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ABSTRACT

High-performance high-strength aircraft components such as the F/ A-18 FS488
bulkhead can experience catastrophic failure in fatigue tests from very small
cracks. At the same time, the efficiency of design methods used for these
components results in highly uniform stressing, and a large number of fatigue
cracks all growing at approximately the same rate - multi-site cracking. These
circumstances place extreme demands upon the use of Non-Destructive
Inspection (NDI) methods for finding and characterising defects, and when
surface treatments such as peening are also employed to extend service fatigue
life, it becomes almost impossible to detect the small crack arrays which are of
concern. This report examines and evaluates some novel Non-Destructive
Inspection techniques, that may allow numerous small cracks (less than 1 mm)
over a large area to be detected. Conventional NDI techniques are also used for
comparative purposes.

The novel techniques used are 1) Holographic Interferometry, 2) Structural
Integrity Monitor, and 3) Laser Ultrasonics. This report examines the extent to
which each technique can locate cracks on a large polished specimen
representing part of a bulkhead. Techniques which perform well in this
evaluation will be further evaluated on a large peened specimen.
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Evaluation of Innovative NDI Methods for Detection
of Widespread Fatigue Damage

Executive Summary

In a fatigue test on a stand-alone F/ A-18 FS488 wing carry-through bulkhead, the final
failure occurred in a large cross-section, from a fatigue crack size only 6 mm deep.
Further evaluation of this bulkhead revealed widespread fatigue cracking. The results
confirmed that the bulkhead was a good example of highly efficient design and a
classic example of a safe-life component which is expected to perform without
inspection. While the widespread use of NDI methods on such a complex component
would be difficult, due to its complex shape, surface finish and the small cracks which
may be present, it is nevertheless desirable to have available NDI methods which
could be used to detect any cracking which might occur in specific critical areas. In
that test, conventional NDI techniques were not very successful and the only non-
conventional Non-Destructive Inspection (NDI) method used was Acoustic Emission,.
While acoustic emission shows promise in the laboratory, there are obstacles
preventing its reliable application to flying aircraft.

AED research has already shown how difficult it is to use conventional NDI
techniques on peened surfaces due to their rough geometry; at present there are no
reliable methods available for detecting the small cracks observed in the bulkhead
when those cracks arise at a peened surface. However, there are several “off-the-shelf”
NDI techniques that might be useful in this application because they are sensitive
primarily to a change in condition, rather than an absolute measurement of crack size.
This report examines a number of these innovative NDI techniques including
holographic interferometry, “Davey System”, and laser ultrasonics and compares their
ability to detect cracks on a polished surface. The use of a polished surface enabled the
results to be compared with conventional NDI techniques.

The results show that two of the NDI techniques showed promise for detecting small
cracks in polished surfaces, and it is proposed that these techniques be further tested to
confirm their reliability and detection limits, particularly when used on peened

surfaces.
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1. Introduction

In a fatigue test on a stand-alone F/ A-18 FS488 wing carry-through bulkhead, the final
failure occurred in a large cross-section, from a fatigue crack size only 6 mm deep.
Further evaluation of this bulkhead revealed widespread fatigue cracking. The results
confirmed that the bulkhead was a good example of highly efficient design and a
classic example of a safe-life component which is expected to achieve its service life
without inspection. While the widespread use of NDI methods on such a complex
component would be difficult, due to its complex shape, surface finish and the small
cracks present, it is nevertheless desirable to have available NDI methods which could
be used to detect any cracking which might occur in specific critical areas.

Previous work in AED has shown that conventional ultrasonics, eddy currents and
dye penetrants have many problems when used on peened specimens due to the
extremely rough surface finish and surface defects. An AED program evaluated NDI
techniques that might be used to find small multi-site cracking in a large test specimen.
The new NDI techniques selected, according to their individual theories, should
overcome the problems in finding surface cracks in a peened surface. The first part of
the test program, which is described in this report, has been completed and involves
using a large polished specimen, simulating the 6 inch radius of the FS488 bulkhead
mouldline flange. This tested the reliability of each NDI technique in finding multisite
cracking. The second.part of the test will use a peened specimen, similar in
configuration to the bulkhead used in service aircraft.

