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ABSTRACT

As composite parts become more widely used in aerospace vehicles, there is a greater need for
thorough, fast, nondestructive evaluation (NDE) of such parts. Relatively simple, flat composite
parts are generally easily inspectable with modern conventional ultrasonic systems. Composite
parts of complex shapes are much more difficult. Laser based ultrasonic (LBU) inspection
systems should benefit from several theoretical advantages over conventional ultrasonic systems
for inspecting composites. To understand actual LBU capabilities, a specific LBU system at
McClellan AFB, CA was exercised to evaluate its performance versus conventional systems. The
results of that evaluation are reported in this document. The effort was intended to identify
particular classes of aircraft and aerospace parts for which LBU inspection is superior to
conventional ultrasonic system inspection. The evaluation was also intended to identify the best
procedures for use of the McClellan AFB LBU system and to identify shortcomings and potential
improvements of the system. Briefly, the evaluation found that the specific LBU system provides
excellent flexibility in the wide range of part types and shapes that can be inspected. This
flexibility does require a degree of complexity in the LBU hardware and software. The LBU
system demonstrated the ability for automated inspection of complex shapes that are usually
inspected manually, at greater cost. The LBU system was generally not competitive on simple

parts where conventional systems have been optimized for inspections.

Key Words

laser based ultrasound
laser ultrasonic inspection system
nondestructive evaluation

NDE
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EXECUTIVE SUMMARY

The work reported in this document answers questions about a Laser Based Ultrasound (LBU)
system installed by the U.S. Air Force at McClellan AFB, CA. The LBU system studied is a
Laser Ultrasonic Inspection System (LUIS) model 747 manufactured by UltraOptec, Inc. of
Boucherville, Quebec. In this contracted study data from the LUIS 747 was compared to data
from conventional ultrasonic systems in order to identify advantages and disadvantages of the
LUIS 747 for the inspection of aerospace parts. The contract also evaluated LUIS 747 signal
variability, identified optimum data processing steps and identified possible enhancements to the
LUIS 747. In performing these evaluations, Boeing noted which potential LBU benefits actually

accrued in the operation of the LUIS 747.

The LUIS 747 1s an impressive system that embodies many of the positive features of LBU
technology in a very robust package compatible with production areas. Since it was built to
specifications that are not universal and since technology has advanced since it was built, it can
not be expected to perform every possible ultrasonic inspection in an optimum manner. Still, it

was able to handle a very wide range of part types and sizes with at least some beneficial results.

Boeing found that the LUIS 747 provided detection advantages compared to current inspection
methods for thin, composite parts with surfaces containing small radii and complex curvatures.
This enables better detection of disbonds and delaminations, which could potentially cause
failures, in areas that are difficult to inspect conventionally. The LUIS 747 also offers a unique
3D geometry capture feature which could be used for metrology, reverse engineering and

visualization of ultrasonic data in 3D projections of parts.

An LBU system such as the LUIS 747 is ideal in supporting rapid prototyping of composite parts
with a wide variety of complicated shapes and geometries. It offers the capability to quickly
inspect parts of almost any shape without the necessity to build unique fixturing or fabricate

complicated transducer arrays and their associated contact preserving apparatus.
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Boeing found the LUIS 747 to be at a disadvantage compared to conventional systems for
composite parts that are thick or for parts that are relatively flat, and parts that must be inspected
from the toolside. The LUIS 747 was judged to be slower, less sensitive, more costly or requiring
more preparation than conventional systems for these types of parts. The initial capital cost of the
LUIS 747 system and limited advantages compared to conventional ultrasonic systems are the

largest impediments to encouraging further use of LBU technology on a large scale.

Shot to shot and scan to scan variability was shown to be a minor issue in LUIS 747 operation,

the optimum steps for signal processing were generated and several possible enhancements to the

LUIS 747 were identified.

The LUIS 747 is clearly an asset to development of new LBU systems or exploration of LBU
inspection of new composite parts. However, because of the impending transfer of ownership of
the LUIS 747 to Sacramento County, Boeing recommends that no U.S. Government money be
spent to upgrade or enhance the LUIS. The Air Force should encourage use of the LUIS 747 as a
testbed for experiments and further LBU development. If the Air Force wishes to encourage

continued development of LBU technology, then Boeing recommends that the Air Force assist the

following short term and long term developments.

Short term development should focus on the fielding of a low cost system in a high inspection
volume environment to demonstrate that the potential benefits of LBU can be realized at
competitive cost. Also, with what appear to be relatively minor changes in the software, the LUIS

747 can be useful in support of rapid prototyping of composite parts of almost arbitrary shape.

Long term work should focus on development of new laser and detector technologies that will

reduce the complexity, size and price of LBU systems, while increasing their speed.
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1.0 INTRODUCTION

Ultrasonic inspection provides valuable information about the presence or absence of defects in

aerospace parts. A typical conventional system couples the ultrasonic signal from a transducer to
the part via liquid couplant. These systems work well with simple, fairly flat geometry parts.
Complex shapes are more difficult to inspect since the transducer(s) must introduce ultrasound
normal to the inspection surface to provide good detection of ultrasonic energy in the test article.
Complex parts may require long set-up times to program the transducer to follow difficult
curvatures. Elaborate fixturing may be needed to maintain proper orientation of water jets for
systems that use one water jet for excitation and a second water jet on the opposite side of the
test specimen for acquisition of the signal. Such systems are limited when geometry prevents easy
access to a back surface. These squirter systems are also limited by the speed of the mechanical
motion of transducers across the inspection surface. Scanning complex geometries is slow
because it is necessary to control 3 degrees of translation and 3 degrees of angular orientation
while keeping two transducers oriented normal to the part surface and pointed at each other.
Setup time to program the scan path and precisely fix parts can be long. Other configurations are
also representative of conventional ultrasonic inspection technology. These include so-called
bubbler systems in which the water is confined and minimized, as well as immersion systems using
a tank of water to support the transmission of ultrasound. A typical bubbler system is shown in

Figures 1-1 and 1-2.

