eye or a camera.

Because the image is not reconstructed by diffraction, there are no image waves to 
interfere and the model described under “Film-Based Holography” does not hold. 
However, there is an equivalent explanation based on the fringes at the hologram plane. 
In Figure 6-3, if the two diffracted image waves are in phase, then the gratings in the 
hologram are in phase also, and the hologram has a strong grating at that point. This 
grating diffracts image light toward the observer, and the image point appears bright. If 
the gratings in the hologram are out of phase, they cancel at that point—the hologram 
contains no grating, and diffracts no image light from that point with the result that the 
image appears dark there. ESPI relies on an electronic comparison of the intensity 
gratings to give the interferometric information. If the “before stress” and “after stress”
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FIGURE 6-5. ESPI, with in-line reference beam. Similar to Figure 6-1. 
Differences are that object is imaged onto detector, and reference beam is 
nearly collinear with object light.
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images are subtracted, a similar result occurs. Where the two gratings were originally in 
phase, the image appears dark, whereas if they were out of phase, a bright image (of the 
grating, or speckle pattern) appears. The result is the same as in film holography, that 
is, an image of the object with a fringe pattern superimposed. Since the resolution of the 
camera is much lower than that of film, the speckles are much larger, and ESPI images 
tend to he much more grainy in appearance than film holometry images.

In the case of time-average ESPI, subtraction cannot he performed because the 
continuously moving image integrates, or adds, during the exposure of a single video 
frame. Areas where the integrated fringe pattern tends to cancel have a constant bias 
value, and areas where they reinforce have a grating or speckle pattern superimposed on 
a bias. This is usually handled by a high-pass filtering operation to remove the bias term.

6.2.3 Shearography

In shearography, as in holography, an interference pattern is recorded at the 
hologram plane. However, instead of interference occurring between an object and 
reference beam, as in holography, the interference occurs between two nearby points on 
the object surface. To make this happen, a shearing element, such as a prism, is 
introduced into the imaging optics so that two images, slightly displaced, appear at the 
detector plane, as shown in Figure 6-6. The images interfere on a point-by-point basis, 
creating a speckle pattern. The intensity at each point depends on the phase relationship 
between the waves scattered from the two object points superimposed at the image, 
which is in turn determined by the difference between the two optical paths I-Pj-O and
I-Pg-O. Shearography, like holography, can use either film or an electronic detector.

As in holometry, shearography is implemented by comparing two interference 
patterns, typically before and after an object motion. If the motion causes changes in the 
optical path difference of an integral number of wavelengths, the “before” and “after” 
speckle patterns are identical. If the path difference changes by an integer plus half 
wavelength, the speckle patterns differ. These images can be compared by subtraction 
or other algorithms to obtain an image of the object with fringe patterns superimposed. 
Since shearography measures differential motion of closely spaced object points, it is 
often said that “shearography measures strain directly.” This is true, but in a fairly

SHEARING
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OBJECT

LENS
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ILLUMINATION

FIGURE 6-6. Shearography. Shearing element causes light from and ?2 to interfere 
at detector.
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complex way. In the most tjTpical shearography experiment, the surface is viewed from 
a nearly normal direction, in which case the measurement is out-of-plane motion Az, 
divided by an in-plane shift Ay. This scalar quantity gives only one element of the strain 
tensor, and an off-diagonal one at that. By viewing the surface at an angle to the normal, 
a portion of the in-plane strain element can be measured. Several scalar measurements 
must be combined to measure in-plane strains.

Shearography’s major advantage is its insensitivity to rigid-body object motion. In 
holography, the first order interference fringes (the ones that construct the hologram) 
result from interference between an object and reference beam. This means that during 
hologram exposure, relative motion between the object and the optical system must be 
less than a fraction of a wavelength. This is a severe restriction, and typically holography 
must be done with the object and optics on a rigid, vibration-isolation table.

In shearography, both interfering beams scatter from nearby points on the object, 
following almost identical paths throughout the experiment. Rigid-body motions 
introduce the same phase difference in each path, and these differences cancel when the 
beams interfere. This makes shearography much more suitable than ESPI or holography 
for field environments. The limit on relative motion between the object and the optical 
system in shearography is the correlation of the “before” and “after” speckle patterns. 
The object cannot move between exposures more than the size of the speckle. If it does, 
“speckle decorrelation” results, unrelated speckle patterns are subtracted, and all 
interferometric information disappears. This motion limitation is tjrpically on the order 
of a millimeter, as opposed to a micron for ESPI.

6 .2 .4  Experim ental T echniques and Data In terpretation

S tress  m ethods. As mentioned above, all of the coherent optical inspection 
techniques involve a comparison of surface positions of a particular part in different 
stress states. Any stress that causes a deformation is valid, and certain applications have 
a “natural” stress method, such as pressurization for pressure vessels and application of 
a voltage for capacitors. For flaw detection in various materials, three tjq>es of stress 
have been widely applied: thermal, pressure reduction, and vibration. Since the 
coherent optical techniques measure a surface deformation, the actual manifestation of 
a subsurface flaw will depend strongly on material properties, flaw depth and size, and 
stress method.

Thermal stress, applied by oven, heat gun, or heat lamps, is convenient since it is 
non-contact and requires relatively simple apparatus. In the case of a debond or 
delamination, the thermal conductivity at the flaw site is typically reduced by the flaw, 
causing the material over the flaw to expand slightly more than the surrounding part. 
This results in an out-of-plane bulge which can be easily detected.

Pressure reduction, applied either in a totally enclosed vacuum chamber or by a 
one-sided suction chamber applied to the part, tends to cause debonds, delaminations, 
or weak spots to bulge outward more than the surrounding material. This technique 
requires somewhat more complex equipment than thermal stress, but tends to apply a 
more even stress field. It does rely on residual internal pressure inside the flaw, so if the 
flaw is open to the vacuum, such as a debond in the edge of a lap seam, pressure 
reduction will not detect it.

Vibration, applied either by a contact transducer or air-coupled horn, tends to excite 
the material over a debond into a higher amplitude vibration than the surrounding
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material. Either a swept frequency, or a broad-band white noise is used to attempt to 
resonate the debonded area. This usually requires a significant amount of acoustic 
energy and hence is inconvenient, especially in the audio frequencies, because it can be 
quite loud.

In an experiment carried out by United Technologies Pratt & Whitney, all three of 
these stress techniques were applied to a composite test panel, and shearography was 
used to detect delaminations. Figures 6-7(a) through 6-7(c) show the results for a 
particular flaw. Although all three stress methods detected the various flaws in the 
panel, the actual size and shape of the indication varied by about 25%.

D ata interpretation. The interferometric data can be interpreted in several ways. 
The methods vary in complexity and in the amount of information extracted. The 
simplest method, and certainly the most prevalent for flaw detection, is simply to look 
for anomalies in the expected fringe pattern. This requires some experience or training 
to recognize “expected” versus “anomalous” patterns. However, in many cases these 
anomalies are dramatic and hence easily recognized. In Figure 6-4, for instance, the 
“bulls-eye” indicating a weak spot in the pressure vessel stands out and is easily 
recognized. In Figure 6-7, the object is a nominally uniform composite plate, and 
because no fringes are “expected,” any indication of a surface slope represents a 
potential flaw. Discontinuities in fringes typically indicate a discontinuity in surface 
displacement, which can indicate a crack.

Quantitative information can also be obtained from holographic interferograms or 
shearograms by several methods. Each fringe in the image represents a change in optical 
path of one wavelength between the two beams being compared. There is usually a 
known geometrical relationship between these changes in optical path and the 
displacement vector, which describes actual motion of each point on the object. The 
relationship can be complex and typically varies across the image. The optical path 
length change is a scalar quantity, resulting from the projection of the local surface 
displacement vector on the illumination and observation vectors. To measure full 
three-dimensional vector displacement, at least three observations must be made. 
Sometimes these observations can be made from a single hologram by varying the 
observation point, and sometimes three holograms may be required. This is governed by 
the hologram aperture, recording quality (signal to noise), and desired resolution. 
Because the fringes are cyclic, ambiguities are possible. Some analysis algorithms 
require the zero order (no displacement) fringe to be known, and that is not always easy 
(or indeed possible) to identify.

In some experiments, variables can be eliminated to simplify the process. For 
example, if only the out-of-plane component of displacement is needed, and if the 
interferogram is illuminated and viewed nearly normal to the surface, the interferogram 
becomes a contour map, with each fringe representing an out-of-plane displacement of 
one-half the wavelength of the light used. In general, however, interferogram fringe 
analysis can he extremely complex.

Various techniques other than fringe counting are used to determine the relative 
phase. One popular technique is known as “phase stepping” or “phase shift” 
interferometry. In this technique, several interferograms are taken with a known phase 
shift introduced between interfering beams for each interferogram. At least three, and 
possibly many, interferograms are taken with the same optical geometry. At each point, 
the intensity of each interferogram is read, and multiple equations can be solved to give 
the absolute phase shift as a function of these intensities. Most of the algorithms used
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FIGURE 6-7. Composite panel with delaminations visualized 
by shearography. (a) Acoustic stress, 4000 to 8000 Hz 
random noise, (b) Thermal stress, (c) Pressure reduction, 
0.125. [Source: United Technologies Pratt & Whitney, 
E l e c t r o n i c  H o l o g r a p h y  / S h e a r o g r a p h y  N D E  S y s t e m .  
Reprinted by permission from Pratt & Whitney.]
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for phase stepping give the phase only in modulo 2ir form due to the cyclic nature of the 
intensity fringes. A separate “phase unwrapping” operation is needed to resolve the 
modulo 2tt information into absolute path-length difference. Also, these techniques still 
give a scalar piece of information at each point, so if vector information on displacement 
or its derivatives is needed, independent viewing/illumination directions must be 
utilized. Development in the area of interferogram interpretation is still quite active.

6.3 PRESENT APPLICATIONS
Since its introduction in 1965, holometry has been applied to a variety of industrial 

inspections. Detection of out-of-plane motions is somewhat easier than detection of 
in-plane motions, because for out-of-plane motions the optical beams can be nearly 
perpendicular to the surface. Thus these techniques have been particularly useful for 
detection of features that have a predominant out-of-plane deformation. Examples of 
such deformations are debonds or delaminations in composite or layered structures like 
skinned honeycomb, bonded or coated structures, and complex layered objects such as 
rubber tires. Holometry has also been useful for modal analysis of structures such as 
turbine blades, and automotive components including engines and body panels. 
References 6-1 to 6-3 contain many application examples. The Society of Photometric 
Instrumentation Engineers (SPIE) has several conferences each year that have sessions 
on holographic and speckle techniques.®"® The Society for Experimental Mechanics has 
also sponsored conferences on coherent optical inspection.®'® These conference 
proceedings describe many current applications.

Because of the strict vibration-isolation requirements and inconvenience of film 
processing, film-based holometry has been used mainly for development testing in a 
laboratory environment. There have been a few examples of production inspection by 
film holometry. Perhaps the most well-known of these is the tire tester originally 
developed by GCO, Inc. This device, shown in Figure 6-8, has a vacuum chamber which 
subjects each tire to a partial vacuum. Debonds show as fringe concentrations. This 
device can be economically justified for high-value tires with strict quality requirements, 
such as aircraft tires.

6.4  AIRCRAFT APPLICATIONS
Because high quality and reliability are necessary in many aircraft components, the 

complexity of coherent optical measurements has been justified in many cases of design 
and production inspection. The following examples from jet engine manufacturing, 
component design, and materials properties measurement illustrate these uses.

6.4.1 Turbine Blade Modal Analysis
Time-average holometry is ideally suited for modal analysis of turbine blades, as 

shown in Figure 6-9, or entire turbine wheels. These techniques are applied in two ways, 
often sequentially. First, a real-time technique can be used to find interesting resonance 
frequencies quickly. An initial exposure is taken of the object without any acoustic 
driving force applied. This image is used as a reference image when the part is driven 
acoustically with a variable frequency. While resonance conditions can be detected by 
electronically monitoring (or for lower frequencies, audibly monitoring) the vibration 
frequency at one or a few points, the entire image can be viewed to select interesting or 
troublesome mode shapes. Usually the entire frequency range of interest can be swept 
in a few minutes.
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FIGURE 6-8. GCO, Inc. Tire Tester. [Source: Gordon W. Brown, 
“Pneum atic Tire Inspection,” Holographic N o n d e s tru c t iv e  Tes ting ,  R. K.
Erf, ed.. Academ ic Press, N ew  York, 1978. Reprinted by perm ission from  
Academ ic Press.]

By modulating the optical reference beam, the bright areas of reconstruction (the 
nodal lines in the unmodulated case) can be manipulated so they appear at the locus of 
a particular phase and amplitude of surface vibration. This technique can be used to 
obtain quantitative amplitude information, or relative phase of the nodal areas, during 
the real-time interferometric inspection.

After the interesting frequencies are detected, time-average interferograms are 
taken at these frequencies, producing higher resolution, higher contrast images than is 
possible in the real-time mode. These images can be used simply to visualize mode 
shapes, since the nodal lines appear brightest. Flaws can be localized by anomalies in the 
expected or normal fringe pattern. The interferograms can also be quantitatively 
analyzed to measure vibration amplitude, which can be related to wall thickness and 
other design and manufacturing properties such as cooling channel location and 
integrity.

6 .4 .2  A bradable Seal Integrity

United Technologies Pratt & Whitney have been using both ESPI and shearography 
to inspect gas turbine compressor tip seals. These abradable seals are either a 
brazed-fiber metal or a plasma-sprayed layer. The object of the inspection is to 
determine the integrity of the bond between this layer and the engine compressor case. 
Figure 6-10 shows the results of using holometry with broad-band acoustic excitation to 
detect bonds in this assembly.
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FIGURE 6-9. Turbine blade holometry, showing various resonant modal 
structures. Bright areas represent nodes. [Source: Robert K. Erf, “Turbine 
Blade Inspection,” Holographic N ond es tru c t ive  Testing ,  R. K. Erf, ed.. Academic 
Press, NY, 1978. Reprinted by permission of Academic Press.]
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FIGURE 6-10. Abradable seals in gas turbine engines, (a) Map of programmed 
debonds in technique verification sample, (b) Image indicating location of 
debonds in test master, (c) Production part with large debond. [Source: U nited  
Technologies Pratt & W hitney, Electronic  H olography/Shearography  N D E  
S ys tem .  Reprinted by permission from Pratt & W hitney.]
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6.4.3 Aging Aircraft Inspection
Several demonstration experiments have recently been performed to assess the 

capability of shearography to detect the major flaw categories—debonds, cracks and 
corrosion—targeted by aging aircraft inspection. Both laboratory experiments and field 
trials on full-sized aircraft have been run.

In 1990, Laser Technology Incorporated (LTI), under contract to the Department of 
Transportation’s Volpe National Transportation Systems Center, fielded an experiment 
to demonstrate and evaluate the flaw detection capability of shearography in a 
laboratory environment, on actual-sized test specimens.®'^ These 6- by 10-foot specimens 
were fabricated to resemble the fuselage structure of Boeing 727 and 737 aircraft and 
had various programmed flaws machined into them. They were stressed by 
pressurization that simulated flight conditions on the FAA Aircraft Panel Test Facility, 
which was operated under separate contract by Foster-Miller, Inc.

Although the first panel was a control panel with no known flaws, shearography 
found one unplanned weak rivet by detecting a strain concentration in the skin 
surrounding it. For the second test series, a 10-inch-long slice was cut in the panel and 
the ends of the crack were sharpened by fatigue cycling. This large crack was easily 
detected with an application of a differential pressure between exposures of only 
0.005 psi.

The third test series looked at lap joint debonds. A 737 panel section was built with 
an intentional debond 30 inches long in the lap seam. This was inspected with a series 
of 11-inch by 14-inch views, covering about 4 feet of lap seam. The pressure differential 
used was 0.04 psi. The inspection took about 30 minutes. Figure 6-11 shows two of the
11-inch by 14-inch views. In these two images the lap seam is vertical.

See Reference 6-7 for a complete description of these images—they are included here 
only to illustrate a few key points. First, and perhaps most obvious, is that these images 
can be quite complex. Either a fairly skilled operator or sophisticated analysis software, 
or perhaps both, may be required to allow shearography to become a routine inspection 
tool. This problem is being addressed currently by analysis software development 
efforts. Research is also under way to optimize the stress method to selectively excite the 
flaw in question and to minimize sensitivity to unrelated structure. These efforts are 
directed toward making shearography more “user friendly.”

The second key point is that there is a lot of information in these images. The 
waviness of the fringes in Figure 6-11(b), indicates strains in the skin surrounding the 
rivets. This implies that the rivets are taking the load, and the bond is not. Other fringe 
features are related to the bond integrity of the tear straps.