2. Experimental Technique

2.1 General

The aim of the test program was to trial a number of new and innovative NDI
techniques. The following NDI techniques were selected for evluation:

Visual Inspection with Microwatcher,
Fluorescent Dye Penetrant.

1. Laser Ultrasonics,

2. Holographic Interferometry,
3. Structural Integrity Monitor,
4. Standard Ultrasonics,

5. Standard Eddy Current,

6

7.

While other NDI techniques are available (eg FAST, AC/DC crack gauge etc), they
were not included in this trial, because they were not available for the complete test
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duration. Due to demand on the 2MN test machine the test was divided into two parts
and took over a year to complete. In the initial part of the test approximately 24
programs (1 program = 1 year of simulated flying) of sequence loading were
completed, with a further 6 programs completed later. Previous experience with these
coupons [2] indicated that cracks should start to appear between 15-25 programs.
Therefore, NDI inspections were made every 5 programs till 10 programs, every 2
programs till 16 programs and then every 1 program until the end of the test. The
cracks were not grown to specimen failure, so that the test specimen can be used for
calibrating other NDI techniques.

At each stage the operator performing each inspection, was only told the total number
of programs for recording purposes and was not informed as what other techniques
had found. Due to testing time constraints not all the NDI methods were used after
every program, except for holographic interferometry and the “Davey System”
Structural Integrity Monitor.

2.1.1 Experimental Set up

The coupon tested was machined from a 7050-T7451 plate rolled to 6-inch thickness. A
summary of the microstructure and material properties can be found in reference [2].
The coupon dimensions are shown in Figure 1. The coupon surface was polished with
1200 mesh wet-and-dry paper (this was to cause problems with some of the techniques
as explained in the results).

530mm

140mm

84mm

6 inch radius

Figure 1: Test coupon dimensions - material aluminium 7050-T7451 plate.




DSTO-TR-0366

A 2MN hydraulic MTS machine was used to test the coupon. The fatigue test spectrum
was IARPO3, which is a FS488 bulkhead spectrum prepared by Canada and
comprising some 17332 turning points. The test was stopped after 30 programs due to
the confirmed presence of fatigue cracking.

2.1.2 Laser Ultrasonics

The laser ultrasonics was performed by Ship Structures and Materials Division (SSMD)
in their experimental rig [3]. Lasers can be used to generate ultrasonic signals in place
of piezoelectric transducers, thus allowing rapid non-contact scanning of large areas.
Laser ultrasonics is at present primarily a laboratory tool, though it is being developed
worldwide with a view to application to aircraft in the longer term.

The laser ultrasonic measurements were performed using laser generation and
piezoelectric detection with both generation and detection occurring on the curved
surface. Transmission and reflection laser ultrasonic measurements were made at a
wide range of generator and detector locations but always with wave propagation
parallel to X direction, Figure 2. The centre of the face is defined as co-ordinate (0,0).

flat radius flat

Y

/L% X (loading direction)

Figure 2:  Laser Ultrasonic set-up used at AMRL, positions A and B are the approximate
locations used for ultrasonic generation and detection. The centre of the face is
defined as co-ordinate (0,0). [3].
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2.1.3 Portable Holographic Testing System

The portable holographic testing system was supplied and initially set-up by Bob
Clark from the University of NSW, Australian Defence Force Academy (ADFA). The
completion of the testing was performed by the authors. The ADFA set-up is
technically holographic interferometry of which there are three main types. In this case
we are using the most common type, termed double exposure holographic
interferometry; the interference is between two optical fields stored on the same plate,
each optical field having been recorded at separate times, with the object in slightly
different states (ie. different stress state) [4,5]. The authors made a number of changes
from the initial set-up due to equipment failure, and attempts to improve image
contrast and the number of interference fringes. The holographic set-up [6] is shown in