Bubbler systems and immersion systems overcome some of the limitations of squirters, but in turn
have their own limitations. For example, immersion systems cannot be used with parts that
cannot be covered with water. Conventional systems have benefited from years of development
and do offer many real advantages. To be embraced by the Non-Destructive Inspection
community, competing technologies such as LBU must overcome conventional limitations while
replicating successful traits to be considered as viable alternatives. Conventional systems are
generally low in cost and provide high speed throughput by use of arrays of transducers

customized for particular shapes.
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Laser based ultrasound (LBU) pulse echo systems may overcome some limitations of
conventional systems. In a typical LBU setup, a generation laser rapidly heats a spot on the
surface of the part to be inspected. The generation laser beam is absorbed in a small volume near
the surface that acts as an ultrasonic transducer coplanar to the surface. Because the material
expands as it is heated very rapidly, the pressure in the absorption volume increases. This
pressure is relieved by a release acoustic wave originating at the free surface of the material. The
ultrasound propagates normal to the surface, independent of the laser beam angle of incidence.
This eliminates the need for difficult scan plans and complex fixturing to maintain the inspection
beam normal to the surface. It should make inspection of complex shapes easier since normality is
not a strict requirement. The free surface velocity is measured by detecting the Doppler shift of a
second laser beam. The Doppler shift is typically detected using a Farbry-Perot interferometer to

monitor returning ultrasonic echoes, which contain information about the internal structure of the

part.

This type obf LBU system works in pulse echo mode. Pulse echo mode and non-normal laser
beam incidence should allow LBU to easily inspect complex shapes that may be extremely difficult
for conventional systems. LBU may increase the speed of inspection since laser beams can be
quickly scanned across a surface by the small movements of a mirror, instead of mechanical
motion of water jets or transducers. LBU systems may also be preferred in cases where the test
part cannot be exposed to water or other liquid couplants. LBU also offers the possibility of
inspecting parts in environmental chambers while replicating operating conditions such as vacuum
or extreme temperatures. Where potential cost savings or inspection advantages can be realized
in practice, LBU will be a very valuable inspection technique. This contract addressed the

realization of these benefits for a particular system.

In 1996, the U.S. Air Force purchased a Laser Ultrasonic Inspection System (LUILS) model 747
from UltraOptec, Inc. of Boucherville, Quebec. The LUIS was installed at Sacramento Air
Logistics Center (ALC), McClellan AFB, CA., which was designated as the Air Force center for

composite development and repair. To assess the real benefits of the LUIS, the Materials

D950-10322-1
s =




Directorate of the Air Force Research Laboratory contracted with Boeing to evaluate system
performance using ultrasonic test standards and actual aerospace parts. The results of that

evaluation are discussed in this document.

To evaluate the LUIS, a program of scanning typical aircraft and aerospace part types was
executed by the NDE Physics group from Boeing Information, Space and Defense Systems Group
in Kent, WA with the assistance of the NDE research group from Boeing Commercial Aircraft
Group in Renton, WA. Personnel from the National Research Council of Canada who are former
employees of UltraOptec and experienced in the engineering, operation and maintenance of the
LUIS 747 supplied system expertise. On-site support was provided by Air Force NDE

technicians and engineering personnel at McClellan AFB.

The LUIS 747 was designed principally for inspection of bare graphite epoxy composites.
Composite parts with complex geometries or cores such as honeycomb are important aerospace
structures. The wavelength of the generation laser is not appropriate for efficient generation of
longitudinal ultrasonic waves in bare metals. Metal parts can be painted to permit inspection and
some specialized metal parts were inspected. However, the main focus of the test program was

on composite part types from various military and commercial aircraft.

D950-10322-1
6




2.0 EQUIPMENT DESCRIPTION

The LUIS 747 is made up of three units: the generation unit, the detection unit and the control
console. The generation unit consists of a generation laser beam source and an optical scanner
assembly with associated optics. The generation unit is mounted on a computer controlled robot
system, which gives it the capability to move in 3 linear axes and 1 rotation axis in a large volume
and inspect large components. The gantry is contained in a large bay capable of handling parts up
to 40 feet long and 11.5 feet high. Figure 2-1 shows an overall view of the gantry system and

work bay. Figure 2-2 shows the robot arm extended.

Figure 2-1. Laser Gantry and Work Bay

D950-10322-1



Figure 2-2. Laser Gantry Extended

The LUIS 747 generation laser is an industrial, commercial CO, laser with a custom gas mixture

D950-10322-1
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to maximize the generation of ultrasonic waves. The specifications of the laser are shown in
Table 2-1.
Table 2-1. Specifications for Generation Laser
Wavelength (optical): 10.6 pm
Repetition Rate: 100 Hz
Pulse duration (FWHM): 130 £ 20 ns
Output power: >150 mJ

The LUIS 747 has an optical aperture system, which limits the spot sizes of the generation and
detection lasers to either 0.2" or 0.1" in diameter. The spot sizes of the generation and detection
lasers are selected by the operator and are controlled by the automatic focusing subsystem. The
generation and detection laser spots as well as the spot of a visible He-Ne tracer beam are
superimposed and focused to the same spot size onto the surface of the component. Figure 2-3
shows several samples in the workbay being held in place by the sample stabilization hardware.
The red dot in the photograph is the He-Ne tracking beam spot. The photograph appears yellow

due to the filtering properties of the control room window.