Several field trials of shearographic inspection have also been conducted. One 
comprehensive demonstration was conducted by LTI in August 1991. Selected portions 
of a Boeing 737 fuselage were inspected with shearography at a USAir repair station in 
Winston-Salem, NC.®‘® A tripod-mounted, variable-field-of-view shearography system 
was used for lap seams accessible from floor level, and a fixed-field, vacuum-cup-mounted 
system was used for upper seams. In the available 24-hour period, approximately twenty 
percent of the candidate inspectable area was covered. In the area inspected, thirty-one 
debonds were discovered by shearography. Based on this demonstration and the 
assumption that shearographic inspection would eliminate the need for extensive 
internal visual inspection (and the associated internal tear-down), it was estimated that 
use of shearography could save $72K for each aircraft inspected, not counting equipment 
cost. If the equipment were rented at current rates, net savings per inspection would be 
about $40K.
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FIGURE 6-11. Shearography image of a disbonded lap seam  in a simulated 737 fuselage 
panel section. The actual lap joint is denoted by the black lines. Figure 6 - l l(a )  is a bonded 
region, and 6 - l l(b )  is unbonded. N ote the fringing around the rivets in 6 - l l(b ) , indicating the 
rivets are taking the load. [Figure courtesy Laser Technology Incorporated.]
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6.5 TECHNICAL CONSIDERATIONS

6.5.1 A dvantages

The major advantages of flaw detection methods based on the coherent optical 
techniques are that they:

• are wide area imaging techniques, hence fairly rapid
• allow for essentially non-contact inspections
• are very sensitive to small deformations
• are single side access.

6.5 .2  D isadvantages

The major disadvantages include:

• for film holometry, inconvenience of film processing
• possible need for vibration isolation
• need to stress the object in some way
• difficulties in image interpretation
• possible laser safety considerations.

6.5.3 D iscussion

All of the techniques considered in this chapter are imaging techniques in the sense 
that they inspect an area without employing scanning. Image sizes are governed by 
desired spatial resolution, detector sensitivity, and available laser power. Typical range 
is a few centimeters square when inspecting for small cracks to a meter square when 
inspecting for debonds of a few centimeters in size. Although film holometry has a much 
greater potential spatial resolution than the electronic methods, this advantage is offset 
by two factors: First, wet-chemistry film processing in the field is inconvenient. Second, 
the only practical technology available for automated image analysis and archiving is 
video, and this limits the useful resolution. A thermoplastic holographic recording 
system that eliminates the need for chemical film processing is available, but most field 
applications today use either ESPI or electronic shearography for their convenience.

The interferometric imaging process itself is non-contact. However, the object being 
inspected needs to be perturbed in some way. First, since the fundamental quantity 
being measured is a motion or displacement, some stress needs to be applied to cause 
this displacement. Typical stress methods for aircraft are internal pressurization of the 
fuselage, external application of partial vacuum, thermal stress applied by air gun or 
heat lamp, or vibration (either air-coupled or contact-coupled to the structure). Second, 
many aircraft skins are shiny, possibly polished. This can cause a specular reflection of 
the laser light, which creates highlights or saturation problems in the detector. A 
solution to this problem is to apply a diffuse reflective coating to the surface. Often a dye 
penetrant developer is used since it is easy to apply and remove.

The sensitivity of these techniques to surface displacements on the order of microns 
is both an advantage and a disadvantage. On the plus side, very small stresses are 
required to cause detectable deformations. On the minus side, environmental effects
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such as noise, ambient vibrations, and temperature shift can cause sufficient motion to 
invalidate the measurement. This problem exists particularly in holometry and ESPI, 
which measure absolute surface motion. These two techniques are difficult or impossible 
to apply in the field, although there are “tricks,” such as attaching the reference mirror 
to the object under test, which make them barely fieldable. Shearography has the clear 
advantage here because it measures relative surface motion and is less sensitive to gross 
object motions. Even with shearography, it has been necessary to stop other operations 
on the aircraft, especiedly repairs or similar “high impact” operations, to avoid speckle 
decorrelation problems during shearographic inspections. Some techniques for attaching 
the optics to the skin of the aircraft have been developed that tend to help, but ambient 
motions are still a problem and the search for the “best” solution remains ongoing.

Data interpretation is another area of active research. As exemplified by Figure 
6-11, the images can be complex, and application of these flaw-detection techniques may 
require significant operator training in some cases. Some of the more sophisticated data 
analysis techniques could help alleviate this problem, but this too is an area of ongoing 
research.

6.6 STATUS

6.6.1 P resen t

The NDI method of coherent optical inspection using holometry, ESPI, and 
shearography has been in use in the laboratory for about twenty-five years and has been 
in limited use in industrial inspection for most of that time. NDI systems, the NDI 
equipment and technique applied to inspection activities, are commercially available and 
are in use in several industrial production inspections. At least one formal military 
standard inspection process has been written at Boeing. This process defines level I, II, 
and III inspector requirements for shearographic inspection of the SRAM II missile case.

In the arena of aging aircraft inspection, these techniques and systems are in the 
“preliminary design” phase: Tests have been conducted on laboratory samples, and 
some field demonstrations have been conducted. Although at least one demonstration 
test included data on inspection time, no statistically designed experiments have been 
conducted, nor have inspector requirements (training, physical condition, etc.) been 
formally defined.

6.6.2 Future: Estim ated Time to Field Use

It will be several years before the above-mentioned problems of image interpretation 
and sensitivity to vibration and object motion are solved in a general sense. Some 
specific inspections, such as inspection of composite surfaces for impact damage, are 
now undergoing field trials, and the process of seeking FAA approval and certification 
for these specific inspections has begun. Coherent optical systems may be in limited use 
in about 1994 or 1995, and in more general use in mid to late 1990s.
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6.7 DEVELOPMENT CENTERS

Work on coherent optical inspection is being carried out at several federally funded 
development centers.

Aging Aircraft Nondestructive Inspection Development
and Demonstration CenterDepartment 2752 

Sandia National Laboratories 
Albuquerque, NM 87185-5800

Contact: Bruce Hanscbe, (505) 844-3469
Comment: New Mexico State University, in Las Cruces, NM, is compiling a 

computer model of the coherent optical inspection process at the 
AANC. When this model is complete, it will be possible to predict the 
inspection system response to a particular flaw type with a given optical 
configuration.

Center for Aviation Systems Reliability 
Northwestern University 
Center for Quality Engineering 
Evanston, IL 60208

Contact: Sridbar Krisbnaswamy, (708) 491-4006
Comment: Research is being conducted at Northwestern University in Evanston, 

IL, on stress techniques that are optimized for particular flaw types. 
Currently, a synchronous vibration technique has been developed in 
which the optical system is shuttered in phase with an acoustic driving 
force, and the frequency can be selected to get maximum response from 
a given debond configuration.

National Aeronautics and Space Administration 
Nondestructive Measurement Science Branch 
Langley Research Center 
Hampton, VA 23665

Contact: Leland Melvin, (804) 864-7970
Comment: Research on excitation techniques is under way. NASA is also using 

finite element modeling techniques to predict structure response to a 
given stress in the presence of a flaw, and to predict shearography 
system sensitivity to these flaws. In the future, this work can be 
combined with the modeling efforts at New Mexico State.
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6.8 COMMERCIAL AVAILABILITY

Several holometry, ESPI, and shearography systems are commercially available. 
Major suppliers include:

Holographies, Inc.
44-01 11th Street
Long Island City, NY 11101

Contact: Dr. John Webster, (718) 706-0813
Comment: Uses double pulsed ruby with vibratory excitation, can detect 

substructure flaws such as cracked stringers and frames.

Keystone Scientific Company 
P.O. Box 22 
Thorndale, PA 19372

Contact: Ed Kelley, (215) 384-8092
Comment: Supplies an automatic film based, wet-chemistry holocamera system.

Newport Corporation 
18235 Mt. Baldy Circle 
Fountain Valley, CA 92708

Contact: (800) 222-6440
Comment: Supplies a thermoplastic holocamera which gives film-like resolution 

without wet processing. They also supply an electronic ESPI system, 
and various laboratory optical equipment.

Laser Technology Incorporated 
1055 W. Germantown Place 
Norristown, PA 19403

Contact: John Tyson, (215) 631-5043

Comment: Supplies electronic shearography systems.

Recognition Technologies Inc.
337 Fiske Street 
Holliston, MA 01746

Contact: (508) 429-1600
Comment: Supplies ESPI and electronic shearography systems.

Oldenberg Scientific Instruments 
Attn: Applied Optical Systems 
12925 Central Ave. NE 
Albuquerque, NM 87123

Contact: John Gowan, (505) 294-5551
Comment: Supplies an ESPI system configured to take full 3D vector 

measurements.
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LaserMet USA 
Attn: Sollid Optics, Inc.
365 Valle Del Sol 
Los Alamos, NM 87544

Contact: Jon Sollid, (505) 672-3880

Comment: Supplies an ESPI system built by the Rover Group of Warwickshire, 
England.

Loughborough Consultants, Ltd.
Optical Engineering Group 
Department of Mechanical Engineering 
University of Technology 
Loughborough, Leicestershire L E ll 3TF 
ENGLAND

Contact: (0509) 263172, ext. 3222

Comment: Supplies custom ESPI systems and analysis software.
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7. Advanced Ultrasonics

7.1 SUMMARY

Advanced ultrasonic techniques include two nonconventional ways to generate and 
detect ultrasonic waves: laser ultrasonic methods and methods that use electromagnetic 
acoustic transducers (EMATs). The development of laser pulse generation and laser 
beam detection methods has reached the stage that both methods can be applied to 
inspection of aircraft structures, and both are non-contact and remote—features that 
lend themselves to fast and wide-area scanning. EMATs, by their very nature, can only 
be used on conductive materials. The various EMAT designs make it possible to 
generate a wide variety of wave propagation modes that £ire not available with 
conventional transducers.

From the variety of wave propagation modes available, the inspection technique 
most sensitive to detection of the particular type of flaw or defect of interest in a specific 
aircraft structure can be chosen. Three advanced ultrasonic methods have been 
investigated in the laboratory for the generation and detection of plate waves: leaky 
Lamb wave techniques, oblique incident wave techniques, and acousto-ultrasonic 
techniques. A problem with using leaky Lamb wave methods to inspect aircraft 
structures is that this method requires that a substantially thick coating be applied to 
the surface of the structure. Oblique incident and acousto-ultrasonic methods are 
feasible with dry couplant roller transducers.

Advanced ultrasonic signal-processing techniques that resolve ultrasonic pulse 
echoes between very thin interfaces, such as those present in the skin-bonded joints of 
aircraft, can be used to good advantage in aircraft inspections. Frequency domain 
analysis can extract flaw echoes from normal material noise echoes. In many cases it can 
also make the ultrasonic flaw inspection of composites feasible. The extraction of 
features of ultrasonic signals in the time and frequency domain has made it possible to 
distinguish echoes produced by flaws from those produced by normal, unflawed 
material. Software using artificial neural network techniques has also been developed to 
classify ultrasonic signals into flawed or unflawed types.

Portable computer systems for ultrasonic data acquisition, processing, and image 
display have recently become available. These portable systems can be applied to 
aircraft NDT inspections to increase reliability and effectiveness.

7.2 TECHNICAL BACKGROUND

High-frequency ultrasonic waves can be used to measure material properties and 
detect flaws in elastic solids, and many types of ultrasonic wave modes can be used for 
the ultrasonic inspection of materials and structures. Important considerations in the 
development of advanced NDT inspections for the detection of flaws in aging aircraft 
structures are knowledge of the different wave types and their uses. Different ultrasonic 
inspection techniques take advantage of the properties of the particular wave mode that 
is most sensitive or that optimizes the detection capability of certain flaws; for example, 
for the generation and detection of flaw signals, evaluation of bond interface integrity 
requires completely different techniques from detection of fatigue cracks.

In some cases the flaw signal is buried in “normal” scattered signals (noise signals), 
as from grain boundaries or multiple interface layers of a composite. The flaw signal can
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be detected by applying signal processing techniques. The use of portable computers has 
increased the availability of flaw imaging capabilities by automated scanning systems 
using both time/amplitude and frequency domain information in the flaw signal. This 
chapter considers the advanced generation, detection, and signal processing techniques 
that presently comprise state-of-the-art in optimizing ultrasonic inspection capabilities.

Two types of ultrasonic waves are possible in the bulk solid material: longitudinal 
(compression) waves and shear (transverse) waves. When the solid is bounded by 
surfaces, many more wave types are possible, such as Rayleigh (surface) waves. Love 
(2nd type surface) waves. Lamb (plate) waves, Stoneley (interface) waves, head waves, 
creeping waves, and leaky Lamb waves.

Each wave type or mode has its own propagation velocity and wave motion which are 
characterized by the vibration mode or displacement motion of the particles of the solid 
with respect to the wave propagation direction. Bulk longitudinal waves are 
approximately twice the velocity of bulk shear waves. Surface wave velocities are 
approximately 90 percent of the bulk shear wave velocity. Plate and interface wave 
velocities are usually multi-valued and depend on the material properties, the ultrasonic 
frequency (dispersion), the thickness, and the boundary conditions of the test-piece. At 
a given frequency more than one mode of plate waves may exist for layered structures, 
and for some ultrasonic techniques two may be present at the same time.

Longitudinal wave motion is characterized by particle motion that is parallel to the 
direction of propagation. Shear wave particle displacement is perpendicular to the 
direction of propagation. Surface waves are characterized by an elliptical particle 
motion resulting from a combination of longitudinal and shear displacements. Plate 
waves and interface waves exhibit complex particle motions to form two basic types of 
plate wave motion: symmetrical (dilatational) and antisymmetrical (bending). Figure
7-1 shows a schematic of the particle motions with respect to the direction of wave 
propagation for longitudinal, shear, and surface waves. Figure 7-2 shows a schematic of 
the particle motions and wave propagation directions for symmetric and antisymmetric 
plate waves. The infintesimal “real structure” particle motions are greatly exaggerated in 
the figures for easy visibility.

Figures 7-1 and 7-2 illustrate the generation of ultrasonic waves using conventional 
piezoelectric transducers, which are normally used for NDT inspection purposes. The 
pulses of high-frequency sound waves interact with defects or flaw interfaces within the 
solid, and portions of the energy of the pulse are reflected back to the transducer, where 
they are detected, amplified, and displayed on a CRT screen of an oscilloscope. Figure
7-3 illustrates the application of a surface wave transducer and the detected signal from 
a surface crack in a plate as it appears on the CRT screen. The time-of-flight of the 
detected crack signal depends on the surface velocity of the wave in the plate. The 
ultrasonic signal can be viewed as an oscillatory pulse (rf pulse) or as a rectified pulse 
showing only the amplitude envelope of the rf pulse, as is seen on most ultrasonic flaw 
detector instruments.

The interaction of ultrasonic waves with defects depends very much on the wave 
mode and frequency. For NDT inspection purposes, defects of a certain nature can 
be optimally detected by selecting advanced ultrasonic techniques that apply the 
appropriate wave mode and frequency. In a number of practical applications, as in 
aircraft structures, the advanced techniques to generate and detect the appropriate 
wave modes may not be optimized or known. Therefore, appropriate techniques must be 
developed and tested in the laboratory before they can be applied in the field.
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THICKNESS ^

BULK WAVES
(a) Longitudinal w ave. Material particles undergo a succession of 
compressions and expansions as the wave travels through the bulk material.
(b) Shear wave. Material particles undergo sidewise displacements as the 
wave travels through the bulk material.

WEDGE
TRANSDUCER

PARTICLE MOTIONSURFACE WAVES

(c) Rayleigh (su rface ) w ave. Material particles undergo elliptical 
displacements as the wave travels along the surface; displacements vanish at 
a depth of two wavelengths.

FiGURE 7-1. Modes of acoustic wave propagation in solids.

For composite materials and anisotropic materials, wave propagation velocities 
depend on the propagation direction in the material. Two velocities for the same wave 
mode are possible and are designated as the phase velocity or the group velocity. The 
phase velocity is the propagation velocity of a point-of-constant phase of the wave. The 
group velocity or energy velocity is the propagation velocity of the modulation envelope 
of the wave packet. For anisotropic media, the group velocity direction may be skewed 
to the phase velocity direction. These wave modes are described as quasi-longitudinal 
and quasi-transverse. For inspection purposes, both for composites and plates, the group 
or energy velocity of the wave packet is normally detected. Development of inspection 
methods for composites and bonded plates will require specific knowledge of all the 
wave mode characteristics.
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WEDGE
TRANSDUCER

PARTICLE MOTION
SYMMETRIC PLATE WAVES

(a) Symmetric Lamb (plate) waves. Material particles undergo longitudinal and shear 
displacements which are symmetric about the midplane of the plate.

WEDGE
TRANSDUCER

PARTICLE MOTION

ANTiSYMMETRIC PLATE WAVES

(b) Antisymmetric Lamb (plate) waves. Material particles undergo longitudinal 
components of opposite sign about the midplane of the plate whereas shear components 
are of the same sign.

FIGURE 7-2. Modes of acoustic wave propagation in thin plates.