Figure 3.

|
i
1
I
|
|
|

i
1
|
|
|
|

He Ne Gas Lasel AY
waser Film Plate
A Specime
Spatial Filter__| P n
Figure 3:  Schematic of interference holographic set-up.
The holographic equipment and its settings were as follows;
Equipment: ADFA Melles Griot Helium Neon Gas Laser -
Wavelength: 632.8 nm
Output: 30mW
Hughes Series 5000 power supply
Newport Spatial Filter
Timer controlled Electromagnetic Shutter
AED NEC Helium Neon Gas Laser -
Wavelength: 632.8 nm
Output: 30mW
Setup: Distance from spatial filter to specimen = 2.1 m.
Incident beam to specimen angle = 85°
Holographic Plates: AGFA - Holotest plates 8E75 HD NAH

Exposure time = 0.25 to 0.5 seconds
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Processing: Development - 5 minutes in Kodak D19
Bleach - 2 to 5 minutes (or until clear), initially with
ADFA mixture, latter with “Hariharan’s Reversal
Bleach”[6].

Two guides were placed on the specimen to locate the holographic plates, just off the
surface. The holographic plates had to be mounted and removed in darkness, so a light
proof skirt was placed around the test rig with a tube leading to the laser, Figure 4 A
darkened room similar to the set-up at ADFA would certainly make this method a lot
easier to use. The interference hologram detects any surface displacement differences,
therefore for each plate a image is taken at a high and low load to provide the
interference fringes. At program 24 (test restart), after some initial trials it was decided
to coat the surface with a white lacquer (ARDROX 8901W White Background Lacquer),
Figure 5. This provided enhanced contrast and reduced the focused reflection from the
specimen surface[5]. Due to the testing environment and the time constraints at AED
all the options for creating holographic interferograms were not explored. The system
used made it very difficult to determine the correct plate exposure, except by trial and
error, therefore, there was a need for numerous changes to be made to determine the
optimum conditions; any changes are noted in the report.

Figure4: The holographic interferometry set-up showing the skirt surrounding the test
machine and the tube leading to the laser.
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Figure 5:  The surface of the specimen, showing the ARDROX white background lacquer and
holographic plate mounts.

One of the major difficulties was found to be interpreting the holographic plates. For
the experienced operator there is a large amount of extremely detailed information
which, however, can be confusing due to the different interference fringe sets. The
reason a fringe pattern is generated and why it can be difficult to reconstruct is set out
below.

As detailed by Gordon & Rowlands[7], the fringe pattern is generated by the phase
difference ¢ between the wavefronts reaching the observer. Referring to Fig. 6, the
optical path difference between the source and observer for a small displacement d is

given by

(k)
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where ki and k- are the propagation vectors of the incident and reflected light and have
a magnitude |kl = k| =272, and K=k ks

K s called the sensitivity vector.

When 6p = n375x..(2n-1)7w destructive interference occurs and dark fringes are
generated.

For 8¢ = n,2mAm67...2nx constructive interference results in bright fringes.

The sensitivity vector should lie the same direction as the component of displacement
of the object that is viewed on reconstruction, and is determined by the geometry of
the optical arrangement. Movement of the object normal to the sensitivity vector
results in minimum interferometric sensitivity and generates the lowest fringe density.

Source | Observer
2 "K1
K,
<\‘/’
Displaced
P position
of object
d
Object
P
ki = |kl =27C/n

Figure 6:  How the holographic fringe pattern is generated.
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Some interference fringe sets have to be ignored and others examined, depending on a
set of rules. To simplify the interpretation the authors have set up an image system
whereby only the useful information is extracted from the hologram. It should be
noted that images of the holograms do not fully capture all of the detail that is
contained in them. ADFA is developing a capability to transfer the three dimensional
information contained in holograms into a two dimensional format, making
interpretation simpler. To date the interpretation of holographic plates has proved to
be best performed by an experienced operator.