The scanner mechanism is a single elliptical mirror with a major axis of 18 inches and a minor axis
of 8.25 inches. The mirror rotates independently around 2 mechanical axes. This gives the
system a total of 6 degrees of freedom. The primary scanning axis of the mirror mount allows
back and forth motion of the mirror in a range of + 31°. When the smaller axis is vertical, the
laser beam scans in a horizontal plane parallel to the ground. The orientation of the mirror
primary axis is controlled by the rotation of a yoke that holds the mirror mount. The yoke rotates
around a horizontal line and can orient the mirror primary axis anywhere between vertical and
horizontal. Figure 2-4 shows the mirror from the backside with the smaller axis in a-vertical
position. The rotating yoke can be seen on the left side of the photograph. The scanning
mechanism has an angular resolution of .01° for both axes. The mechanical scanning system
allows scanning an area of up to 6 x 6 feet at a work distance of 5 feet from the scanner for a

single scan. Larger areas require additional lateral translation of the generation unit.
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Figure 2-3. Samples in Workbay and Laser Tracking Spot

The detection unit, located in the control room and connected to the scanning head via fiber
optics, contains a detection laser beam source and an optical demodulator system. The detection
unit is fixed but the detection laser beam is routed via an optical fiber link to the robot gantry and
the optical scanner assembly for transmission to the inspection sample. The detection unit is
shown in figure 2-5. The detection unit is housed in a rectangular enclosure mounted on a
vibration-isolated table resting on a movable carriage. It includes the detection laser and the

confocal Fabry-Perot interferometer and its detector assembly.

The confocal Fabry-Perot is 1 meter long with 85% reflectivity mirrors for demodulation of the
laser detection light. The -6dB low frequency cut-off is at 2 MHz and a high frequency cut-off is
at 15.6 MHz. The peak responsivity of the LUIS 747 detection system is at 5.5 MHz.
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Figure 2-4. Rotating Mirror and Yoke
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Figure 2-5. Detection Unit

The LUIS 747 is equipped with a range finding system, which enables it to measure the shape of
the component being inspected. The shape data may be used to produce a 3D image of the
component with the ultrasonic information mapped onto it. The ranging system is mounted on
the scanner. The ranging system measures the distance by laser triangulation. The detection laser
is focused onto the surface of a component. The scattered light is collected by a single lens and
imaged onto a plane behind the lens. As the surface of the component is shifted along the probe
beam axis, the position of the image behind the lens follows a line slightly tilted with respect to the
normal to the optical axis of the lens. By placing a line camera along the image displacement axis,
a precise measurement of the component's surface is obtained. The ranging system provides a

typical accuracy of + 0.2 inch at a distance of 5 feet from the center of the scanner.
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The optical assembly superimposes the generation laser beam with the detection laser beam from

the detection unit, focuses the beams onto the inspected part with a spot of approximately
constant size, and collects scattered light of the detection laser and focuses it into a large-core

receiving fiber which transmits it to the detection unit for demodulation.

The arrival of a reflected ultrasonic pulse at the inspected surface is detected by a frequency
stabilized laser focused at the point of inspection. The motion of the surface induces a phase
change on the beam reflected from the inspected surface. This phase change produces an
amplitude variation of the light output from the Fabry-Perot interferometer. The incident
detection laser beam possesses good stability in the frequency range of the ultrasonic pulses to

prevent masking of the ultrasonic signal due to frequency variation in the laser beam.

To attain high stability, the detection laser is built around a stabilized seed laser that is amplified
to obtain a high output detection beam. The seed laser is amplified through a flashlamp pumped

Nd:YAG system, providing peak output power above 500 W at the wavelength of 1.06pm.

Variations in the reflectivity of the surface are compensated for by a power output controller at
the output of the detection laser. The system is controlled by a feedback loop sensing the light
incident at the interferometer. Variations in surface reflectivity are handled by changing the output
power of the detection laser. The receiving laser assembly includes a visible tracer He-Ne laser
beam that is coincident with the Nd-YAG beam. The visible tracer beam is focused into the
illuminating Nd-YAG fiber and produces a visible spot exactly superimposed on the detecting

spot on the surface of the part.

The LUIS 747 detection laser specifications are shown in Table 2- 2.
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Table 2-2. Specifications for Detection Laser

Wavelength (optical): 1.06 pm

Repetition rate: 100 Hz
Pulse duration (FWHM): 55 us
Peak power: >500 W

Attenuator dynamic range: 30 dB (1/1000)

The control unit is composed of control electronics and the primary computer workstation.
Complete control of the LUIS 747 is obtained through the primary workstation, a Silicon
Graphics Indigo 2 computer. A number of microprocessor-controlled subsystems handle specific
functions. These include the Data Acquisition Control Computer, the Scanner Control Computer
for mirror control, the RECC for control of measurement data and the autofocus system, a robot
gantry controller and the system security and control module. These offload some work from the
primary workstation allowing it to display inspection data during the scan. A second Indigo 2 is
connected to provide offline processing of data captured. Control specifications for the LUIS

747 follow in Table2- 3.

Table 2-3. Specifications for Control System

Inspection step size: 0.05 inch at distance of 5 feet
Scanner envelope: 6 x 6 feet at a distance of 5 feet
Scan rate: 100 points/second
Spot size: 0.2 inch and 0.1inch diameters

Total envelope in a vertical plane: 40 x 11.5 feet

Working range: 4 - 8 feet

Ranging System: + 0.2 inch at 5 feet from the scanner
Points per waveform: up to 2048

Digitization rate: from 12.5 MHz to 100 MHz
Analog-to-Digital conversion: 8 bits

Figure 2-6 shows the control console and workstation.
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3.0 TEST PROCESS
The test program was driven by the intent to evaluate the LUIS for sensitivity to typical defects in

composite parts. The plan was to inspect a wide variety of actual parts with known defects and
well characterized standards with simulated defects. Composite part samples from major aircraft
programs were selected for use. Consideration was given to composite parts from the 777, the
Navy A-6 composite re-wing, F-22, B-2, JSF, 757 and 747. In addition, several ultrasonic test
standards used for calibration of conventional NDE systems were inspected. Since the contracted
effort intended to identify possible applications for the LUIS, consideration was also given to
other part types. Various painted samples from E-3 AWACS and commercial aircraft were
tested to evaluate the possibility of precision paint thickness measurement. An F-22 titanium seal
was inspected to evaluate LUIS use for thickness monitoring of machining processes. A metal

alloy Rocketdyne thruster nozzle was tested to evaluate LUIS resolution of small features in

metallic parts.