Ultrasound is the propagation of stress waves through the material. Based on a 
generalization of Hooke’s Law in terms of stress and strain tensors, the phase velocity of 
wave modes can be written in terms of the stiffness constants or elastic constants of the 
material. Phase velocities or group velocities of the ultrasonic waves can be measured 
experimentally and from those measurements effective elastic constants or elastic 
moduli can be calculated. The strength of a material in the absence of defects is related 
to the effective modulus of the material. Therefore, by noting decreases in values over 
time, plate-wave velocity measurements can provide a means of evaluating changes in 
the strength of composites or adhesive bonded joints used in aircraft structures.
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SURFACE CRACK

TRANSDUCER PULSE EXCITATION © DETECTED ECHO FROM CRACK

TIME - OF ■ FLIGHT

FIGURE 7-3. Conventional surface wave generation and detection of a crack in a piate 
as observed on an osciiioscope screen.

Current ultrasonic techniques and inspection methods used for aircraft applications 
are described in Reference 7-1. The aspects of new and advanced ultrasonic techniques 
appropriate for aging aircraft inspections include advanced ultrasonic wave generation 
and detection techniques; advanced evaluation techniques of bond interfaces using 
surface, plate, or interface waves; acousto-ultrasonic techniques; frequency and time 
domain signal-processing techniques; and computerized data acquisition and flaw 
imaging techniques. Because of the magnitude of topics covered, only the most pertinent 
aspects of each are discussed here. For a more comprehensive treatment, see the cited 
references.

7.2.1 A dvanced Ultrasonic Wave G eneration and D etection Techniques

Pulse-echo ultrasonic testers normally consist of a stress wave generator and a stress 
wave detector coupled with amplifiers and a visual display unit, such as an oscilloscope 
screen, to observe the signal waveform. Conventional ultrasonic pulse generators use a 
high-voltage pulse applied to a piezoelectric transducer element. The same or a similar 
transducer element is used to detect the stress wave after internal reflections from flaw 
interfaces occur within the test-piece. The transduction principles, basic equipment, 
and conventional A-scan, B-scan, and C-scan displays are described in Reference 7-1.
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In conventional contact transducer applications, a liquid or viscous couplant must be 
applied between the contact transducer and the inspection surface to ensure adequate 
transmission of the high frequency sound waves across the transducer-to-work-piece 
interface. The surface must be quite smooth and free of dirt and obstructions. Lack of 
consistency in thickness of the coupling medium can greatly influence the inspection 
results. The inability to maintain a consistent coupling during fast manual or automated 
scanning techniques can impair the inspection process significantly. It is also difficult to 
find compatible coupling mediums for some materials sensitive to oils, solvents, and 
water or for ones that can be used in high-temperature applications. For these reasons, 
there has been an increasing interest in using non-contact generation and detection of 
stress waves in solids.

Two non-contact ultrasound transduction methods are currently available which 
might be used for aircraft NDI inspections: laser generation and optical detection 
methods, and electromagnetic acoustic transducer (EMAT) methods.

L a se r  g e n e ra tio n  and  op tica l d e tec tio n  of u ltra so n ic  s tre s s  w aves. In
1963, R. M. White demonstrated laser generation of acoustic waves in a solid.^'^ Since 
that time, especially in the 1980s, significant work has been done that resulted in 
laboratory systems which may eventually find use in practical engineering NDT 
applications and aircraft inspections. Laser generation and detection of ultrasonic waves 
is both non-contact and remote. The remote aspect has the advantage of directing the 
laser beam with mirrors and lenses to quickly scan a large test-piece that may have 
curved and irregular surfaces of complex geometry, such as in aircraft structures. 
However, a great amount of work must still be done before laser systems advance from 
the laboratory to field applications.

A basic laser generation and detection system is schematically shown in Figure 7-4. 
Figure 7-4 actually consists of two systems, (1) the laser acoustic wave generation system 
and (2) a laser-beam interferometer system.

Ultrasonic generation with lasers has the ability of generating longitudinal waves, 
shear waves, surface waves and, consequently, plate and interface waves.^’® The 
source of the elastic waves is by thermal expansion at the point of laser energy 
deposition (thermoelastic effect) where a shear wave and surface wave are favored under 
low energy conditions. Increasing the laser power density to cause evaporation of the 
surface material (ablation effect) favors generation of a longitudinal wave primarily 
perpendicular to the surface.^'® To prevent surface damage hy ablation when a 
longitudinal wave is desired for inspection, a sacrificial coating (oil film) may be applied 
to the test-piece. Beam patterns and beam-forming techniques have been developed to 
improve the conversion of laser energy into acoustic energy of the wave type of 
interest.^'^

The laser-beam interferometer system uses a small focused spot (several microns in 
diameter) on the surface of the test-piece to record the infinitesimal displacements of 
the surface as the acoustic pulse travels through the spot area. The acoustic stress waves 
can be detected by either of two interferometer methods coupled with photodiode 
detection of the light intensity. One design employs optical heterodjming techniques 
based on the Michelson interferometer.’'®’̂ ’’’®’̂® A second design consists of a confocal 
Fabry-Perot interferometer as the optical detector.’"®’® The Michelson interferometer 
technique uses the test-piece surface as one leg of the interferometer and is sensitive to 
surface out-of-plane displacements caused by the wave motion passing the point of 
illumination. The Fabry-Perot interferometer is sensitive to the surface velocity of the
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TEST- PIECE 
SURFACE s

LASER ACOUSTIC 
WAVE GENERATOR LENS

ULTRASONIC 
WAVE PULSE

LASER ACOUSTIC 
WAVE DETECTOR INTERFEROMETER

PHOTODIODE DETECTOR

LASER

LASER

FIGURE 7-4. Basic laser generation and optical system  for ultrasonic testing.

displacement because it detects the Doppler shift in the frequency of the scattered light 
from the point of illumination on the surface of the test-piece. A modification of the 
Michelson interferometer technique has been designed to include a dual-probe detection 
capability where two points of detection at some distance apart from each other are 
recorded simultaneously on the surface of the test-piece.^'^*^

E lec tro m ag n e tic  aco u stic  tra n sd u c e r . EMATs offer another non-contacting 
transduction method for the generation and detection of elastic waves in conductors. 
Alers and Maxfield^"^^ describe many practical EMAT designs which have been 
successfully used in commercial applications. Hutchins^'® compares EMAT techniques 
with laser techniques.

The fundamental principles of construction of an EMAT are illustrated in Figure
7-5. A radio-frequency transmitter coil is placed close to a conducting surface of a 
test-piece in the presence of a strong magnetic field. A pulsed rf current I in the coil 
induces an eddy current density J  in the conductor. The interaction of J  with the 
magnetic field B produces the Lorentz force F on the moving electrons. Resulting 
electron-ion interaction within the conductor generates ultrasonic waves which 
propagate into and along the surface of the test-piece. An ultrasonic stress wave is 
detected by a pickup coil (which can be tbe same as the transmitter coil) where motion 
of the electron displacements due to the wave causes an induction of a current in the 
pickup coil.
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PERMANENT MAGNET OR ELECTROMAGNET

AIR GAP

X L ® I ( g ) COIL

TEST PIECE 
B B

F = LORENTZ FORCE 
J = PULSED EDDY CURRENT DENSITY 
B = STATIC MAGNETIC FLUX DENSITY 
I -  PULSED CURRENT IN EDDY CURRENT PROBE COIL

FIGURE 7-5. EMAT transduction geom etry and physical principles.

When the field B is normal to the surface, the Lorentz forces are parallel to the 
surface as shown in Figure 7-5 and a shear acoustic wave is generated. When the field B 
is tangential to the surface, the Lorentz forces are perpendicular to the surface and 
longitudinal acoustic waves predominate. Sensitivity of the transducer does depend on 
the proximity of the coil and magnet to the surface since generation and detection falls 
off exponentially with the air gap width. Clearly, proximity is desired but lift-off 
distances of 3 mm and more can be tolerated. In this respect, the transducer is not 
remote as is the case for laser transduction, but the technique can still be considered 
contactless since no couplant is needed between the air gap for operation.

7 .2 .2  Ultrasonic NDE T echniques for Adhesive Bond Integrity 
of P lates and C om posites

The integrity of adhesive bonded joints in many aircraft structures is important for 
the safe and continued operation of the aircraft. A few examples of bonded structures 
are bonded lap joints, layered composite structures, and bonded repair patches where 
the reliable operation of the aircraft depends on the integrity of interfacial bonds. 
Advanced ultrasonic nondestructive evaluation techniques are being developed in the 
laboratory for use in assuring the in-service performance of bonded joints in aircraft.

At present a variety of ultrasonic tranducer resonance techniques, some utilizing 
sweeping frequencies below 500 kHz, are available on the market for bond evaluations. 
They operate on the principle that the resonant frequency of ultrasonic waves 
interacting between the thickness of the bonded structure and the applied transducer 
are dependent on the quality of the bonded joint at that spot. For detecting debonds, 
these instruments work fairly well, but for many of the more subtle evaluations of bond
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quality, such as bond weaknesses, they are not effective. Advanced techniques utilizing 
shear waves, surface waves. Lamb waves (plate waves), and Stoneley waves (interface 
waves) show promise for interrogating defects and for evaluating the effective elastic 
properties of bond interfaces. These properties include deteriorating bond strength and 
kissing bond (touching but not adhering to one or both surfaces) conditions. A 
state-of-the art review of the nondestructive evaluation of adhesive bond quality up to 
1989 is given by Light and Kwun.”̂*̂®

Bondline interrogation using Stoneley waves has been shown to be sensitive to 
changes in the interfacial conditions of the adhesive. '̂^"* In laboratory experiments, 
Rokhlin et al. have shown that an effective shear modulus calculated from an interface 
shear wave velocity was related to adhesive bond strength.^'’̂® Yew has shown that 
characteristics of horizontal shear waves (SH waves) in a bonded plate are dependent on 
the bonding stiffness of the adhesive.’’ ®̂ For plate waves, the dispersion curves (phase 
velocity versus wave frequency) have been found to be a sensitive measure of assessing 
defects and elastic properties of adhesively bonded plates and fiber-reinforced 
composites.^'^^ ^

There are many methods to generate and detect longitudinal, shear, surface, plate, 
and interface waves for bonded materials. The three most successful methods in 
laboratory experiments and those which may find application on aircraft structures are 
the leaky Lamb wave (LLW) method, the oblique incidence method, and the 
acousto-ultrasonic method. Figure 7-6 shows the basic transducer configuration for the 
three methods. In Figures 7-6(b) and 7-6(c), a pitch-catch transducer configuration is 
shown for both local and global (at a distance) interrogations.

L e ak y  L am b w av e  m ethod. Figure 7-6(a) shows for LLW methods a transmitter 
and receiver transducer positioned at an angle to the surface of the test-piece, which is 
immersed in a fluid (water). When the angle and frequency of the transmitting wave is 
correct to excite a LLW, the reflected field consists of two lobes with a local minimum 
or null zone between them. The minima occur only at conditions for LLW generation. 
Varying the frequency or angle allows excitation of the different modes of plate waves. 
The phase velocity for each mode can be calculated from Snell’s law and the angle of 
incidence. Plots of the phase velocity versus frequency (or frequency times plate 
thickness) establish the dispersion curves for the structure. By setting the angle and 
frequency to the plate mode generation that is most sensitive to bond material 
properties (e.g., particle motion that produces shear stress on the bond interface and 
within the bond thickness), features related to the frequency content and reflection 
amplitude at a single location in the bonded test-piece can be used to characterize the 
bond quality or elastic properties of the bonded structure at that location. Chimenti and 
Martin have shown results with this technique in C-scan format by developing a 
scanning technique for inspecting a multi-ply graphite-epoxy composite with two 
5-MHz transducers in tandem over the surface of the composite plate.^'^° Seeded 
defects representing delaminations, porosity, ply gaps, induced damage, foreign matter, 
and changes in fiber volume fraction were detectable.

O blique incidence m ethods. Rose et al. describe how oblique incidence 
measurements. Figure 7-6(b), can be used to generate subsurface longitudinal, shear, 
and Rayleigh waves and to determine their wave velocities for calculating certain elastic 
properties of composites.^'^^ Pilarski and Rose demonstrated in laboratory experiments 
that the sensitivity of transverse waves at oblique incidence is significantly better than 
the sensitivity of longitudinal waves at normal incidence for the local interrogation and 
detection of weak adhesion strength of an aluminum-epoxy interface. Their conclusion
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(a) Leaky Lamb wave interrogation technique.
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(b) Oblique incidence pitch-catch. (1) Local and (2) Global interrogation techniques.
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(c) Acousto-ultrasonic techniques

FIGURE 7-6. Three inspection m ethods for generation and detection of plate waves. (1) Local 
and (2) Global interrogation techniques.
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was that this method can be used as a tool for measuring interfacial weaknesses in 
adhesively bonded structures.^'^^

Jiao and Rose have presented a model for solving the adhesive weakness evaluation 
problem.^'"" For the oblique incidence analysis of waves traveling across the interface of 
aluminum-epoxy, they selected the best frequency range for the appropriate shear wave 
mode which is most sensitive. The higher sensitivity of shear waves with a measurable 
dependence of transmission factors on the frequency and angle of incidence was 
demonstrated for different interfacial conditions. Wang and Rokhlin have also shown 
how an oblique angle beam technique can be used for the evaluation of interfacial 
properties of adhesive joints in aluminum plates. '̂^"* The technique in Reference 7-24 
was based on measurement of the frequency response of obliquely incident waves 
selected in such a way that only transverse waves exist in the aluminum plate and 
undergo interference in the adherent-adhesive bond layer.

A cousto-ultrasonic m ethods. Acousto-ultrasonics (AU) was introduced by 
Vary.̂ '̂ ® The method combines the advantages of conventional ultrasonics with the 
detection techniques developed for acoustic emission. Figure 7-6(c) shows the transducer 
arrangement where a broad-band transmitter is coupled directly to the test-piece and 
the resultant waves are detected with acoustic emission sensors at some distance away. 
The transmitting transducer injects longitudinal waves normal to the surface. 
Longitudinal and mode-converted stress waves are produced which travel parallel to the 
plane of the plate in all directions. As a result, Lamb waves of the lowest symmetric and 
antisymmetric modes are generally excited. Acousto-ultrasonics (also known as the 
stress-wave-factor technique) measures the relative efficiency of the energy transmission 
of the stress waves propagating in a given direction in the test-piece. AU techniques can 
be used to assess integrated effects of subcritical flaw conditions that collectively 
influence the strength or mechanical properties of the structure.

Kautz and Lerch show AU results detecting composite damage from tensile and 
thermal loads. '̂^® The technique was also observed to be sensitive to certain interface 
characteristics. Tang and Henneke used a modified AU method to evaluate composite 
damage by placing a pair of receiver transducers at a small distance from each other, but 
the pair is placed at a larger distance from the transmitter.^'^^ The modified method 
improved the efficiency of obtaining experimental data by not having to move the 
receiver to obtain velocity data. In this study, by measuring the plate wave velocities, the 
dispersion curve (velocity versus frequency) of the lowest antisymmetric mode changed 
significantly with respect to a stiffness reduction (strength) of a composite laminate.

7.2.3 U ltrasonic Flaw Data S ignal-Processing Techniques
Portable PC-based systems with high speed digitizers and processors make it 

possible for signal-processing techniques to be integrated into ultrasonic test equipment. 
Enhanced C-scans, B-scans, time-of-flight (TOF) images, feature mapping, and neural 
network mapping become possible in near real-time processing as the test-piece is 
being inspected. Computerization allows efficient data collection and storage and digital 
signal processing of large data sets. Digital image enhancement can greatly improve the 
ability of an inspector to distinguish defects from normal background noise that appears 
in inspection images. Depth and lateral resolution of C-scan and B-scan images can be 
greatly improved by deconvolution techniques. Spectrum analysis, feature and pattern 
recognition analysis, and neural network techniques have become available for an 
enhanced interpretation of the inspection data set that leads to expert system techniques 
(automated flaw classification).
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The ultrasonic pulse-echo, through transmission or pitch-catch A-scan signals, 
represents the stress wave responses in amplitude and time (time domain). The received 
signal can also be analyzed in the frequency domain by Fast Fourier Transform (FFT) 
analysis. Because the interaction of stress waves with flaws is frequency dependent, FFT 
analysis allows information about the frequency content of the received signal to be 
calculated. Ultrasonic spectroscopy (frequency domain analysis) has been investigated 
as a NDE tool for many flaw detection applications.

Newhouse has shown that flaw detection was enhanced in noisy large-grain echoes 
by split-spectrum processing.^’̂ ® Since flaw echoes may display a downward shift in 
their frequency content as compared with natural-grain echoes, which display an 
upward shift in frequency content, a robust flaw detection filtering technique can be 
developed by processing the data in frequency bands. Similar techniques are appropriate 
for processing ultrasonic flaw data in the inspection of composites. However, a long 
processing time associated with the filtering process would limit this technique for field 
applications. Aussel has shown how a more efficient decomposition method based on 
finite impulse response filtering in the time domain can be implemented in real-time 
using tapped delay lines. *̂̂ ®

Sin and Chen describe the application of deconvolution techniques for ultrasonic 
NDE signals. '̂®® O’Brien et al. investigated a high-resolution deconvolution technique 
for improving temporal resolution of ultrasonic signals. '̂®  ̂Kishoni and Pietsch describe 
a correlation technique to overcome low signal-to-noise ratio in inspection data. '̂®® 
Singh and Udpa have described digital signal processing techniques that have produced 
useful information for improved defect characterization.^'®® The application of a 
number of these techniques may be useful in resolving bond interface echoes for the 
NDT characterization of bond quality.