The parts were chosen to test the ability of the LUIS to detect various characteristics in various
part types. Once the parts arrived at McClellan AFB, they were mounted in the stabilizing
hardware racks shown in Figure 2-3. Parts were positioned to present an area of interest to the
optical assembly on the robot gantry arm. Air Force technicians responsible for operating the
equipment set up an inspection plan for the equipment to automatically follow. The inspection

plan defines a step size and a rectangular area, which delineates a section of the test part to be

inspected.

The LUIS was designed for use in a production environment, which was conceptualized as
allowing fast, easy, repetitive inspections of identical aircraft parts after initial setup. To achieve
this objective, the LUIS makes extensive use of a database to store and retrieve all the information
required for the inspection of a given type of part. Once the inspection information is stored in
the system database, an inspection of a known part requires only the setting of a reference point
on the part. This reference point is previously identified during the setup of the database

inspection plan record.
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Figure 3-1. LUIS Inspection Plan Record

The database record structure for each type of part is shown in figure 3-1. At the top level, there
is the inspection plan record that contains all the information needed to inspect a given type of
part, e.g., an F-22 landing gear door. The inspection plan record is composed of a number of
scan plan records. All the scan plans of the inspection plan record will be automatically executed
in a sequence when the given inspection plan is selected. The scan plans are defined with the help
of the part geometry, which is an area defined by the operator that completely contains the
inspected part. The coordinates of the scan plans are given in relation to an origin défmed in the
part’s geometry. The acquisition parameter record in each scan plan uses the material description
to limit the maximum usable laser power settings, as set during the damage threshold assessment
procedure. A part description record may have more than one material since a part can be made

of more than one material.
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The drawback to the use of this extensive database is that there is no fast way to inspect a new
part unknown to the database. A detailed setup process must first take place. The procedure to

setup a new part in the database is as follows:

1. Damage threshold determination of the surface materials of the part and output laser settings.

For each type of material unknown to the database on the inspected part, a damage
threshold assessment must be made. The procedure involves determining the maximum
power of the generation and detection lasers that can be used without damaging the
surface of the material. In preparation for testing the operator watches for smoke, a flash,
or surface discoloration on the test surface while increasing the output of the generation
laser in 5% steps. If all of the materials of the part are known to the database, this step
can be skipped. The laser power selection process of the LUIS essentially involves
determining the laser damage threshold of the materials of the inspected parts. In most
cases, the LUIS power levels will be set at 80 to 95% of damage threshold power in order
to get the maximum signal to noise ratio. If the damage threshold of the material is

known, setting up the laser power levels takes only a few minutes.

To determine the laser damage threshold, an operator must be inside the inspection bay in
order to closely watch the part’s surface. The damage threshold assessment is presently
impeded by the inability of the operator inside the inspection bay to control the firing of
the LUIS lasers. A second operator in the control room must fire the laser while the first
operator looks for any laser damage from inside the inspection bay. Figure 3-2 shows a

technician inside the inspection bay provide feedback on test firing of the laser.
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Figure 3-2. Technician Communicating Laser Power Setting Information to Control Room

The communication between both operators was initially done by hand signals. which
could cause misinterpretations. A simple intercom system to provide better
communications between the operators and simplify the damage assessment procedure
was put into place during the testing. The procedure could be speeded up even more if the
operator in the inspection bay could have a direct control on the firing of the lasers. This
could be done by interfacing the LUIS control system with a portable industrial PC. A

single operator could then make the full laser damage assessment ot the LUIS laser.

Notice that the laser damage threshold assessment is not required for a new part but only
for a new material. If a coupon of the materials is available, the damage threshold can be
done on this coupon for all of the parts using this material. However, this requires that a
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material list of every inspected part be supplied to the LUIS operators.

2. Define the part geometry

The second step consists of defining in the database an outline of the part’s shape as seen
by the scanner of the generation unit. This is done to allow the system to recognize the

physical limits of the part. It will be used by the operator to set up the individual scanned
areas of the part. In the part geometry definition, fiduciary points may also be identified.

The scanned area need not cover the entire part.

3. Definition of inspection plan of the part.

The inspection plan defines how the part will be inspected i.., number of scan plans, size
of each scan plan, position of the scan plan and resolution of the scan. In a given
inspection plan, an area can be scanned more than once. For example, the operator can
set up a low resolution scan of the whole part and a high resolution scan over a small
section of the part. For each scan plan in the inspection plan, an acquisition parameter
record is used. In most circumstances, the acquisition parameter record will be the same
for all of the scan plans of a given inspection plan. The acquisition parameter record for a
new part is set in this step.

4. Pre-scan of the part.
‘Once the inspection plan of the new part has been made, a low resolution inspection of the
part is then made using the newly created scan plans. This will allow the setup operator to
determine any problems in the scan setups such as improper orientation of the part or low

detection light return from some areas of the part.

5. Modifications to the inspection plan.

If any problems are discovered during the pre-scan, the inspection plan is modified. If

these modifications are extensive, a second pre-scan may be needed.
6. Final inspection of the part at the appropriate resolution.

For parts with simple geometry, the pre-scan may not be required. In such cases, the
operator only needs to check the signal-to-noise ratio obtained with the current settings at

the extremities of the parts (i.e., at the point with the highest laser beam angle of incidence
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to the surface for each material type of the part). If the signal to noise ratio is appropriate

at these points, then the inspection of the part can be made directly.

Depending on the proficiency of the setup operators, the setup time for a new part should take
between 20 to 60 minutes for parts smaller than 6 ft x 6 ft. This does not include the mounting of
the part on the inspection cart. Most of the setup time is composed of the time required for the
pre-scan of the part. For larger part, the setup time is increased by the setup of more scan plans in
the inspection plan and of the time required for the pre-scan. Once the information is in the
database, the scan of a known part should proceed quickly. It involves only identifying a
reference point on the part, which takes a few minutes and then executing the pre-stored scan
plan. The setup time is longer than that needed for custom conventional systems that are
optimized for a single part shape, but shorter than the setup time for a complex part in a flexible

conventional system such as an immersion tank.

During the inspection sessions at McClellan AFB, some delays in the setup of new parts were
caused by a current software bug in the acquisition parameter editor (APE). Insome
circumstances, the APE will produce a corrupted acquisition parameter record. This corrupted
record will only be noticed when it produces a shutdown of the generation and detection lasers
during an inspection. When this happens each parameter record in the inspection plan must be
manually reset and the corrupted record deleted. As an example, the sine wave spar took more
than one hour to set for a very small scan area. A full database crash took the operators more

than 45 minutes to recover from. This bug can be corrected easily and should be.

Scans are limited to a rectangular area. To completely scan irregular parts requires scanning
empty space. When the optical auto-ranging system senses an object beyond edge of the part, but
within the dynamic range of the ranging system, some undesirable variations occur as the lasers
come back onto the part. The ability to restrict scanning to irregular areas would save time,

reduce data file sizes, and avoid confusing the auto-ranging system when the beam runs off a part.

Appendix A contains a table listing the test identification numbers and descriptions of parts that

were inspected at the LUIS. Some parts are shown as having been scanned multiple times. Some
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of these multiple scans are due to dividing large parts up into 2 or more scan sections, scanning
from both sides of a part, scanning before and after application of paint and redundant scans to

recover from data errors.
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4.0

Data Analysis Processes Description

Once data are captured, they must be processed to extract the information present. The LUIS

digitizes the full detected waveform and displays real time C-scan and B-scan images on the

control console. Since there are no available functions to process the real time images on the

control console, data processing relies on off-line post-processing using proprietary software.

Some hardware is available on the LUIS to reproduce the post-processing procedures on

subsequent scans of the same part. An expanded use of hardware processing would eliminate

almost all of the post-processing currently done off-line. The signal processing and data

comparison methods used with the present equipment are discussed in this section.

4.1

LUIS Signal Processing

Steps in a generalized process for analyzing LUIS data are listed here.

1.

Make a general C-scan of the data file with the back-wall ultrasonic echo or recall C-scan
images produced during the acquisition of the data if such images are available. This
would produce two C-scan images, an amplitude and time of flight C-scan. These images
allow us to determine the internal features of the parts and can also allow identification of
suspicious areas where defects might be. Significant drop in amplitude of the back-wall
echo may indicate the presence of porosity or of semi-transparent inclusions.

Check with B-scan or full wave form (A-scan) of suspicious areas to determine the origin
of suspicious areas in the C-scan.

If needed, use signal processing to increase contrast of suspicious areas. Sighal processing
functions such as filtering, distance amplitude correction (DAC) for part with varying
thickness, and normalization to correct for variation in the laser shot-to-shot pulse energy
may be useful. Generally, by looking at the frequency distribution of the back-wall
ultrasonic echo or of the echo from the defects, a filter to remove the signal outside of the
spectral range of the ultrasonic echo can be found. It should be noted that post-
acquisition signal processing is required only if a detailed analysis of the defects is

required. For simple identification of the presence of defects, signal processing may not
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10.

4.2

be needed, especially if hardware processing is used.

Flip through the B-scans or Z-scans and look for echo “in the bulk™ of the parts (ie.,
between the surface signal and the back-wall echo). These echoes could originate from

inclusion or delamination defects in the bulk of the material.
Check to see if the “defects” found in step 4 are not structural items. This can be done by

looking at the full wave form at the suspicious positions and/or drawings of the inner

structure of the part.
Flip through the B-scans and look for breaks in the back-wall ultrasonic echo. Breaks in

the back-wall ultrasonic echo may be caused by the “shadow” of a near surface defect or
semi-transparent bulk defect, and by the presence of porosity in the bulk of the parts.
Check to see if the “defects” of step 6 are caused by structural items.

Generate new C-scan images with appropriate gates to isolate the “defects” identified in
steps S or 7.

Note the actual defects after confirmation with C-scans.

Although this approach has some systematic features, it is based primarily on the
experience of analysts trained on the LUIS 747.  As with other NDT methods, the
experience of the operator will have an important impact on the number of defects

identified and in the number of false calls.

Optimized Data Processing

In this section, an optimized step-by-step procedure for generating C-scan images using the LUIS

data visualization software WinImag is demonstrated. The objective of this procedure is to

maximize the contrast of features of interest in an inspected part. For this demonstration, the

features are inclusions in an inspection standard. These inclusions simulate defects such as

delaminations and foreign materials. This procedure assumes that the operator does not have any

prior knowledge on the internal shape of the part and that the part was scanned for the first time.

It is assumed that no prior ultrasonic image of the part is available for comparison. It should be

noted that these conditions are not generally encountered in a production environment, but will

allow demonstration of the normal procedure for tackling a new part with the LUIS data.
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During daily operation in a depot environment, since the procedure to identify defects within a
part would have been previously determined, such an extensive approach would not be needed.
However, when a new part is inspected for the first time with the LUIS, this procedure must be
used to determine the optimal conditions for defect detection. This procedure would, for example,
determine the different gate position to allow the operator to find defects using the real-time
image. The optimization procedure would also be very important if hardware signal processing
such a broader bank of analog filter and an analog DAC is added to the LUIS. The procedure
allows the operator to determine the parameters that must be used for a given part to optimize the

real-time image produced by the LUIS.

This demonstration uses a part with some difficulties, namely a wide range of thickness
throughout the part. The part does have a relatively good signal-to-noise ratio. The
demonstration addresses, at the end of the section, the available signal processing tools to work in
conditions of low to poor signal to noise ratio of the acquired waveforms. The part chosen is the
F-22 ply-drop standard that is described in section 5.2.7. The file to be processed in this
demonstration is file #0058d001 that corresponds to the inspection id 1421 in the LUIS system
database for this contract. The part was scanned on the tool side that was covered with a thin
layer of peelable paint prior to inspection with the LUIS, in order to enhance the generation and

detection efficiency of the laser-ultrasonic system.