Feature mapping (F-map) techniques are used to characterize defects by considering 
a large number of time and frequency domain parameters extracted from a received 
ultrasonic signal. '̂®  ̂These parameters are mapped into a smaller dimensional feature 
space. A pattern recognition technique is then applied using the feature space mapping 
to classify the defect as to type. Flaw types can then be identified for evaluation and 
possible repair. C-scan representation of F-map results (classifications) provides an 
image of the defect area. Subjective interpretation ambiguities of a flaw echo by an 
inspector may be eliminated by the F-map technique.

Software using artificial neural network (ANN) techniques has also been developed 
to classify ultrasonic flaw signals for composites. '̂®® Artificial neural networks imitate 
the process that the living brain uses to recognize patterns, make decisions, and draw 
conclusions from complex and noise-contaminated data. The technique works fast in its 
ability to be trained, generalize, and associate features that allow classifications of 
signals to be made. The ANN computation can be thought of as a mapping of 
n-dimensional input vectors to n-dimensional output vectors. A useful neural network 
computation is done when the input vectors (ultrasonic signal measurements) and 
output vectors (flaw classification label) represent meaningful robust quantities that 
can be used to recognize the flaw type. C-scan imaging of the flaw classification label 
provides area images of the defects. The network is trained by using representative 
samples containing known flaw types.

The open literature contains a large number of papers concerning signal processing 
methods, but in this section reference is made to a only a few of the more recent papers 
in which general references to the subject can be found.
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7.2.4 Automated Data Acquisition and Flaw Imaging Systems

Portable PC-based systems for ultrasonic data acquisition, signal processing, and 
image display have increased substantially in speed, memory, and performance in the 
last few years. Field-ready inspection systems are emerging that have the potential to 
become widely used for aircraft applications. C-scan format of ultrasonic inspection data 
is available in real-time, which assists the inspector in making reliable decisions of flaw 
detection. Voluminous data can be archived and retrieved for postprocessing and 
hard-copy output.

Many of the more complex inspection problems, such as corrosion assessment and 
adhesive bond integrity of plates, composites, and repair patches, may be solved with 
computerized C-scan systems. A variety of manual scanning devices to provide position 
information with digitized ultrasonic gated-signal amplitudes, time-of-flight values and 
signal waveforms are becoming available for PC systems. Signal processing and image 
processing software for PC systems is also available.

7.3 PRESENT APPLICATIONS

7.3.1 Laser Ultrasonics

To date, the applications for laser-generated and detected ultrasonic tests have been 
limited to laboratory experiments. These experiments have demonstrated the generation 
of the different ultrasonic wave types. The ability to detect surface-breaking cracks and 
to characterize electroplated metal coatings is discussed in References 7-7 and 7-8. 
Characterizing material properties by velocity determinations at ambient temperatures 
and at elevated temperatures is discussed in References 7-6 and 7-36.

7.3.2 Electrom agnetic  Acoustic T ransducers

EMATs have been used in many commercial applications where inspection 
techniques at high speeds and at elevated temperatures were needed. Inspection of 
corrosion in gas pipe lines was performed at speeds approaching 30 mph.^'^^ Inspection 
of aluminum plate thickness and detection of defects have been performed for hot-rolled 
aluminum at speeds of 10 in./s (Ref. 7-12).

7.3.3 Advanced Ultrasonic Bond Evaluation Methods

Applications of advanced bond evaluation techniques are still in the laboratory 
stage. Mai and Bar-Cohen discuss how ultrasonic spectroscopy and leaky Lamb 
waves '̂®  ̂ have potential applications for the nondestructive determination of bond 
quality. A strong dependence of the first symmetric Lamb mode was observed in its 
dispersion curve characteristics for a bonded aluminum plate.

Balasubramaniam and Rose show how plate waves and dispersion curves can be used 
for nondestructive evaluation of composites.’"̂ ® They show laboratory results obtained 
on a unidirectional graphite epoxy specimen. The global transducer arrangement in 
which the transmitter and the receiver are spaced apart and the wave travels some 
distance through the plate, as shown in Figure 7-6(b), is suggested as a practical method 
of inspection in the field. Bendec et al. successfully used the global transducer 
arrangement shown in Figure 7-6(b) for Lamb waves to evaluate the quality of the 
spot-welded zone in joining two overlapping plates.’"®®
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Acousto-ultrasonic techniques have been used to evaluate the strength of bonded 
joints in aluminum, fiber glass composites, and rubber sheets bonded to steel. Wegman 
and Mitchell used a commercially available instrument based on the AU technique with 
dry-coupled rolling probes, and data were presented showing its capability to assess the 
bond strength of adhesively bonded aluminum panels.^"*®

7.3.4 Signal-Processing Methods

McRae has applied deconvolution techniques to the ultrasonic examination of 
adhesive joints in the laboratory.^"*^ Real-time processing was accomplished to produce 
improved C-scan images. Resch and Karpur used split-spectrum processing to improve 
detection of fatigue cracks in aluminum with surface wave methods.^"*^ Karpur et al. 
reported that in a demonstration of the effects of Wiener filtering for image 
enhancement of impact-damaged graphite-epoxy composites, the resolution of C-scan 
images showed significant improvement.^"*® Dewen et al. show how cepstral processing, 
which is a deconvolution technique, was able to resolve ultrasonic echoes from the bond 
interface of thin aluminum plates.^"** These methods can readily be put to use in 
automated data acquisition systems as the need for them arises in aircraft NDT 
inspections.

7.3.5 Automated Data Acquisition and Flaw Imaging System s

A number of both manual and mechanized scanning bridges, combined with 
computerized data acquisition, have been used in industrial applications. For example, 
the P-scan system has been used for field inspections of service-induced defects in 
piping and pressure vessel welds in nuclear power plants.^'*® Field inspections have also 
been made on welds of storage tanks and wind turbine rotors. The oil and gas industry 
has used the equipment to detect hydrogen or stress corrosion cracking as well as 
corrosion assessment in piping £ind vessels.

7.4 AIRCRAFT APPLICATIONS

7.4.1 Laser Ultrasonics

The potential exists to use laser-generated and optical detection techniques for 
non-contact wide-area scanning applications on aircraft surfaces. The non-contact and 
remote features lend themselves to scanning methods that use mirrors and lenses for 
beam steering and collection of the scattered light. The dual-beam interferometer 
technique^'^® may have possibilities for fast scans of lap joints, doubler bond interfaces, 
and corrosion assessment of thin plates. The characterization of composite overlays of 
boron fiber epoxy by laser ultrasonics has been proposed for assessment of adhesive 
bond strength. '̂®® Since laser-generated acoustic waves are extremely short pulses, their 
broad-band feature makes them valuable for potential ultrasonic inspection of thin 
ceramic coatings used on turbine blades and other engine components.

7.4.2 Electrom agnetic Acoustic T ransducers
EMATs have many potential inspection applications for aircraft structures. EMATs 

can be designed to be efficient generators and detectors of surface waves and plate waves 
that can be used for bond evaluations of lap joints and doublers. Because the 
transduction mechanism takes place within the skin depth of the test-piece, EMATs can
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be used over coats of paint and decals. This eliminates the cost to remove these 
materials for timely inspections of lap joints and butt joints for debonding or fatigue 
crack detection. EMATs are well suited to fast automated scanning methods of 
inspection.

7.4.3 Advanced Ultrasonic Bond Evaluation Methods

Scanning techniques using the leaky Lamb wave method, as in Refence 7-20, need to 
be developed for aircraft applications. A fieldable scanning technique would make 
inspection of bonded metal plates and composite repair patches possible on aircraft 
structures. Similar techniques for the detection of various forms of corrosion in aircraft 
structures would also be possible. '̂"*®

Presently being developed is a prototype global pitch-catch arrangement with roller 
transducers. This method will be applied to aircraft lap joint evaluation using specific 
Lamb wave modes and dispersion curve analysis for improved inspection sensitivities.^"^® 
Local pitch-catch oblique incidence scanning techniques could also be developed to 
provide C-scan imaging of bonded joints and bonded repair patches.

Acousto-ultrasonic techniques have been used to evaluate impact damage and the 
effect of hydrothermal aging in composites; this has direct applications to aircraft 
structures. Stress wave propagation efficiency can be related to many (material bond 
integrity) parameters affected by aging and in-service operating conditions of aircraft. 
These parameters may be measurable from acousto-ultrasonic techniques using time 
and frequency domain analysis.

7.4.4 Signal-Processing Methods

Many of the signal-processing techniques can be applied in ultrasonic inspections of 
aircraft structures, which require very sophisticated techniques. In the future, many of 
the signal processing techniques will be necessary for implementation of robotic and 
expert systems.

7.4.5 Automated Data Acquisition and Flaw Imaging System s

A computerized manual scanner with automated data acquisition of position and 
ultrasonic data has been developed specifically for in-service aircraft applications of 
composite and bonded structure inspections.^"'*^ A hand-held fast scanner with a data 
acquisition system that uses a UNIX workstation environment has been developed to 
inspect debonds and corrosion in bonded joints of aircraft skins and impact damage or 
delaminations in aircraft composite structures.^""*® The hand-held scanner (Mobile 
Automated Ultrasonic Scanner) shown in Figure 7-7 mechanically oscillates a set of four 
transducers which can cover a test area of 4 by 8 inches in about 30 seconds. This rapid 
coverage makes inspection rates of up to 100 sq ft/hr possible. The Mobile Automated 
Scanner can also be used with eddy current probes (see section 5.2 for C-scan images of 
eddy current data). Similar C-scan images are obtained for ultrasonic data.

Manual scanning equipment with automated data acquisition and display can be 
used for inspections from exterior as well as from interior surfaces of the aircraft. 
Applications include skin-lap and butt-joint evaluations, doubler bonds from the 
interior or exterior surface, in-service defects of repair patches, and corrosion assessment 
of skin structures. Recently, two commercially available portable eddy current and 
ultrasonic automated scanning systems were demonstrated on the AANC 737
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aircraft.^"*® Figure 7-8 shows one of the scanners attached to the skin panel aft of the 
rear cargo door. Figure 7-9 is a C-scan image of ultrasonic inspection data taken at that 
location where a delaminated tearstrap is clearly imaged. Two comparable eddy current 
C-scan images of the same area are shown in Chapter 5B, Figure 5B-4, where corrosion 
is clearly detected at the tearstrap. Figures 7-9 and 5B-4 are complementary since the 
delamination area of the tearstrap extends beyond the area of the detected corrosion. 
The second portable automated scanner is shown in Figure 7-10 where C-scan images of 
the lap splice joint were being recorded.

Aytomatacî yitrasoriî ^̂ Seaiiiier

FIGURE 7-7. Mobile Automated Ultrasonic Scanner for C-scan imaging of ultrasonic inspection 
data of aircraft structures. [Source: McDonnell Aircraft Company, St. Louis, MO. Reprinted by 
permission of McDonnell Aircraft.]

7-16



Chapter 7. Advanced Ultrasonics

FIGURE 7-8. A portable automated eddy current or ultrasonic scanner is shown attached 
to the AANC 737 airplane aft of the rear cargo door.

Eddy Current Data Showing 
Area of Corrosion (Light Areas)

Ultrasonic Data Showing Tear- 
strap Deiamination (Dark Area)

BS 887 BS 887
Stringer 2 2 - ' |

Stringer 23-

FIGURE 7-9. C-scan image of ultrasonic inspection data showing the presence of a 
deiaminated tearstrap compared with the C-scan image of eddy current inspection data at 
the same location.
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FIGURE 7-10. A portable automated scanner for eddy 
current or ultrasonic Inspection data acquisition and C-scan 
display is shown recording data on a lap splice joint.

7.5 TECHNICAL CONSIDERATIONS

7.5.1 Laser Ultrasonics

Methods of improving the generation and detection efficiencies of laser ultrasonics 
are still under development. Recently the rapidly scanned laser technique to efficiently 
generate surface acoustic waves has been shown to enhance the amplitude and 
sensitivity of the generated waves. The reproducible elastic waves generated at low laser 
power levels have no irreversible effect on the surface of the test-piece, even as the laser 
power is increased and approaches the ablation regime, where slight surface evaporation 
(less than 0.00005 in.) occurs.
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Advantage

• The nature of the acoustic pulse generated makes it particularly attractive for 
resolving echoes within thin plates as might be necessary for assessing the extent of 
corrosion or the inspection of thin ceramic coatings used as oxidation and wear 
inhibitors on turbine blades and other engine components.

Disadvantages

• Efficiency of thermoelastic transduction is several orders of magnitude lower than 
piezoelectric transduction, giving low signal-to-noise ratio.

• The surface of the test-piece must be smooth and polished for adequate signal-to-noise 
ratios using the Michelson interferometer. However, the Fabry-Perot interferometer 
has been used successfully on rough, diffuse reflecting surfaces.

7.5.2 Electromagnetic Acoustic Transducers

EMATs have a lower power conversion efficiency than piezoelectric transducers, but 
since coils have less inherent noise than piezoelectric devices, the signal-to-noise ratio is 
comparable. For some aircraft applications on rough surfaces, where the laser 
interferometry detection is limited, a hybrid system using laser generation and EMAT 
detection modules might be developed to optimize the technical advantages of each 
module.

Because of the versatile design of am EMAT, many different elastic wave modes can 
be generated by adjusting the direction of the magnetic field and changing the geometry 
of the transmitter.^'^’̂ Some of these modes are not possible with the piezoelectric 
transducers. Some of the modes possible with EMATs are longitudinal and shear waves 
perpendicular to the surface; longitudinal and shear vertical waves at some angles to the 
surface; angle-beam shear horizontal waves at all angles; surface and plate waves 
(Rayleigh, Lamb, shear horizontal plate modes); and torsion tube waves.^'^^ Future 
inspection problems in aging aircraft may be solved by considering the use of a number 
of wave modes.

Advantages

• EMATs can be used effectively on rough, unclean, or coated surfaces.
• EMATs can be used in fast scanning conditions on complex geometries.
• The versatile design of EMATs makes them attractive in difficult-to-solve inspection 

problems.

Disadvantage

• EMATS operating at frequencies in excess of 5 MHz lose efficiency rapidly due to 
lift-off effects.

7.5.3 Advanced Ultrasonic Bond Evaluation Techniques

The practical use of all three advanced ultrasonic bond evaluation techniques 
described in section 7.2.2 depends on implementing them for scanning capabilities over 
a large area of an aircraft structure. The leaky Lamb wave method requires the 
test-piece to be immersed in a fluid. In some cases, a captured water column technique
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may solve this problem. The oblique-angle methods and the acousto-ultrasonic methods 
can be implemented by using plexiglass variable-angle-beam wedges or even 
dry-couplant roller transducers. The use of EMATs is also a viable alternative for these 
two methods on conductors. All have the advantage of accessing the structure from one 
side.

A major difficulty with these methods may be obtaining quantitative reproducible 
results under field conditions. Analysis of plate wave signals is not straightforward, nor 
is it presently manageable for field use. Reproducibility and interpretation problems 
may be alleviated by employing signal-processing techniques. Signal-processing 
techniques can be used to eliminate the effect of couplant variations on the amplitude 
of the received signal as well as to uncouple the frequency components of multiple-plate 
wave velocities £md modes. The success of implementing these techniques depends on 
the speed of full waveform capture with a computerized data acquisition system. Fast 
signal processing techniques and algorithms need to be developed so that inspection 
results can be obtained during scanning.

Advantage
• All three of the techniques described in section 7.2.2 have the advantage of accessing 

the structure from one side.

Disadvantages
• The leaky Lamb wave method may be difficult for field use because the method 

requires that the test piece be immersed in a fluid. In some cases, a captured water 
column technique may solve this problem.

• Obtaining quantitative reproducible results under field conditions may be difficult. 
Analysis of plate wave signals is not straightforward, nor is it presently manageable for 
field use. (See discussion above.)

7.5.4 Signal-Processing Methods

Effective inspections of aircraft require timely identification of defects in the 
principal structural elements. Signal-processing techniques can assist the NDE inspector 
to properly identify flaws or defects which compromise the safety of the aircraft. The 
availability of signal and imaging processing quantifies the inspection data £md makes it 
more reliable by presenting to the inspector definitive information about the nature of 
the flaw. Flaw signals that are small (within noise signals) and difficult to discern can be 
imaged separately with signal-processing techniques thus presenting the possibility of 
detecting damage at an early stage.

Advantages
• Signal and imaging processing techniques can quantify the inspection data and make 

it more reliable, giving the NDE inspector more definitive information for determining 
the nature of the flaw.