The first step when approaching the analysis of the data from an unknown part is to make two C-
scan images (one time-of-flight C-scan image and one amplitude C-scan image) of the part. This is
in order to get a quick understanding (“feel”) of the internal structure of the part. These images
can be used‘to determine the thickest and thinnest sections of the part. To determine these section
thicknesses, the operator could use the C-scan images produced during the acquisition of the data
for the part (in this example the 0058d001.gal and 0058d001.ga2 files). Unfortunately, since the
internal structure is generally unknown at the acquisition time, the selected C-scan gates used

. during the acquisition of the waveform may not render an appropriate image of the part. It should
be noted that if the part’s internal structure is known or if the part has been analyzed previously,

the appropriate gates and signal processing could have been setup and used during the acquisition
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of the data. Then, the storage of the full waveform may not be needed.

Using the control A-scan window, the operator sets a quick gate (box) and “flips through” the
waveform until fairly certain that the gate includes most of the back Wall echo (ultrasonic
reflection from the back wall of the part) throughout the part. The objective is to get a “quick and
dirty” image of the part to determine, in the next step, the thickest and thinnest sections of the
part. The gate can be adjusted using the cursor to control the position (width and height) of the
gate. The gate can also be modified using the C-scan control menu prior to the calculation of the
image. Two images are generally made: an amplitude C-scan, where the maximum amplitude of
the waveform within the gate is color coded and mapped, and a time-of-flight C-scan, where the
time of arrival of the maximum of the waveform within the gate is color coded and mapped. The

figures 4.2-1 and 4.2-2 show respectively the amplitude and time-of-flight C-scan images

obtained.

Figure 4.2-1. Example initial amplitude C-scan image
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Figure 4.2-2. Example initial time-of-flight C-scan image

Using these two C-scan images, the operator can determine the thickest and thinnest sections of
the part: the thickest section will appear in the amplitude C-scan image as darker areas and
" blue " area in the time-of-flight C-scan, while the thinnest section will appear as lighter areas in

the amplitude C-scan and " yellow " areas in the time-of-flight.

Notice that all of the figures shown in this section are captured directly from the screen display

obtained with the WinImag software. Only the text appearing in the images has been added.

Using the cursor, the operator can view cross-sections through the part thickness using B-scans.
Figure 4.2-3 and figure 4.2-4 show the B-scans along both horizontal and vertical axes. The
thickest section of the part can then be clearly identified.

Using the cursor in one of the B-scan images, the operator can display in the control waveform
window, a waveform from the thickest section of the part. The operator then sets the time gate
(horizontal axis of the gate box) to include the full back wall echo, as can be seen in figure 4.2-5.

The gate is also set to be as close as possible to the surface signal (large amplitude signal on the
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Figure 4.2-3. Example horizontal B-scan image  pijgyre 4.2-4. Example vertical B-scan
image

left in figure 4.2-5). The surface signal is caused by the initial thermal expansion ot the part’s
surface when the generation laser beam is absorbed. Notice that the surface signal does not hold
any ultrasonic information of the bulk of the part but does indicate the start of the ultrasonic

waveform, i.e., the surface of the part.

The height of the gate (maximum amplitude) is generally set to be full scale at this stage. This
ensures that no saturation (strong white areas) in the amplitude image will be added by the gate
extraction procedure. If the height of the gate is too high for the waveform collected, the operator
will notice an overall gray image for the amplitude C-scan. Also, the image will have an overall
low contrast for the different details in the image. To correct this, the operator would-determine
the areas of maximum amplitude of the waveform in the part by selecting, with the cursor, the
area of brightest color (nearest to white) in the amplitude C-scan. Using this selected waveform,
the operator could then reset the amplitude of the gate to match the maximum amplitude observed

in the wavetorms of the data file.
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2 0058d001.wav -  52.192)

Figure 4.2-5. Waveform at thickest section of part

The bottom of the gate (minimum amplitude of the gate) is set to be slightly above the noise level
in a typical waveform. The noise level can be determined by using the signal amplitude before the
surface signal, i.e., before the laser generation of the ultrasounds. This will provide the level of
background electronic noise. For highly scattering materials, the background signal level can be
used to set the bottom threshold of the gate. By setting the bottom of the gate above the noise
level, defects can be detected by observing the lack of back wall echo when the time gate is set
near the time of arrival of the back wall echo. This is particularly important for time-of-flight C-
scan images. If no ultrasonic echo is present within the gate and the bottom of the gate is set too
low as to pick up noise, then the time-of-flight image will show an erroneous time of arrival (more
or less random) for low amplitude back wall echoes. If the gate is set above the noise; level and
no echo is present within the gate, the time-of-flight C-scan image will display “ black™ pixels at

these positions, as it should.

Notice that the previous procedure applies only for the production of maximum amplitude C-scan

images. In some cases where the ultrasonic echoes are inverted, minimum amplitude C-scan
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images are used and the same procedure is applied but with inverted values (e.g. set minimum of

gate to full scale instead maximum of gate to full scale).

Notice, in figure 4.2-5, the presence of a high frequency signal near the surface signal. This signal
is caused by the presence of a thin layer of paint on the surface of the sample. The signal is the
ultrasonic reverberation of the paint layer. The paint layer was added to enhance the laser
generation and detection efficiency of the part’s surface. This signal does not contain any

ultrasonic information on the bulk of the part and may impede the observation of inclusions within
the part.

With the new gate shown in figure 4.2-5, there are now two new C-scan images shown in figures

4.2-6 and 4.2-7. Notice that, since the gate has been more appropriately set, there is a better

dynamic range for the time-of-flight C-scan image.

&
3
2
N

Figure 4.2-6. amplitude C-scan image
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Figure 4.2-7. time-of-flight C-scan image

Note that, even at full scale, the amplitude of the C-scan image (gray scale image) is saturated.
The saturation, shown as white pixels, occurs for inclusion defects near the surface of the part.
The saturation occurred during the acquisition of the data, as shown in figure 4.2-9.
Unfortunately, no signal processing can be used to retrieve the information lost by saturation. If
the information is needed (e.g., for attenuation measurements), the part would have to be re-
scanned with the LUIS with either lower generation laser power output or with a higher digitizer
scale. Note that lowering the generation laser output power could reduce significantly the signal-
to-noise of the acquired waveforms and could lead to difficulty in the detection of the ultrasonic
echoes in the thickest sections of the part. Also, increasing the scale setting of the digitizer would
reduce the sensitivity of the inspection. At this point, the operator would have to choose, given
the objective of the inspection, between saturation of the signal at some points or reduced
sensitivity. It should be noted that increasing the dynamic range of the LUIS’ digitizer could
eliminate much of this problem. Changing the digitizer from an 8 bit A/D to a 12 bit A/d would
significantly increase the dynamic range of the system. The operator would then have access to

both sensitivity and dynamic range.
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Figure 4.2-8. saturation in amplitude C-scan Figure 4.2-9. saturation in waveform

In the time-of-flight C-scan image there are some “black zones”. By using the cursor, the
operator can identify that these zones correspond to inclusions near the surface of the part (see
figure 4.2-10 and 4.2-11). The exact depfh of the defect cannot be determined from the waveform
since the arrival of the first echoes is lost in the initial surface signal, as can been in the B-scan of
figure 4.2-12. Note however that the depth of the defect could still be determined using the
frequency spectrum of the waveform. The surface signal causes a “dead zone” for which no
ultrasonic echoes can be observed. For the near surface defects of the inspected part, the
reverberation between the inclusions and the surface of the part is strong enough to be seen after
this “dead zone”. It is difficult to reduce the “dead zone” with signal processing as it is caused by
both the physical process of the surface signal and the electronic analog filters used during the
acquisition of the waveform by the LUIS. To reduce its impact would require changes to the
acquisition hardware of the present LUIS system. Other optical demodulators, such as the novel
photorefractive device developed at the National Research Council of Canada, does not require as

much electronic filtering and thus has a much more reduced “dead zone”.
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Figure 4.2-10. Near surface defect in TOF Figure 4.2-11. Waveform for near surface
C-scan defect
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Figure 4.2-12. Near surface defect seen in vertical B-scan

In the time-of-flight C-scan image, “brownish” zones are visible that mark a distinct break from
the slow color variation surrounding these zones (see cursor position in figure 4.2-13). These
zones correspond to areas where the back wall echo has a lower amplitude than the signal from
the paint layer, as can be seen in figure 4.2-14. Hence for these zones, the time-of-flight C-scan
image records the time of arrival of the signal from the paint layer instead of the arrival of the
back wall echoes. Some signal processing is needed to eliminate these artifacts in the C-scan
image, since the ultrasonic information is available. The back wall echo can clearly be seen in

figure 4.2-14, but is masked by the paint layer signal.

Figure 4.2-13. time-of-flight C-scan image = Figure 4.2-14. waveform at position marked
by x-cursor in figure 4.2-13
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The next step in the processing of the LUIS data is to do some numerical filtering. Filtering is
generally needed for two reasons: first to eliminate low frequency fluctuation in the waveform

caused by the detection laser, and second to eliminate high frequency noise, generally electronic

noise.

Filtering may sometimes be needed to remove the low frequency fluctuation resulting from the
slow variation in the amplitude of the pulse detection laser. Filtering may also be needed to
remove high frequency noise, which can originate from the environment. The environment at
McClellan AFB has not been shown to produce a lot of such high frequency noise. However, the
use of a thin paint layer to enhance the generation and detection efficiencies of the LULS may
create, depending on the layer’s thickness, a high frequency signal due to the "ringing" of the
ultrasound in the paint’s layer. A typical waveform and its corresponding power spectrum for a
painted surface are shown in figures 4.2-15 and 4.2-16. The sharp spike near 5.5 MHz is caused
by the presence of the paint. This signal can produce errors in the time-of-flight C-scan images

obtained.

E% A Scan- (401,169) raw data B! % A Scan - {401.158)

Figure 4.2-15 -Waveform with ringing from  Figure 4.2-16 -Power spectrum of waveform
paint layer in figure 4.2-14

D950-10322-1
34




Generally, a band pass filter is used for processing the waveform. The low pass cut-off frequency
is chosen as to be as high as possible in order to conserve the largest possible bandwidth (and
hence the maximum depth resolution), while still eliminating the paint “ringing” in the waveform.

The results of a low pass filter with a low cut-off frequency of 5 MHz is shown in figure 4.2-17.

When using a low pass filter only (i.e., band-pass filter with high pass cut-off at 0 MHz), the
lower frequency fluctuation appears as a non-flat baseline in the waveform. A flat baseline in the
waveform allows for a better dynamic range in the amplitude since the bottom of the gate can be
set a its lowest level. A flat baseline may also be needed for attenuation measurement, such as for
porosity detection. These low frequency fluctuation can also cause the same kind of “marking”
problems as do the “ringing” signal from the paint layer in the time-of-flight C-scan images.

To eliminate these fluctuation, a band pass filter is used with a typical high-pass cut-off frequency
of 500 kHz to 1Mhz, depending on the level of fluctuations. Note that using a sharp band pass
filter, i.e. a low value of cut-off slope such as 1 MHz", will increase the size of the “dead zone”
by producing a sharp rise or "bump"” in the waveform near the surface signal, as can be seen in
figure 4.2-18. This bump is the tail section of the surface signal. To reduce this impact, a high
value of cut-off slope, typical 3 MHz, is used instead. The resulting waveform, shown in figure
4.2-19, has a flat baseline, no ringing signal from the paint, and a “dead zone” nearly equal to the
un-filtered “dead zone”.