• Very small flaw signals (within flaw signals) which are difficult to discern can be 
imaged separately, presenting the possibility of detecting damage at an early stage.

Disadvantages

(Not applicable)
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7.5.5 Automated Data Acquisition and Flaw Imaging Systems

Automated systems afford many advantages over conventional point-by-point 
manual scanning methods.

Advantages
• Extensive training or skill above present practices is not required because data 

collection is similar to conventional methods.
• Automated systems provide real-time C-scan images of single-point A-scan waveforms 

into an area mapping of the inspection surface. These area views provide the inspector 
with easier-to-use and more reliable data with which to recognize flaw patterns.

• The area mapping capability significantly reduces the time required to perform on-site 
examinations.

• Examinations are more repeatable and effective than with point-by-point manual 
scanning methods. They provide programmable test procedures, thus assuring that 
proper setup, calibration, and scanning requirements are met.

• The systems provide long-term archival data storage and hard copy plot capability. 
Stored A-scan data can be post-processed to enhemce flaw characterization and assist 
the inspector in making objective decisions.

• Human factors are improved. An inspector observes proof of an effective examination 
from the quantitative content of the C-scan image. Viewing the trends and spatial 
relationships of patterns as they are created on the viewing screen keeps the 
inspector’s interest high and reduces inspector fatigue.

• PC-based manual scanning systems are modest in cost.
• Procedures for scanning aircraft structures could be developed within a year using 

commercial equipment presently available.

Disadvantages 

(Not applicable)

7.6 STATUS

Most advanced ultrasonic inspection techniques are still being investigated in the 
laboratory. However, as implementation of computerized systems for aircraft inspections 
are realized, many of the advanced ultrasonic techniques can be applied immediately in 
the field.

7.6.1 Laser Ultrasonics

Commercial instrumentation for the laser generation and detection of acoustic waves 
is available as laboratory equipment. Scanning designs for wide-area scanning have not 
been developed. The equipment is expensive and requires highly trained and skilled 
personnel to operate. Field use of a practical system is estimated to occur in the late 
1990s.
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7.6.2 Use of Electrom agnetic  Acoustic T ransducers  in Aircraft Inspections
EMAT equipment is commercially available and has been used for many 

applications outside the aircraft industry. Portable units have been designed. Once 
development of aircraft inspection techniques for corrosion, fatigue cracks, and bond 
evaluations is initiated, field use could be expected within the following two-year period. 
Equipment expense, operator training, and operator skill eire comparable to those 
required for conventional piezoelectric transducer techniques.

7.6.3 Advanced Ultrasonic Bond Evaluation Techniques
Limited equipment is presently available for field implementation of advanced 

ultrasonic bond evaluation techniques. Manual scanning methods with computerized 
data acquisition are now becoming available commercially, making these methods 
practical. Equipment expense is modest, but operator training and skill would need to 
be at a level higher than presently required for bond testers. Development of field 
procedures for their use needs to be initiated. If this occurs, practical field equipment 
could be available in the next two years.

7.6.4 Ultrasonic Signal-Processing Techniques

Commercial software is available to perform visualization and resolution 
enhancement by digital signal processing on the entire volume of 3D ultrasonic 
inspection data sets. Neural network processing software is also available commercially. 
As portable PC-based ultrasonic systems become available for aircraft inspections, more 
classification problems for flaw signals will be solved with the use of feature anedysis and 
neural nets. Software costs for signal processing methods are modest for most 
applications. The training and skill levels of the field inspector are estimated to be 
minimal since the computation process will be transparent to the collection of data. 
Some techniques can be implemented immediately for certain applications as they are 
identified. Development of techniques and procedures for more complex inspection 
problems need to be established by experienced investigators. Field use could then be 
implemented within the following one or two years.

7.6.5 Automated Data Acquisition and Flaw Imaging System s

Commercial equipment is presently available from a number of different sources. 
Many of the present systems may not be optimized for aircraft inspections. Some of the 
systems may be implemented immediately for some aircraft applications and procedures 
to use the equipment for those applications could be written in a year’s time.

7.7 DEVELOPMENT CENTERS

FAA Center for Aviation Systems Reliability 
Iowa State University 
133 Applied Sciences Complex II 
Ames, lA 50011

Contact: David K. Hsu, (515) 294-2501

Comment: Ultrasonic scan techniques for detecting disbonds and corrosion in 
adhesively bonded structures are being developed.
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FAA Center for Aviation Systems Reliability 
Northwestern University 
2137 N. Sheridan Road 
Evanston, IL 60089

Contact: Jan D. Achenbach, (708) 491-5527

Comment: Techniques using laser generation of ultrasound and a dual-probe laser 
interferometer for the measurements of ultrasonic signals are being 
investigated.

Center for Nondestructive Evaluation 
The Johns Hopkins University 
Baltimore, MD 21218

Contact: James W. Wagner, (410) 516-6115

Comment: Laser generation and detection of ultrasound research is being 
conducted to characterize elastic properties in a variety of materials and 
composites.

The Pennsylvania State University 
University Park, PA 16802-6803

Contact: Joseph L. Rose, (814) 863-8026

Comment: Methods of plate wave generation and detection techniques are being 
investigated for adhesive bond evaluation of aircraft structures.

7.8 COMMERCIAL AVAILABILITY

Laser ultrasonic instrumentation can be purchased as components from different 
suppliers. Scanning techniques for laser ultrasonics are not commercially available. 
Software for signal processing, feature analysis, and neural network processing of 
ultrasonic data is available from a number of suppliers. A number of manual scanning 
systems with computerized ultrasonic data acquisition and image display systems are 
presently on the market. Because the number of vendors is so great and their 
capabilities so varied, listing them here would not be possible.
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8. Advanced Visual Inspection

8.1 SUMMARY

Several emerging optical technologies that may aid in the visual inspection of 
aircraft are moire and structured-light-based optical profilometry, Diffracto Sight, and 
video image enhancement analysis as applied to video horoscopes and other video-based 
observations. Moire and structured light are methods to visualize and quantify surface 
height irregularities, Diffracto Sight is a surface-slope visualization technique, and video 
image processing is a computer-based methodology for enhancing and analyzing video 
images for flaw detection or other properties either on-site or at remote locations.

The most promising applications of moire are in the detection and classification of 
surface irregularities such as corrosion-induced paint liftoff, and pillowing induced by 
corrosion between faying surfaces; in the identification of damage sites such as dents 
and dings; and in detecting surface damage in composite materials. Moire also has 
potential for the detection of bending or twisting of structural members such as ribs and 
spars. A non-contact profilometer based upon structured light was developed by General 
Electric for use on jet engine turbine blades to locate such defects as nicks, pits, cracks, 
and dents. The profilometer uses two optical wavelengths to correct for variations in 
surface reflectivity. Boeing has developed a structured-light system to measure the 
depth of scratches on aircraft skins.

Diffracto Sight is a patented technique developed by Diffracto, Ltd., of Windsor, 
Ontario, Canada. Several companies have investigated its use to detect flaws. Douglas 
Aircraft studied it as an inspection tool for impact damage, the extent of the damage, 
and the quality of repairs for carbon/epoxy composites. A test performed by 
Komorowski, using D Sight showed buckling in the skin of a commuter aircraft and 
pillowing in a transport jet lap-joint repair. The reported rate of inspection was 18 
m^/hr. Boeing Aircraft also has investigated the use of D Sight.

Video image enhancement and analysis of fiber-optic horoscopes transmitted to a 
remote location permits supervisory personnel at that location to make maintenance 
and repair decisions about an aircraft that is being inspected. This capability was 
demonstrated at an Olympus-sponsored event in which video engine inspection was 
demonstrated to a remote audience. Borescopes permit inspection of inaccessible areas 
and areas that would traditionally require disassembly, such as interiors of aircraft 
engines, landing gear struts, and cabins. Boroscopy of engines is a highly developed 
discipline in which manufacturers of borescopes and manufacturers of engines cooperate 
closely in the development of inspection kits and procedures for solving specialized 
problems. Boeing has combined machine vision, including neural network processing 
methods, with video horoscope observation for the measurement of faying surface gaps 
for subsequent shim fabrication, which demonstrates the use of automated measurements 
for production applications. Similar applications will undoubtedly be found in aircraft 
maintenance and repair.
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8.2 TECHNICAL BACKGROUND

8.2.1 Moire Interferometry

Moire interferometry is a family of techniques that visualize surface irregularities. 
Many variations are possible, but the three main implementations are (1) in-plane moire 
method for stress and strain measurements, (2) shadow, or projection moire for surface 
height determination, and (3) reflection moire for surface slope measurements. [A 
method related to reflection moire is called moire deflectometry.®'^] The most popular 
application for moire has been in the experimental mechanics field, particularly in stress 
and strain visualization measurements, in which the in-plane method is usually 
employed; however, moire-based contouring and profilometry have attracted increased 
attention in recent years.

B asic p rinc ip les. The moire effect is often observed in the world when two nearly 
regular screens, such as window screens or picket fences, are superimposed. The name 
moire derives from a French word describing a tjq)e of fabric made by pressing two 
layers of cloth together to produce a wavy pattern. As far back as the late 1800s, Lord 
Rayleigh first indicated that the principle of moire could potentially be applied to 
metrology because he recognized that the effect could be used to detect differences 
between regularly ruled structures, such as diffraction gratings.®"^

The basic principle of moire metrology is that when one finely ruled grating, or 
nominally uniform pattern of straight lines, is superimposed on a similar grating a fringe 
pattern, called a moire, develops. This pattern is the mathematical product of the two 
grating patterns, where local variations in the spacing of the grating yield transmission 
variations. If the gratings are identical and perfectly aligned, then the transmission 
across the two gratings is perfectly uniform. However, if one grating is slightly 
misoriented or slightly distorted relative to the other, then there is transmission of light 
in some places, but not others. For example, in the case of a grating with a ruling 
frequency that is slightly different from the other grating, the observed pattern contains 
a beat, or difference, frequency between the two grating frequencies. If one grating is 
perfectly uniform in straightness and spacing of rulings and the other grating moderately 
departs from regularity, then the superposition of the two gratings results in a fringe 
pattern of light and dark lines. This fringe pattern represents a contour map of grid 
nonuniformity, as illustrated in Figure 8-1. A linear, constant-spaced grating is shown in 
(a); in (b), the grating is superimposed over a slightly rotated copy of itself, producing 
the four dark straight fringes; and in (c), the grating is superimposed over a distorted 
grating (actually a section of a grating consisting of evenly spaced radial spokes), 
producing curved fringes.

The sensitivity of the moire method is largely a function of the amount of distortion 
of one grating relative to the average grating pitch. A displacement of one-half of a 
grating pitch changes the fringe pattern from light to dark. In many applications, 
changes of a small fraction of a fringe can be detected. For gratings with pitches of a few 
microns, submicron motion is detectable. Indeed the method is employed in 
high-resolution incremental encoders, and various optomechanical displacement gauges.

Because a grating may be distorted through a number of mechanisms, interpretation 
of the fringe field will be affected. For example, in in-plane moire, physical distortion of 
a grating yields a stress map, and in shadow moire, em out-of-plane surface distorts the 
projected image of a grating, yielding a contour map of the surface.
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FIGURE 8-1. Generation of moir6 fringes, (a) Linear, constant-spaced grating; (b) Grating 
superimposed over a slightly rotated copy of itself; and (c) Grating superimposed over a 
distorted grating (actually a section of a grating consisting of evenly spaced radial spokes), 
producing the curved fringes.

Moire can be described as a geometrical equivalent to holography (discussed in 
Chapter 6). In fact, many holographic and interferometric principles, such as 
shearography, can he explained with a moire analogy.

In -p lane  m oire. In the in-plane moire method, a ruled grating is embossed, 
printed, or otherwise bonded to the surface to he measured, and a rigid reference grating 
is optically superimposed over the surface grating. The surface and attached grating are 
then deformed by an applied stress. When viewed through the reference grating, the 
subsequent moire fringe pattern represents a contour map of the in-plane strain field of 
the surface.®'® The process has also been used to measure propagation of crack tips,®'"* 
and to test the integrity of various lap bonds, splices, patches, and other repairs, and it 
has been applied to microprocessor-based strain gauges with high sensitivity.®'®

The in-plane method has been used primarily in materials research studies and 
development programs rather than for field diagnostics. The disadvantage of using this 
approach for monitoring fielded surfaces is that a grating must remain part of the 
surface during its entire service life—and obviously, a precision grating cannot be 
cleaned or painted over. For this reason, in-plane moire is probably not a practical 
technique for routine aircraft inspection.

Most researchers using in-plane moire apparently prefer to build their own 
holographic cameras because the only known commercially available in-plane moire 
camera has been produced by the Photoelastic Division of the Measurement Group, Inc. 
Raleigh, NC. This instrument is essentially a X l magnification view camera equipped 
with a ruled grating at the ground-glass screen image plane. A flexible grating is bonded 
to the part to be stressed. The resulting fringe pattern can be recorded with a camera 
viewing the screen. Adjustments are provided for aligning the ruled grating to the image 
grating.

Shadow  m oire. The shadow moire method is used to measure variations in surface 
height. In its simplest implementation, a fine-line grid on a flat, transparent substrate 
is held close to the surface being tested, and a collimated light source is projected at an 
angle through the grid. This casts a shadow of the grid onto the surface. If one views the 
shadow of the grid through the original grid, but at a different angle, departures from 
flatness show up as contour lines of equal height. This is because the shadow of the grid
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is distorted by the non-flat surface and then is multiplied by the original grid. The 
vertical sensitivity of the measurement is a function of the grid spacing and of the 
projection and viewing angles.

The concept of shadow moire is illustrated in Figure 8-2. A 
superimposed over the surface. (In actuality it is held in close 
with angle 6̂  illuminates the surface. The grating allows slits 
surface. When viewed at angle 6̂ , the image of the light slit is 
by an amount Ad. Depending upon the height h of the surface 
the grating, the light slits are either transmitted through 
intercepted. It can he shown that the resulting contour pattern 
of a grating and its shadow has a contour interval C, given by

grating with spacing d is 
contact.) A light source 
of light to impinge the 
displaced from nominal 
from a plane parallel to 

a grating ruling or are 
due to the superposition

C =
(tan^i -h tan^v)

Depending on grid spacing, viewing angle, and field of view, contour intervals on the 
order of 1 mm or less can he generated, with resolution better than 0.010 mm possible.

Examples of practical applications for shadow moire have included the mapping of 
post-buckled composite surfaces,®'® various non-topographic photogrammetric 
applications,®'^ and medical measurements on human subjects, particularly in the 
diagnosis of scoliosis.®'®

A hand-held moire test system has been developed by the Naval Air Development 
Center (NADC), Warminster, PA, for field inspection of possible damage sites in 
composite structures on naval aircraft.®'® The device, called the Shadow Moire 
Out-of-Plane Interferometric (SMOOPI) Damage Detector, is a hand-held instrument 
consisting of a 4-inch by 4-inch moire screen, a battery-powered illuminator, and a pistol 
grip. The SMOOPI is currently being marketed by Strainoptic Technologies of North 
Wales, PA, who has licensed the NADC design. Figure 8-3 shows the SMOOPI being 
used to evaluate impact damage on a surface.

A major drawback to shadow moire is that the size of the moire screen must equal 
the area to be contoured. Ideally the light source that illuminates the screen should be

Ad

GRATING

FIGURE 8-2. Shadow moir^ geometry.
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FIGURE 8-3. SMOOPI interferometer examining a dented surface . [Source: A. E. Scotese, A Low 
Cost Shadow Moire Device for the Nondestructive Evaluation of Impact Damage in Composite Laminates,  
Report No. NADC-90011-60, Naval Air Development Center, Warminster, PA, 1 March 1990. Reprinted with 
permission of Naval Air Development Center.]

collimated, necessitating a large optical component. However, a divergent point source 
can be used, although it is not as desirable. The divergent light corrupts the uniformity 
of the contour interval slightly, and must he corrected. A second drawback is that if the 
surface being examined has a non-flat component, such as on a cylindrical fuselage 
section, the departure from flatness is manifested as increasing numbers of contour 
fringes, which become too close together to resolve. Finally the grating must he in fairly 
close contact with the surface—otherwise the shadows tend to blur out due to the finite 
size of the incident light source.

Projection moire. A variation of shadow moire is projection moire, in which a fine 
grid is projected on the part to he inspected. The resulting image is viewed through an 
imaging device that contains a grid on the image plane. Again, a multiplication of the 
distorted pattern by the image plane grid results in the contour lines. The image plane 
grid can he a physical grating, or it can he defined within an electronic imaging system, 
such as a CCD video camera.

The optical system must transmit high-resolution fringes to the image plane without 
geometric distortion in order for the method to work. The fringe projection can he

8-5



Chapter 8. Advanced Visual Inspection

generated in a number of ways, including using a high-resolution slide projection of a 
ruled grating or generating the fringes with a laser interferometer.

A projection moire system built and marketed by WYKO Corp. of Tucson, Arizona, 
generates fringes interferometrically and uses a fringe shift algorithm to compute the 
surface contour. In this system the reference grid is the CCD camera pixel spacing itself. 
This system was advertised as having a height resolution that is better than 1/1000 of 
the length of the object being contoured. In other words, an object whose greatest 
dimension being observed is 10 inches will have a height resolution of 0.010 inch. This 
value should improve as higher-resolution CCD cameras become available. Figure 8-4 
shows a number of applications for the WYKO system. A similar system has been 
developed by the Air Gauge Company of Livonia, MI.

An alternate approach is to photograph static fringes as projected on a part, and 
reconstruct the surface topography using a quasi-holographic technique.®'^® However, 
this approach is not real time and would not lend itself well to on-line inspection.

R eflection  m oire. Reflection moire has been used to detect slope variations in 
nominally flat, reflective surfaces. This method involves viewing a moire grid as 
reflected by a nominally flat mirror-like surface. If the surface is not truly flat, the grid 
is distorted. Comparison to an undistorted grid yields moire fringes that are contours of 
constant slope. Spatial integration of the slope measurements yields height information. 
This technique has been developed by Phase Shift Technology of Tucson for the sheet 
aluminum industry to measure flatness of test samples of rolled aluminum sheet.®'^  ̂
Like the WYKO system, it employs a fringe shift algorithm to calculate the surface 
profile. The current system has a measurement-height resolution of 0.001 inch for 
samples that are 96 by 64 inches in size. Currently the method is useful on flat samples, 
but probably can be adapted to curved surfaces as well. Figure 8-5 shows an 
interferogram generated from a measurement of an aluminum sheet.

8.2.2 Structured Light

The structured light technique is geometrically similar to projected or shadow moire 
methods. A plane or sheet of light, or multiple spot source,® ’̂  ̂ is projected at an angle 
onto the surface of interest. By mapping the positions of the spots or line as seen by a 
vision system from a different angle, the surface profile or distance to a surface can be 
determined. The light sheet can be easily generated by a laser and a cylindrical lens, or 
by using diffraction or holographic gratings to generate multiple spots.

The geometry is virtually identical to projection moire. However, instead of fringe 
contours being the resultant observation, the departure from straightness of a line is the 
observable, as seen in Figure 8-6. Using image processing techniques, the surface profile 
can be calculated. Alternatively, an observer could compare the straightness of the line 
to a scale and derive an indication of the non-flatness of the specimen. In this way, 
structured light could be used as an optical straight edge.

A variation of structured light is in the use of highly grazing incidence lighting on an 
object.®'^® At extreme angles, edges and shadows become enhanced and more visible.
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FIGURE 8-6. Principle of structured light.

8.2.3 Diffracto Sight
Diffracto Sight^^ is a patented technique developed by Diffracto, Ltd, of Windsor, 

Ontario, Canada. D Sight, as it is also called by its developers, has the potential to map 
areas of surface waviness, as well as to identify cracks, depressions, evidence of 
corrosion, and other surface anomalies. D Sight is a method by which slope departures 
from flatness of an otherwise smooth surface are visualized as shadows. It can be used 
in direct visual inspection, or combined with photographic or video cameras and 
computer-aided image processing.

The concept of D Sight is related to the schlieren method for visualizing index of 
refraction gradients or slopes in an optical system. It can be very simple and easy to 
implement with fairly low-cost materials. A schematic is shown in Figure 8-7. An 
incandescent light source and a large retroreflective screen, such as ScotchLite^^ (the 
material used in highway signs), are located on either side of the surface region being 
inspected at an angle of about 60° from the surface normal. An observer positions his eye 
or a camera above the light source. The surface being examined must be fairly specularly 
reflective. If the surface is not polished or otherwise shiny, reflectivity can be enhanced 
by wetting the surface with water, oil, or some other fluid. Light from the source reflects 
from the surface and onto the retroreflective screen. The retroreflective screen attempts 
to reverse the light along the original path. Because the screen is not a perfect 
retroreflector, the return light is actually scattered into a cone, rather than along a single 
ray. The intensity of the cone is brightest along the nominal ray path, but falls off as 
light departs from that central ray. Because the observation point is offset slightly from 
the source, the brightness of the image of the surface is reduced from what one would see 
exactly at the source position. Light striking a surface defect is deviated at an angle from 
the main ray bundle. Thus, the surface brightness at a point is a function of the surface 
slope at that point relative to the average surface slope. The result is that a positive 
surface slope appears darker, and a negative slope appears brighter, than the 
surrounding surface. The net effect is the same as if a flashlight were used to illuminate 
a surface at grazing incidence, except that with D Sight the illumination is more 
controlled.
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FIGURE 8-7. Principle of D Sight. [Source: J. P. Komorowski, 
et al., “Recent progress in the application of Diffracto Sight to 
inspection of aircraft structures,” presented at 1992 USAF 
Structural Integrity Conference, 1-3 December 1992, San 
Antonio, Texas. Reprinted with permission of J. P. Komorowski, 
National Research Council, Canada.]

D Sight has been shown to visualize surface anomalies greater th£ui 0.020 mm, 
including dents and ripples in surfaces (Figure 8-8), corrosion-induced pillowing (Figure
8-9), corrosion associated with fasteners, including exfoliation corrosion around steel 
fasteners (Figure 8-10), surface cracks, and barely visible impact damage on composites. 
D Sight can be coupled to a video image processing system for documentation, 
enhancement, and interpretation of observed defects.

One possible problem with D Sight is that the technique shows virtually every 
deviation on the surface, regardless of whether it is a defect or a normal result of 
manufacture. Depressions associated with rivet installation show up clearly and could be 
confused with corrosion-induced pillowing. Scratches, and even fingerprints on the 
surface, can also show up and possibly confuse the inspector. Further research must be 
performed to control the sensitivity of the observation and add the appropriate 
interpretations to observations. Characterization against calibrated samples should be 
performed.

8.2.4 Video Image Enhancem ent

Image processing is the ability to modify images that have been converted to a digital 
format to extract additional information from the scene. Rather than depending upon a 
visual interpretation of a scene, an inspector or analyst can gain information about 
objects of interest, including the number, the size, and the orientation of objects of 
interest. With processing, images can be boosted or enhanced so that marginally 
identifiable objects become more detectable, or perhaps, even automatically detected 
and identified.
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D SIGHT

FIGURE 8-8. A center fuselage section of a commuter aircraft. D Sight image demonstrates 
large surface area inspection capability. [Ibid. Reprinted with permission of J. P. Komorowski, 
National Research Council, Canada.]
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AMBIENT
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D SIGHT

FIGURE 8-9. A jet transport horizontal lap joint. Note “pillowing” outside the patch repair 
indicative of corrosion. [Ibid. Reprinted with permission of J. P. Komorowski, National 
Research Council, Canada.]
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AMBIENT

D SIGHT

FIGURE 8-10. A corrosion specimen with two types of fasteners. Corrosion can be observed 
on the D Sight image around the lower six fasteners. [Ibid. Reprinted with permission of J. P. 
Komorowski, National Research Council, Canada.]
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Any instrument that can acquire an image with a video camera can benefit from 
image enhancement. Recent advances in miniature video cameras as well as fiber-optic 
borescopes have made it possible to obtain permanent images of regions previously 
accessible only by the unaided human eye, if at all. Although human observers have 
visual acuity that is as good as any detector, as well as a remarkable ability to detect and 
interpret even threshold visual data, they suffer from subjective judgment tbat can 
impair a decision about an inspection site. For example, poor lighting, a poor observation 
angle, or a momentary distraction can hide a possible defect from detection. Image 
processing permits the freeze-frame capture, enhancement, and display of an image, 
along with the application of algorithms that could identify, measure, and classify 
defects or objects of interest.

Image processing includes a wide variety of tasks. Among these tasks are image 
acquisition, contrast enhancement, geometric transformation, spatial and statistical 
filtering, and feature measurement and identification. For image acquisition, systems 
are available that can grab single or multiple frames of video data, or in the more 
sophisticated systems can process data in real time. In the contrast enhancement phase, 
an image can be altered with a number of algorithms, including histogram equalization 
and linearity (gamma) correction, to produce an image that reveals more information 
than gained by the unaided eye. With geometric transformation, images can be rotated, 
flipped, zoomed, or distorted according to desired rules to remove camera deficiencies or 
present the image from a different apparent viewpoint. With filtering techniques, edges 
of images can be sharpened or smoothed to enhance particular features of interest. To 
increase ease of feature measurement and identification, images can be colorized 
according to particular rules to code the scene.

Because image processing has moved to the PC environment only recently, the 
marriage of image processing and boroscopy is still in its infancy. Until a few years ago, 
most image processing was done on relatively large, expensive, mainframe computer 
platforms, and the imagery was generally not acquired and processed in real time. 
Hence, the use of image processing technologies for real-time inspection was not very 
practical, except perhaps in a factory assembly line environment. The development of 
inexpensive but fairly sophisticated frame-grabber cards and image-processing software 
for personal computers is now making portable image processing practical and 
affordable. One can take a desktop or laptop computer, complete with frame grabber 
and monitor, to an inspection site such as an aircraft interior and perform image 
manipulations in real or near-real time. As computers continue to shrink in size and cost 
and become even more portable, there will be even more opportunities for real time 
inspection and image processing.

8.2.5 Borescopes and Image Processing

The major problem with borescope systems is that direct dimensional measurements 
of objects cannot be made readily. Often, the size of a defect is important when one must 
determine if a replacement is required. The borescope is a short-focal-length lens system 
that has a relatively large amount of linear distortion even for objects that are viewed 
end-on, and for extended three-dimensional objects there is a large amount of parallax 
distortion. Often the viewing geometry is unknown. If an object lies at an oblique angle 
to the line of sight there is no obvious scale with which to size the image.

Another problem is that, depending upon the distance of the borescope probe to the 
object under examination and the reflectivity of the object, the viewed image can vary
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in degree of illumination, especially when the object covers a large depth of field. These 
wide variations in illumination can mask subtle defects.

8.3 PRESENT APPLICATIONS

8.3.1 Moire Interferom etry
Most of the applications of moire have been limited to research tools, particularly 

the use of in-plane moire in fracture mechanics, composite bond strength, and crack tip 
propagation studies. Most researchers apparently build their own apparatus, unique to 
their requirements. Shadow moire has even been used by the orthopedic and chiropractic 
communities to detect and diagnose scoliosis and other posture-related medical 
conditions.

Several commercial moire instruments have been produced. The WYKO and 
CADEYES systems have been designed for computer-aided design and manufacturing 
applications, including “reverse engineering” of previously manufactured parts. The 
WYKO projection moire system has been sold to a number of foot specialists for 
designing orthopedic shoes. The CADEYES system, developed by the Air Gage 
Company,®'^^’̂ ® uses a moire technique for 3D non-contact inspection and coordinate 
measurement of small parts. The Phase Shift Technologies reflection moire system was 
developed for the aluminum can industry to be used in the flatness inspection of sheet 
aluminum stock. The shadow moire system known as SMOOPI®'® has also seen limited 
use in surface damage inspection of composite materials in aircraft. The system has 
probably not seen its full potential yet. Other companies that have produced moire 
measurement systems and components include Dolan-Jenner and Gradient Lens 
Corporation. Principal applications have been for on-line machine vision and 
measurement systems in manufacturing inspection.

8.3.2 S tructured Light
The most prevalent use of structured light has been in robotic and machine vision 

applications. A common application has been as a proximity sensor for a robot arm, 
whereby a known distance from an object is reached when the image of the structured 
light pattern reaches a designated part of a detector surface.

Structured light has been incorporated into a measuring video borescope 
manufactured by Welch-Allyn, called the ShadowProbe. This instrument projects a 
shadow, rather than a line, on a part being viewed through the video borescope head. 
The shadow defines an oblique plane in space. By observing the displacement of the 
shadow from the nominal, a depth measurement is made.

A system for measuring smooth, featureless surfaces such as aircraft wings was 
reported by Yeung. This system projects an array of 32 by 32 spots on a surface.®'^®

A variation on structured light topography was available some time ago in the form 
of the “light section” microscope. In this system, a slit of light is projected onto a surface 
through an objective at an oblique angle. It is not known if this instrument is still 
available.

8.3.3 D Sight
D Sight has been used by the automobile industry for the inspection of body panels 

and metal-working dies.®'^  ̂ It is an alternative for the inspector who must otherwise
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squint at a surface at grazing incidence under poor or uncontrolled illumination to 
search for irregularities in the panel, such as paint drips, dents, or poor-quality 
stampings.

8 .3 .4  Video Image Enhancem ent

Until a few years ago, most image processing was done on relatively large, expensive 
computer platforms, and the imagery was generally not acquired and processed in real 
time. Hence, the use of image-processing technologies for real-time inspection was not 
very practical, except perhaps in a factory assembly line environment. The development 
of fairly sophisticated frame-grabber cards and image-processing software for personal 
computers is now making portable image processing practical and affordable. One can 
take a desktop or laptop computer, complete with frame grabber and monitor, to an 
inspection site such as an aircraft interior and perform image manipulations in real or 
near-real time. As computers continue to shrink in size and cost and become even more 
portable, there will be even more opportunities for real-time inspection and image 
processing.

8.3.5 B orescopes and Image Processing

Olympus markets a video image analyzer system, the IW-1, that addresses the 
measurement problems discussed in paragraph 8.2.5: linear distortion, parallax 
distortion, and variance in illumination. The operator can input into the system a wire 
frame model of a known part to he measured. The operator superimposes the image of 
the wire mesh over a stored image by manipulating cursor keys. The system uses this 
match to calibrate the image orientation and magnification. Measurements of linear 
dimensions of interest along a surface can then be made on the image.

The system also has a frame-grabbing and frame-storage capability. The system 
allows contrast manipulation of the image, as well as comparison of the image to stored 
images by using a digital zoom capability. Also, an internal modem permits transmission 
of images to remote locations for viewing and inspection by personnel not on site.

Welch-Allyn markets a competing video borescope-based processor that is used 
primarily to measure dimensions, but that can also handle depth measurements. This 
instrument, called the ShadowProbe, uses a structured illumination approach to 
measurement. It projects a line shadow from the illuminator at an oblique angle to the 
line of sight of the camera lens. The relative position of the shadow in the image is a 
measure of the distance to the surface. Depth of a site such as a scratch or groove is then 
manifest as a departure from straightness of the shadow. Measurements are made by 
manipulating cursors and reading the indicated display. Instrument Technology, Inc., 
markets a videoscope with image enhancement capabilities that include freeze frame, 
contrast enhancement, digital zoom, and split screen viewing from multiple cameras.

8.4  AIRCRAFT APPLICATIONS

8.4.1 Moire Interferom etry

To date, development of moire methods for use in routine aircraft inspection has 
been limited, although there have been numerous applications of moire to aircraft 
structural problems. As of 1988 the SMOOPI was to have been field-tested at Navy
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depots for composite damage assessment. It was also to have been incorporated in the 
McDonnell Douglas MAUS system.®'®

Aircraft inspection applications for which Moire methods have the greatest potential 
are in the detection and classification of surface irregularities such as corrosion-induced 
paint liftoff, pillowing induced by corrosion between faying surfaces, and identification 
of potential damage sites, such as dents and dings and surface damage in composite 
materials. Moire methods also have potential for use in detecting bending or twisting of 
structural members such as ribs and spars.

8.4 .2  S tructured  Light
General Electric developed a non-contact profilometer based upon structured light 

for use on jet engine turbine blades. This system locates such defects as nicks, pits, 
cracks, and dents. It uses two optical wavelengths in order to correct for variations in 
surface reflectivity. Boeing has developed a structured light system for measuring the 
depth of scratches on aircraft skins.®"’̂® This system generates a line with a laser and a 
cylindrical lens at normal incidence and images the line with a microscope objective and 
CCD camera at 45° to the normal. A microcomputer processes the acquired image and 
calculates the feature depth.

8.4.3 D Sight
Douglas Aircraft studied D Sight as an inspection tool for the detection of impact 

damage, extent of damage, and quality of repairs for carbon/epoxy composites.®'^® A test 
by Komorowski®'^® shows buckling in the skin of a commuter aircraft, as well as 
pillowing in a transport jet lap-joint repair. Boeing Aircraft has also investigated the use 
of D Sight.

The results of using a portable D Sight system to inspect a 727 transport and a 
deHavilland Dash 8 in broad daylight were reported at the 1992 USAF Structural 
Integrity Program Conference.®'^^ The system contains a video camera and image 
processor. Using a 0.3 m^ inspection area, the inspection team could cover an aircraft at 
a reported rate of 18 m^/hr.

8 .4 .4  Video Enhancem ent of B orescopes
Borescopes have been used to inspect the interiors of aircraft engines, as well as 

otherwise inaccessible regions such as the interiors of landing gear struts. In fact, 
boroscopy of engines is a highly developed discipline, with much cooperation between 
the engine manufacturers and borescope manufacturers in the development of 
inspection kits and procedures for specialized problems. Borescopes could also be used 
to look for corrosion in aircraft regions such as cabin interiors where traditional 
inspection has been performed by disassembly or removal of interfering panels or 
structures. Image processing would perm it enhancem ent, measurement, and 
documentation of these areas.