Although it may be time consuming, it is a good practice to make new C-scan images, both
amplitude and time-of-flight, with the same gate after each addition of a new signal processing
step, in order to see the enhancement (if any) in the images obtained. The new C-scan images are
shown in figure 4.2-20 and 4.2-21. The new amplitude C-scan image does not have major changes
as compared to the earlier image (figure 4.2-12) but some defects in the slope of the thickest
section are clearly more visible. The net gain by the filtering can be seen in the time-of-flight C-
scan image. The zone of erroneous time of arrival (“brownish” zone) have been significantly
reduced. The next step in the signal processing procedure is to correct for the ultrasonic
attenuation of the material of the part. This is particularly useful for a part, such as this one, which

has varying thickness. The process of correcting for attenuation, called distance amplitude
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Figure 4.2-18. Waveform filtered with sharp ~ Figure 4.2-19. Waveform filtered with slow
cut-off cut-off
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Figure 4.2-20. Amplitude C-scan image after filtering

Figure 4.2-21. Time-of-flight C-scan image after filtering

correction (DAC), is done by multiplying the waveform by an inverse exponential function whose

parameters are set by the operator. The objective is

to find the values corresponding to the

exponential decay observed in the waveform (see figure 4.2-22) in order to remove this
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attenuation from the waveform. The DAC is set with two values: the start position of the
correction function and the maximum amplification scale at the end of the waveform. Notice that
this approach in parameters allows the use of exponential, linear or parabolic type functions for
corrections (all three are available with the imaging software). The start point is generally set at
the beginning of the gate, since there is no point in correcting the data outside of the gate. The
maximum scaling factor is adjusted to have the multiple echoes from the back wall having nearly
the same amplitude once corrected. Notice that the parameters are adjusted to have a slight
residual linear decrease in the amplitude of the multiple echoes, as shown in figure 4.2-23. The
residual decrease is left so that the gate selects the first echo of the series for the mapping of the
time-of-flight C-scan images. The objective of the DAC correction is not to totally eliminate the

effect of attenuation but to increase the contrast in the detection of defect in the thickest section

of the part.

Figure 4.2-22. Exponential decay in waveform Figure 4.2-23. Correction of waveform with
numerical DAC

The next step in the signal processing is to normalize the waveform. The LUIS generation and
detection lasers are both pulsed lasers that have some shot-to-shot variation in the output power.
These shot-to-shot variations can lead to variations in the amplitude of the generated and detected
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ultrasonic signal. Also, surface variation such as point-to-point changes in surface finish or in
paint thickness, can cause the same type of variations in the amplitude of the acquired waveform.
A simple method to correct some of the variations is to used the amplitude of the surface signal as
a reference value. The imaging software allows the operator to “re-scale” each waveform so that
the amplitude inside a given gate, generally around the surface signal, as a set value given by the
operator. This approach is a crude method to correct for the point-to-point variation and does not
take into account the possible saturation of the surface signal. It has been shown to be useful,

however, particularly for V-shaped parts.

The results of the DAC correction and normalization are shown in figure 4.2-24 and 4.2-25. The
new time-of-flight C-scan image is almost completely void of “brownish” zones. Also, the
different steps of the parts shown in the amplitude C-scan images now have the same background
intensity. The angled sections, however, still do have a darker background. For these sections, the
attenuation in the amplitude of the waveform is caused by the lack of reflection of the ultrasonic

echo to the surface of the part, where the signal is acquired. Since the back wall is at an angle,

Figure 4.2-24. Amplitude C-scan image after filtering, DAC correction and normalization
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Figure 4.2-25. TOF C-scan image after filtering, DAC correction and normalization

with respect to the surface, most of the ultrasonic energy is also deflected at an angle, away from
the detection position. Hence, the amplitude of the back wall echo is significantly reduced.

In most cases, the signal processing procedure would end at this point. In the majority of the
images produced in the study, only these three steps were used, i.e. band-pass filtering, DAC
correction and normalization. Unfortunately, even with the signal processing, some inclusions can
only be clearly seen on the B-scan images, not on the C-scan images. For example, some of the
inclusions in the angled sections of the part only show up in the C-scan images as faint variation in
the amplitude C-scans. However, these same inclusions can clearly be detected in the B-scan, both

in the bulk of the material, as can be seen in figure 4.2-27, and near the back surface of the angled

part, as can be seen in figure 4.2-28.
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Figure 4.2-27. Horizontal B-scan Figure 4.2-28. Vertical B-scan

Finally, when the initial signal-to-noise ratio is low, spatial averaging can be using. The imaging
software allows the operator to calculate, at each position in the map, the average value of the
waveforms of the N nearest neighbor to the selected position. This is particularly useful for thick
samples where the signal to noise ratio is known to be low. Figure 4.2-29 and 4.2-30 shows the

same waveform before and after spatial averaging. By adding the waveforms for the N nearest
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neighbors, the signal-to-noise is generally increased by a factor of (N+1)"%. The procedure is
highly efficient but reduces the spatial resolution and significantly increases the time to produce an
image, in particular if numerical filtering is used. The procedure would be more efficient if such
spatial averaging would be possible during the acquisition of the data. Typically, for an average
size scan (250 MB of data), using spatial averaging will increase the processing time by a factor of

60, from 2 minutes to 2 hours !

Figure 4.2-29. Typical waveform from thick ~ Figure 4.2-30. Waveform from thick sample
sample (A6 near/far test sample) after spatial averaging (A6 near/far test
sample)
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5.0 ANALYSIS OF PARTS DATA

This section contains data from LUIS inspection of various parts. In cases where it was possible
to generate conventional data for comparison, the conventional data are presented. Some of the
parts inspected with the LUIS are not inspectable by any conventional method and no

comparisons are possible.

5.1 Commercial Aircraft Composite Parts

The parts shown in this section were borrowed from Boeing Commercial Airplane Group. Many
of the conventional ultrasonic images shown in comparison were developed on production
hardware like that shown in Figure 1-1. Such inspection systems have been optimized for high

volume production applications at the lowest possible hardware cost.

5.1.1 Graphite Composite Skin Panel Standard -1-A

This is the thinnest (9 to 22 plies) of three standards prepared to represent the materials and ply
stacking sequences in the empennage skin panels of the 777. A drawing of this panel may be
found in Figure 5.1.1-1 and a photograph is shown in Figure 5.1.1-2. Inserts prepared from three
different foreign materials were placed in these standards. The inserts were brass foil (0.001”
thick), Release ply F, and a tape. The brass foils were easy to detect. The Release ply F was
moderately difficult to find and the tape was more challenging to detect, particularly at greater
depths or when it was i