Remote transmission of images can permit supervisory personnel to make 
maintenance and repair decisions when an aircraft is at a distant location. This 
capability was demonstrated at an Olympus-sponsored event in which video engine 
inspection was demonstrated to a remote audience.®'^^

Boeing has combined machine vision, including neural network processing methods, 
with video borescope observation to measure faying surface gaps for subsequent shim
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fabrication.®'^® This application demonstrates the use of automated measurements for 
production applications. Similar applications will undoubtedly be found in aircraft 
maintenance and repair.

8.5 TECHNICAL CONSIDERATIONS

8.5.1 Moire M ethods

Advantages

• Is a wide-area imaging technique—can allow relatively rapid screening of large areas 
of surface at once as a purely visual (non-automated) inspection tool.

• Can give absolute surface height measurement.
• Can be non-contact.
• Has variable sensitivity, based upon grating line spacing, illumination, and viewing 

angles. Sensitivity can be appropriate to the size of the expected surface defects.
• Can be automated.

Disadvantages

• Measurement may be dependent upon surface treatment (rough or smooth, painted or 
unpainted, etc.)

• Requires somewhat sophisticated software for fully automated analysis.

Discussion

Moire has been claimed by some to be a difficult technique to implement for general 
inspection applications. One problem is that when the two grids are multiplied together, 
the original grid, as well as the contour grid of interest, remains in view. This original 
grid can reduce the contrast of the contour fringes of interest and introduce additional 
fringes that add to the difficulty of interpretation. Also, mathematically, there are 
higher order components to the spatied frequency of the grating. The multiple-frequency 
fringe problem can be eliminated by judicious spatial filtering, that is, by limiting the 
resolution of the final imaging system.

A second problem is that if the surface has much curvature, such as a cylinder has, 
the contour fringes quickly run together, making an accurate measurement or 
visualization of the features of interest difficult. This has traditionally been the problem 
when using either the projection moire or conventional single-screen techniques. The 
problem can be eliminated with a pre-distorted grating. In projection moire, for 
example, the projected grating lines could be plotted to correct for the expected nominal 
curvature. The resulting moire pattern would then automatically compensate for the 
curvature. Similar concepts for shadow moire are also possible.

Vibration sensitivity has been another concern. Motion of approximately one grating 
spacing will move the resulting fringe pattern by one fringe spacing. In shadow moire, 
there must be constant spacing between the object and the gratings; otherwise the 
resulting fringe contours will move. However, a pure lateral movement of the grating is 
actually beneficial because the high-frequency fringes blur out, but the contour fringes 
remain constant in position. In projection moire, there must be stability in both lateral
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and vertical dimensions. But in both instances, the stability requirement translates to 
that fraction of a contour interval that is of interest. Also, with the development of CCD 
cameras with electronic shutters, even moving fringe patterns can be captured 
adequately.

Another problem with moire has been that the interpretation of the contour fringes 
was difficult. In particular, establishing whether a contour represented an increase or 
decrease in surface height was difficult; however, this problem has been corrected. A 
method has been developed for automated reading of fringes that eliminates the 
ambiguity and interprets the fringes. As has been demonstrated with optical 
interferometry for optical component testing applications, one can learn how to 
interpret fringes with minimal training. However, if required, image processing 
(including the use of neural net processing)®'^"* can be implemented for automated 
measurement, feature extraction, and defect identification.

The non-flat, variable-reflectivity metal surfaces typical of aircraft skins have also 
been an impediment to the use of moire in aircraft inspection. Although surfaces that 
are painted with diffuse paint are ideal for examination by moire, a perfectly polished 
specular surface presents a problem because a shadow does not form. Normal dimpling 
in the surface caused by rivets and other fasteners, which could be confused with 
corrosion-induced pillowing, presents another problem. Also, surface protuberances, 
such as rivets and other fasteners, can prevent close contact between a shadow moire 
grating and the surface. However, there are undoubtedly solutions to these problems. 
The reflection moire system of Phase Shift Technologies, in fact, requires a reflective 
surface for operation.

8.5.2 S tructured  Light

Advantages
• Is non-contact.
• Permits rapid visualization of surfaces.
• Can be automated for quantitative height measurements.

Disadvantages

• Sampling is limited to number of spots or lines projected on surface.
• Spot/line measurement requires excellent resolution in imaging detector.

8 .5 .3  D Sight

Advantages
• Is a wide-area technique.
• Permits rapid visualization of surface condition.

Disadvantages
• Requires reflective surface treatment (polish or oil coating).
• Shows all surface features, such as scratches, which may or may not be relevant.
• Absolute feature height measurement has not yet been demonstrated.
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8.5 .4  Video B oroscopy and Image P rocessing

Advantages
• Internal inspection sites can be accessed without major disassembly.
• Feature heights can be measured through image processing.
• Images under difficult lighting conditions can be enhanced.

Disadvantages
• It is essentially a point measurement technique.

8.6 STATUS

Most of the methods described are still in a laboratory development phase, although 
a few commercial devices have been marketed. The video-based borescope systems are 
probably the most advanced and sophisticated, having developed a proven market base 
in the realm of jet engine inspection. The other techniques described still have to prove 
their utility as diagnostic tools for specific applications which have yet to be fully 
demonstrated.

8.6.1 P resen t

Most of the methods described are still in a laboratory development phase, although 
a few commercial devices have been marketed. The video-based borescope systems are 
probably the most advanced and sophisticated. They have developed a proven market 
base in the realm of jet engine inspection. The other techniques still have to prove their 
utility as diagnostic tools for specific applications that have yet to be fully demonstrated. 
None of the techniques described is currently being used for routine airframe inspection 
by the aircraft maintenance industry. Specific inspection sites and procedures still must 
be developed. D Sight, moire, and structured light all appear to have the potential for 
use as screening techniques (that is, they indicate to an inspector that a more detailed 
or confirmatory inspection is required) rather than as absolute, quantitative indicators 
of airframe integrity.

8 .6 .2  Future

Video-based borescopes offer the most positive near-term enhanced visual aid. The 
technology itself is very mature, although the size and weight of the equipment that 
must be moved to an inspection site will undoubtedly be improved. However, specific 
applications to airframe inspection, in particular the economics of using the video 
borescopes over current methods, will have to be demonstrated. Since video borescope 
systems are expensive, the cost-savings over the current inspection methods will have to 
be proved. Current methods require the total disassembly of aircraft interiors and 
inspection with flashlight and mirror. Video borescopes will permit inspection of areas 
that are difficult to access with minimal teardown of assemblies and interiors.

Moire, structured light, and D Sight will probably continue to serve as indicators of 
potential problems, rather than as absolute diagnostic techniques. The utility of D Sight 
will probably be demonstrated in FY 94 through an FAA-funded study by the National 
Research Council-Canada.
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8.7  DEVELOPMENT CENTERS

(Section enhancements in progress.)

8.7.1 Moire Methods

Laboratories that have used moire in their research are extensive, as evidenced by 
the several thousand papers that have been published on moire over the years. (See 8.9, 
References, for a limited list).

8.7.2 S tructured  Light

A number of universities and research institutes engaged in machine vision research 
are developing structured light measurement methods.

8.7.3 D Sight

Structures and Materials Lab.
Institute for Aerospace Research 
National Research Council, Canada,
Ottawa, Ontario, K1A0R6, Canada

Contact: Jerzy Komorowski, (613) 993-3999 

Comment: Under contract to FAA to test D Sight.

8.7.4 Video Image Enhancem ent

Development of general image processing is being conducted by too many research 
organizations to list.

8.8 COMMERCIAL AVAILABILITY

8.8.1 Moire M ethods

Air Gage Company 
12170 Globe Ave.
Livonia, MI 48150

Contact: Dr. Leonard Bieman, (313) 591-9220, Ext. 232

Comment: Make a moire system for part contouring.

Dolan-Jenner 
678 Andover St 
Lawrence, MA 01843-0133

Contact: Bernard J. Dolan, 1-800-833-4237 or (508) 681-8000 
Comment: Make projection moire apparatus.
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Gradient Lens Corporation 
207 Tremont St.
Rochester, NY 14608

Contact: Leland Atkinson III, (716) 235-2620 
Comment: Make projection moire apparatus.

Phase Shift Technologies 
1430 E Fort Lowell 
Tucson, AZ 85719

Contact: Chris L. Koliopoulos or Nabeel W. H. Sufi, (602) 573-9250 
Comment: Make automated reflection moire system.

Photoelastic Division 
Measurement Group, Inc.
PO Box 27777 
Raleigh, NC 27611

Contact: Thomas W. Corby Jr., (919) 365-3800 
Comment: Make an in-plane moire measurement system.

Strainoptic Technologies 
108 W Montgomery Ave 
North Wales, PA 19454

Contact: Alex Redner, (215) 661-0100
Comment: Make the SMOOPI shadow moire system.

WYKO Corp.
2650 E Elvira Rd 
Tucson, AZ 85706

Contact: James Wyant, (602) 741-1044
Comment: Make automated phase shift moire measurement system

8.8.2 S tructured Light
Components such as laser line and multiple spot generators are available from

LASIRIS Inc.
3549 Ashby 
Saint-Laurent, Quebec 
CANADA H4R 2K3

Contact: Shawn Pearsall, (514) 335-1005 or in U. S., (716) 381-8493 
Comment: Make diode laser line generators.

Melles Griot 
1770 Kettering St.
Irvine, CA 92714
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Contact: Tim Bodenhammer, 1-800-835-2626-213 or (714) 261-5600 

Comment: Make diode laser line generators.

8.8.3 D Sight

Diffracto Ltd.
2835 Kew Drive 
Windsor, Ontario 
CANADA, N8T 3B7

Contact: 0. L. Hageniers, (519) 945-6373
Comment: Make a number of systems using the D Sight technology, including a 

portable system that is being evaluated on aircraft.

8.8.4 Video Image P rocessing-based  B orescopes

ITI Instrument Technology, Inc.
PO Box 381 
Westfield, MA 01086

Contact: Doric Dods, (413) 562-3606

Comment: Make a video borescope system with limited enhancement capability 
(contrast, gain, offset).

Olympus Corporation 
Industrial Fiberoptics Division 
4 Nevada Drive 
Lake Success, NY 11042-1179

Contact: 1-800-446-5260

Comment: Produce a line of video borescopes in conjunction with a PC-based 
frame grabber. The system has capability for image storage and 
transmission via modem, and uses dimensional image measurements of 
a known part rather than a wire mesh model.

Welch-Allyn
Inspection Systems Division 
4619 Jordan Road 
PO Box 100
Skaneateles Falls, NY 13153-0100

Contact: Andrew Conti, (315) 685-4204

Comment: Produce a number of video borescope systems, including both the 
ShadowProbe, which permits depth measurements of objects, and a 
borescope that uses a hand-held LCD video display for convenient video 
viewing.
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9. Infrared Thermography

9.1 SUMMARY

The temperature distribution on an aircraft skin or component can be measured 
optically by the radiation that it produces at infrared wavelengths. Several techniques 
have been developed that use this temperature information to characterize the thermal 
properties of the sample being tested. Many defects affect the thermal properties of 
those materials. Examples are corrosion, debonds, cracks, impact damage, panel 
thinning, and water ingress into composite or honeycomb materials. By the judicious 
application of external heat sources, these common aircraft defects can be detected by 
an appropriate infrared survey. Several organizations have demonstrated techniques for 
infrared structural inspection of aircraft in field tests at maintenance facilities. 
However, none of these techniques is currently in widespread use in the aviation field. 
Use of thermography techniques currently range from laboratory investigations to 
fielded equipment. The more advanced systems are in the prototype stage, and their 
design and operational feasibility for use on transport aircraft are being evaluated.

9 .2 TECHNICAL BACKGROUND

All objects with a temperature above absolute zero radiate energy as described by 
Planck’s radiation equation.^'^ An object radiating exactly as predicted by this equation 
is referred to as a blackbody. The spectral output of a near-room-temperature blackbody 
in the wavelength band of 1 to 20 is shown by the dashed curves of 
Figure 9-1. Commercial infrared devices typically operate in the 2-to-5 or 8-to-12 tim 
wavelength band. These wavelengths are commonly referred to as mid-infrared or 
simply infrared (IR). Several existing IR wavelength regions afford good atmospheric 
transmission. The unbroken curve of Figure 9-1 is a plot of the relative spectral 
transmission of 1 km of standard sea-level air. For room-temperature objects, the
8-to-12 .̂In band contains more usable energy because the radiated energy is higher and 
the air attenuation is less. Either the 2-to-5 or 8-to-12 fim band can be used if enough 
infrared signal is available.

The temperature of a radiating surface can be measured optically by comparing its 
thermally emitted energy to that predicted by Planck’s equation. A plot of the spectral 
emission of most radiating surfaces will have a shape similar to that predicted by 
Planck’s equation, but the total emitted power will be less. The ratio of actual emitted 
power to ideal emitted power is the emissivity (t) of the surface. A surface having 
spectral output that resembles a blackbody but emissivity that is less than unity is 
described as a graybody radiator. The temperature of objects with emissivity that varies 
with optical wavelength and/or temperature (non-graybody radiators) can still be 
determined optically by using an appropriate emissivity function. Apparent temperature 
resolution of much less than 1°C for high-emissivity surfaces is possible with nearly all 
commercial systems whether they be spot thermometers or imaging systems. Absolute 
accuracy of these temperature measurements depends on accurate determinations of 
emissivity.
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FIGURE 9-1. Blackbody relative spectral irradiance vs. tem perature 
(°C) (dashed line) and relative transm ission of 1 km of sea-level air 
(solid line), both plotted as  a function of wavelength In microns.

The transmission (t), reflectivity (r), and emissivity («) of an object are related by the 
expression:

t  +  r -f € =  1.

Most aircraft surfaces of interest for nondestructive inspection (NDI) are opaque 
(t =  0), which reduces this relationship to:

€ =  1 — r.

Infrared measurements of highly reflective surfaces present a problem for two 
reasons. Reflected energy from adjacent sources creates interference, and the radiated 
thermal energy is reduced. Either of these factors can cause erroneous measurements of 
surface temperature.

This radiation theory is used in a variety of instruments, ranging from hand-held, 
remote-sensing thermometers that measure a single point to infrared imaging systems 
that produce two-dimensional (2D) temperature maps of a surface. Thermography 
normally describes systems that produce 2D thermal images, although the theory can be 
applied to any infrared measurement system. Commercial aircraft inspection systems 
will, almost certainly, produce 2D images because of the visual interpretation power 
provided by an image.

An IR image of an unheated object in thermal equilibrium will normally reveal little 
information that cannot be detected by a visual inspection of its surface. Most
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thermography used for materials NDI will apply heat to the object and observe the 
resultant temperature differences. This heat can be from nearly any source: hot air, 
electrical resistance heaters, lasers, heat lamps, large optical flashlamps, etc. The 
properties of the material (for example, thermal conductivity, heat capacity, and 
thickness) determine what spatial and temporal temperature distribution will be 
produced by a particular heat input. Defects in the materials under test that alter these 
thermal properties can be detected by measuring deviations from the expected 
temperature patterns. Sufficient heat is needed to overcome the inherent background 
noise of the system. However, there is a practical upper limit because the applied heat 
must not damage the surface.

The unprocessed IR image data typically forms a gray-scale video image in which 
shades of gray represent different IR energy levels. Images with spatial resolution 
roughly equivalent to commercial TV broadcasts are the current standard. Several 
systems produce commercial video output signals and can be recorded and reproduced 
with commercial VCRs. Other systems require more specialized recording equipment. 
However, all systems can be electronically recorded for later retrieval or data archival. 
Data processing and image enhancements by computer software are routinely used. It is 
also common to colorize the images, replacing the shades of gray with contrasting colors. 
This colorization visually enhances the data but provides no additional sensitivity.

9.3 PRESENT APPLICATIONS

Many different therm ography applications with widely varying levels of 
sophistication exist. The simplest methods measure temperature distributions that 
occur during normal use; no additional energy source is needed. Examples of current use 
of these simple methods include detection of overloaded or defective electrical power 
distribution equipment, heat loss surveys of buildings to detect wet or missing 
insulation, and inspections of steam systems to detect leaks or defective components.®'^

Other methods that are only slightly more sophisticated measure temperature 
patterns that are enhanced by mechanical means such as artificial heating or a 
mechanical excitation that produces heat. These methods usually analyze near-static 
heat patterns and use little, if any, computation. An example of one of these methods is 
applying a heat source and then using an IR imager to view the surface to detect debonds 
buried in a structure.®'® If proper sensitivity can be achieved, these simpler methods are 
preferred. A difficulty with these simple systems is that aircraft skin made of aluminum 
has a high thermal diffusivity which dissipates small temperature gradients quickly. 
Reference three reports that buried debond detection by simple heating was more 
difficult if “material with a thermal diffusivity near that of aluminum” was involved.

The methods being used for aircraft structural inspections rely heavily upon theory 
and computational power to enhance the data and extract information not otherwise 
evident. These advanced techniques analyze transient thermal phenomena produced by 
dynamic thermal excitation. Major efforts are aimed at not only enhancing IR 
measurement sensitivity but at providing systems that produce accurate, quantitative 
results. Various thermographic evaluation efforts exist to detect corrosion, metal 
thinning, cracks, and lap-joint debonds. These efforts range from laboratory 
investigations to actual aircraft field tests. Previous work at Johns Hopkins University 
on the assessment of the integrity and thickness of coatings has recently been applied to
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the analagous problem of detecting aircraft corrosion.®"* This method shows promise, 
but to date has been limited to laboratory samples. Lawrence Livermore National 
Laboratory®'® has demonstrated the use of terrestrial data from both the 2-to-5 ^m and
8-to-12 IR wavelengths to minimize the emissivity problem inherent in all infrared 
systems. Work is under way to extend this two-wavelength approach to aircraft 
maintenance applications.

9.4 AIRCRAFT APPLICATIONS

Many aerospace companies (for example, General Electric,®'® Pratt & Whitney, 
Lockheed, Martin Marietta, McDonnell Douglas) use various thermal techniques to 
evaluate components for engine and aircraft manufacture. At this time, thermography is 
not widely used in aircraft maintenance hangars. Thermography equipment was 
purchased by the U.S. Air Force (Military Airlift Command) in 1989 for inspections of 
pressurization and thermal duct leaks, structural delaminations, and leading-edge 
de-icing systems on C-130 and C-141 aircraft.®'’ British Airways uses similar imager 
systems (shortly after aircraft landing) to detect ice from water ingress into the 
composite rear horizontal stabilizer of their L lO ll’s.®'® Another tjqjical application is 
detection of overheated bearings or brake assemblies. These examples are analogous to 
the simplest thermography uses discussed in the previous paragraph. They are available 
and being used on a limited scale.

More technically advanced uses of thermography for structural inspection have been 
developed by AEA Technology,®'® NASA Langley ReseMch Center,®'*̂ ® and Wayne State 
University.®'^^ These major efforts are aimed at applying thermography to maintenance 
inspection of commercial aircraft. They have all demonstrated their thermographic 
capabilities on transport aircraft and continue to refine their techniques. Work with a 
variety of systems has been documented, but in general AEA and Wayne State 
concentrate on high-power flashlamp heat sources, and NASA uses intermittent 
excitation from incandescent quartz-lamp heaters.

A hypothetical thermography system in use at a military maintenance facility is 
illustrated in Figure 9-2. The major change needed when the fighter aircraft is replaced 
with a transport plane would be a larger hangar; the IR system would be almost 
identical. Figure 9-3 illustrates the components that such a system might contain. The 
heat source may vary depending upon the technique; the important factor is delivery of 
the appropriate heat energy to the surface. The induced temperature rise is a few 
degrees and dissipates quickly after the heat input is removed. The IR camera records 
the infrared patterns during and shortly after the heating sequence. The image 
temperature data are processed to provide more quantitative information, and the 
resultant patterns are displayed on the computer terminal. Currently, a human operator 
analyzes the screen and determines whether or not a defect has been detected. The ideal 
system would automate this decision-making process to remove the uncertainty of 
human interpretation.

An example of a typical processed aircraft thermographic image is shown as Figure
9-4. The darker shades of gray represent bonded areas, and the lighter (or white) areas 
represent lack of bonding. (The different colors that normally represent the varying 
shades of gray were omitted from the figure to facilitate the copying of this report.) 
Pertinent data patterns can be printed or recorded digitally for documentation or 
analysis purposes.
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FIGURE 9-2. Possible arrangem ent of a U.S. Air Force thermography inspection 
system . [Source; Southwest Research Institute, L a r g e - A r e a  N o n d e s t r u c t i v e  
In spe c t ion  Sc anner ,  Project 17-3205. Reprinted by permission from Frank Iddings. 
See Reference 9-12.1

Aircraft
Panel

IR
Camera

Hardware
ControlHeat

Source Computer

Recording 
Media

Ideo 
Terminal 
Display

FIGURE 9-3. Typical com ponents needed for an advanced infrared inspection 
system.
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Disbonded
Area

FIGURE 9-4. Typical output of advanced thermographic inspection system . (Courtesy of
NASA Langley Research Center. Images are similar to those of Reference 9-10.)

9.5 TECHNICAL CONSIDERATIONS

9.5.1 A dvantages
• Since thermography is an optical measurement, it can be done without physical 

contact. A 2D image of the inspected surface helps the operator visualize the location 
and extent of any defects. Depending upon the spatial resolution of the IR camera and 
the size of the expected flaw, each image can be of a relatively large area. (Inspection 
areas of one square meter are currently attainable.) Non-contact imaging of relatively 
large areas holds the potential for rapid inspection of large surface areas.

• Neural networks applied to the IR image data have possible application for automated 
recognition of defects; however, no reports of field use of this technique have been 
published. Electronic recording of the image data holds possibilities for rapid 
inspection that can be followed by more thorough data analysis while other 
maintenance activities are being performed. Unlike X rays, the heat sources (when 
properly handled) are not a hazard to nearby workers.

• Thin coats of paint conduct heat fairly well and are not a great obstacle if their 
presence is taken into consideration. (Different colors of paint have different 
emissivities.)

• Nonmetallic materials usually can be inspected more easily than metals because of a 
difference in thermal properties.

9.5.2 D isadvantages
• Because of their low emissivity, bare metal surfaces are usually not good IR radiators, 

and they present reflection problems. Surface coatings and contaminants can also

9-6



Chapter 9. Infrared Thermography

cause problems. To overcome either of these difficulties, a temporary high-emissivity 
coating can he applied and removed after testing. Black washable paints and black 
“contact paper” have been used successfully for this purpose.

• P r i o r  c t r n p f n r A  Kpincr ic r*nmrnr\r>lv nporlorl  ir>forr\rp+^  A A V./ A AAAAS/ T * A^ A./ ^  A VAAX./ VA NA ̂  \A A «,/ A/V/AAA  ̂ AA A h / ^  W / A h /  ^  AAA AAA V/A A A^ AAWV>VAN/VA VV̂  AAAV^AJ^AWV

thermography results; calibration samples similar to the area being inspected may be 
required for highest accuracy. This, however, is not uncommon for other technologies 
and is not judged to be a major impediment.

• Although the current systems can be moved about the hangar, such movement is not 
a one-man operation. At present, the largest elements are the computer system, the 
camera, and the heat source. Since electronic systems continue to shrink in size, 
eventually every element except the heat source should become smaller.

• With any of these systems the nonuniformity of the applied heat as well as variations 
in surface emissivity make interpretation of raw data difficult. Even with sophisticated 
mathematical analysis to minimize these effects, temperature differences and patterns 
tend to be more important than actual temperature. Damage to layers deep within a 
structure is more difficult to assess than damage to surface layers because the larger 
mass of metal tends to dissipate the applied heat energy.

• The high cost of advanced thermal imaging systems could inhibit industry interest. 
The typical IR camera system, without additional data capture and processing 
equipment, costs from $50K to $100K. It must be proven that the results are worth the 
cost.

9.6 STATUS

9.6.1 P resen t
Thermography for simple imaging evaluations of aircraft parts is available now to 

those willing to buy an IR imaging system. These systems are commercially available 
from a variety of sources and can be obtained with a variety of capabilities. The prices 
are in the multiple tens of thousands of dollars. Current cost considerations have no 
doubt limited the application of the systems. Although British Airways thought it worth 
the price, many others have not. As with most NDI systems, image interpretation 
requires an understanding of the physics of the techniques.

The more advanced thermography systems have much greater capabilities at the 
expense of being more complex and costly. NASA and Wayne State University continue 
to develop and demonstrate their systems on transport aircraft. Wayne State has used 
their system on 727 aircraft at Northwest Airlines in Minneapolis, on the AANC’s 737 
in Albuquerque, and on the aircraft corrosion coupons in Tinker Air Force Base 
experiments (Oklahoma City). NASA has tested its own 737 aircraft, visited Northwest 
Airlines to test 747 aircraft on more than one occasion, and is also planning a trip to the 
AANC 737. Both systems are capable of generating reduced data in the hangar in a 
matter of minutes. Thermal anomalies can be identified rapidly with either system. The 
accuracy with which these areas can be classified as corrosion or debonds is not yet as 
high as either group would like. Work continues on improving this accuracy as well as on 
efforts to miniaturize the systems and make them more suited for hangar use. 
Companies such as AEA Technologies, and to a lesser extent Bales Scientific, are more 
commercially oriented and are capable of materials inspection and even limited aircraft 
inspections. Any of these systems are highly specialized and require very highly trained 
operators to properly apply the techniques and interpret the results.
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An advanced thermographic NDI system can be purchased directly or assembled 
from components purchased from a variety of sources. The price for such a system will 
be in the $100K to $300K region. Because of the high price and the lack of original 
equipment manufacturer (OEM) and regulatory approval for the use of these methods, 
sales for aircraft maintenance inspections have been limited.

9 .6 .2  Future

In a study for the U. S. Air Force, Southwest Research Institute®’’̂  ̂ included 
flashlamp-excited infrared thermography as one of the promising candidate technologies 
for potentially providing rapid, large-area, nondestructive inspection of military aircraft. 
Similar arguments can be made for commercial aircraft. Whether flashlamp excitation, 
heat-lamps, lasers, or some other source will provide superior data is still uncertain. 
Researchers have demonstrated good results for each. Each may have its own best 
applications. If the utility of systems now under development can be demonstrated to 
the industry, it is possible that they could be used in maintenance hangars within the 
next five years.

Advances in IR detector technology include the recent introduction of closed-cycle 
detector cooling (replacing liquid nitrogen) and the replacement of scanned single-point 
detectors with detector arrays. Limited examples of these technologies are now available 
and more systems will be using them. Someday uncooled detectors may be available.

The emphasis of much of the work related to aircraft NDI is on producing IR 
inspection techniques that are more quantitative and easier to use. The goal is to 
produce systems that can be operated by maintenance personnel with training similar to 
that currently given to NDI technicians.

Both NASA and Wayne State hope to commercialize their technology and bring it 
into the marketplace in the near future. NASA has made and will continue to make their 
various infrared technologies available through the NASA technology transfer process. 
A small Wisconsin firm is combining their technology with that of NASA to develop a 
“Forced Diffusion Thermography” system that exploits the thermoelastic effect of 
materials to locate defects. A commercial company has been formed by Wayne State 
with the intention of marketing an infrared inspection system based on the “Thermal 
Wave Imaging” principles developed by Wajme State.

9.7 DEVELOPMENT CENTERS

While other laboratories have developed thermographic techniques or have used 
them for various applications, the three listed below have developed, used, and continue 
to develop advanced thermography systems for aircraft structural inspection. Each of 
these systems has been demonstrated on transport aircraft. One knowledgeable contact 
has been listed for each laboratory.

AEA Technology
The National NDT Centre
Harwell Laboratory
Oxfordshire, United Kingdom 0X11 ORA

Contact: Ron Smith, Manager, Business Development 
0235 432512 FAX; 0235 432274
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Comment: Developed outside the FAA Aging Aircraft program.

National Aeronautics and Space Administration 
Langley Research Center 
Hampton, Virginia 23665

Contact: K. Elliott Cramer
(804) 864-7945 FAX: (804) 864-4914

Comment: This effort is funded by NASA, but the researchers work cooperatively 
with the FAA Aging Aircraft program.

Wayne State University
Institute for Manufacturing Research
Detroit, Michigan 48202

Contact: Dr. Robert L. Thomas, Director
(313) 577-2970 FAX: (313) 577-7743

Comment: This effort, conducted in Detroit at Wayne State University, receives 
funding from the FAA, Center for Aviation Systems Reliability, located 
at Iowa State University, Ames, Iowa.

9.8 COMMERCIAL AVAILABILITY

This is a partial listing of commercial sources for infrared imaging and/or detection 
hardware.

Inframetrics, Inc.
16 Esquire Road
N. Billerica, Massachusetts 01862

Contact: Tom Scanlon
(508) 670-5555, ext. 296 FAX: (508) 667-2702

Comment: Widely used NTSC compatible video imaging systems.

Rank Taylor Hobson
New Star Rd., Thurmaston Lane
P.O. Box 36
Leicester, LE47JQ
England

Contact: 44 533-763771 FAX: 44 533 740167 

Comment: Source of camera system used by AEA Technology.
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Agema Infrared Systems 
550 County Ave 
Secaucus, New Jersey 07094

Contact: Debbi Lefebvre, (201) 867-5390

Comment: Formerly AGA, Agema has marketed IR systems for over 30 years.

Bales Scientific, Inc.
1620 Tice Valley Boulevard 
Walnut Creek, California 94595

Contact: Maurice Bales, (415) 945-0144

Comment: High-resolution thermal imaging systems.

FLIR Systems
16550 S.W. 72nd Avenue
Portland, Oregon 97224

Contact: Anna Marie Smith, (503) 684-3731, ext. 208

Comment: High-resolution thermal imaging system.

Land Infrared
1670 S. Amphlett Blvd, Suite 214 
San Mateo, California 94402

Contact: John Miller, (415) 573-6910

Comment: Industrial infrared temperature measurement systems.

Cincinnati Electronics Corp.
7500 Innovation Way 
Mason, Ohio 45040

Contact: Fred Steele, (513) 573-6265 or 
Dale Lehman, (513) 573-6188

Comment: Hardware ranging from single-point detectors to imaging systems.

CEDI? SA 
19 Bd. G. Bidault 
77 183 Croissy Beaubourg 
FRANCE

Contact: P. Potet
(33-1) 60 37 01 00 FAX: (33-1) 60 37 01 62

Comment: Source for hardware and software to convert standard IR imaging 
cameras to perform advanced thermography.
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Conclusion

One of the major technical concerns currently facing the civil aviation community is 
that of ensuring the continued integrity and safety of structures, both airframe and 
engines, as these systems age. In recent years, major air crashes have been attributed to 
structural failure and have brought under scrutiny the reliability of airframe inspection 
techniques. As a result, the FAA is directing a significant effort, through its NAARP 
Program, toward developing and identifying additional inspection methods that will 
enable earlier and more reliable detection of conditions in aging aircraft structures.

Emerging technologies reported on in this document are acoustic emission testing. 
X-ray computed tomography, backscatter radiation, reverse geometry X-ray, the 
advanced electromagnetic techniques of magneto-optic imaging and advanced eddy 
current techniques, coherent optics, advanced ultrasonics, advanced visual, and infrared 
thermography. Several of these technologies are already being used successfully by 
private industry for nondestructive inspection of their aging aircraft fleets, and further 
research and development is being done on these technologies and a number of others 
that show potential for nondestructive inspection of aging aircraft.

The FAA is actively addressing these emerging technologies in order to keep pace 
with inspection tasks prompted by the rapid expansion of the aging fleet. As the 
promising techniques discussed in this document are developed, they must be validated 
using both technical and human factors considerations. Further, since it is highly 
undesirable to place unnecessary financial burdens on the airline industry, emerging 
NDI techniques must be subjected to cost-benefit analyses to assure that any new 
inspections are carried out in an economical fashion.
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MS231
Hampton, VA 23665

1 Russell Jones
Inspection Foreman, NDT 
US Air
P. 0. Box 12346 
Pittsburgh, PA 15231

1 William Keil
Region Airline Association
1101 Connecticut Ave. NW, Suite 700
Washington, DC 20036

1 Steve LaRiviere
Boeing Commercial Airplane Group 
P. O. Box 3707, MS 9R058 
Seattle, WA 96124-2007

Jess Lewis
FAA, Aircraft Certification Service 
Continued Airworthiness Staff (AIR-107) 
800 Independence Ave SW 
Washington, DC 20591

Sarah MacLeod 
Executive Director
Aeronautical Repair Station Association 
121 North Henry Street 
Alexandria, VA 22314

George A. Matzkanin 
NDI Testing & Analysis Center 
415 Crystal Creek Drive 
Austin, TX 78746

Burl Nethercutt, MD23 
American Airlines 
P. 0. Box 582801 
Tulsa, OK 74158-2809

Don Nieser
OC-ALC/LACR
3001 Staff Drive, Suite 2AC489
Tinker AFB, OK 73145-3019

FAA Central Region 
Small Airplane Directorate 
Attn: M. Nuss, ACE-102

B. W. Sexton, ACE-102 
601 East 12th St.
Kansas City, MO 64106

Richard L. Rohrig, Insp. Supervisor, NDT 
Continental Airlines 
8250 E. Smith Rd.
Denver, CO 80207

Ward D. Rummel 
Martin Marietta Aerospace 
8776 W. Mountainview L 
Littleton, CO 80125

David Santoy
Director, Quality Control and QA 
Evergreen Int’l Airlines 
3850 Three Mile Lane 
McMinnville, OR 97128
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