2.14 Structural Integrity Monitor “Davey System”

The structural integrity —monitor (International Patent Application No.
PCT/AU/00235) is an invention by Ken Davey from Structural Monitoring Systems
PTY LTD. The technique is a new method for continuously monitoring a structure,
whilst in service, to detect the development of flaws. The technique is based on
monitoring any change in the pressure difference between a low air pressure and a
connected vacuum source [7]. A schematic of the technique, along with how it detects
flaws is shown in Figure 7. When a crack joins a low pressure capillary to a vacuum
capillary, air leaks across to the vacuum increasing the differential reading. As the
crack opens under load more air leaks across to the vacuum giving a higher
differential reading; when the load is reduced the crack closes up reducing the
reading. The larger the crack the more capillaries it crosses, the higher the differential
reading and the more rapid the change, Figure 7.

For our particular case a sensor pad was formed that could be placed over the critical
area of the specimen. The initial sensor pad provided by the designer at short notice
was made from silicon rubber and had a sensor channel spacing of approximately
1 mm, which proved unsatisfactory (termed Model 1). It was unsatisfactory for two
reasons, firstly it could not detect cracks smaller than 1mm surface length and
secondly it was also very difficult to locate a flaw under the sensor pad. There were
also complications with the spray adhesive used to bond the sensor pad to the
specimen clogging the vacuum capillaries. This gave rise to some further development
with the “Davey System”.

When the test was restarted (9 months later) some substantial improvements had been
made to the sensor pad (termed Model 2) and the overall system. The patch was now
made from a photosensitive polymer, reducing the sensor channel spacing to
approximately 250 pm, Figure 9. The new sensor pad also came with adhesive backing
and a simple method to locate any cracks, horizontally (across the specimen). An alarm
and electronic LCD display were also attached to the system to provide a digital
readout of the pressure differential, Figure 8, instead of the “left” and “right” gauge
system.
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Figure 9:

A close up of the structural integrity monitor sensor pad on the specimen.
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Figure 10: A photograph showing the overall test set-up for the structural integrity monitor.
Note the vacuum pump, patent pending, (lower right) and the instrumentation

(lower left).

The structural integrity monitor was found to be very simple to use and apply, though
care must be taken to ensure that the patch is placed on a clean surface, free from dirt
and dust. The patch appears to a very simple way to monitor a large area for defects,
though it is still in the initial stages of development.

2.1.5 Standard Eddy Current

Up to program 27 the eddy current machine was a Locator UH, using a 500 kHz type
probe. The eddy current system was calibrated to provide 80% full screen height for a
0.5 mm slot. From program 27 onwards a 2 MHz probe was used and calibrated to
give a 80% response from a 0.2 mm slot. The inspection was performed by qualified
personnel.
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2.1.6 Visual Inspection

Extensive video footage of any cracks or crack-like indications was made with a
Microwatcher and a “lipstick” miniature video camera. The Microwatcher had a 20x
and 50x magnification lens in place. PTFE tape was placed over the focus locater to
stop it scratching the specimen surface. Images from the video have been captured
onto a Macintosh computer and displayed where appropriate. Video footage of the
fluorescent dye penetrant inspection was not very successful with only the larger
cracks showing clearly.

2.1.7 Fluorescent Dye Penetrant

A fluorescent dye penetrant inspection was completed at the end of the test to confirm
the Iocation of any cracks. The specimen was loaded and Magnaflux ZL-27A penetrant
swabbed onto the surface and left for 1 hour. The penetrant was then removed using
Magnaflux SKC-NF remover and the specimen unloaded. Magnaflux ZP9E developer
was then used to enhance the crack location. The location of each indication was
recorded and video footage was taken of the larger indications. Unfortunately the
smaller fatigue cracks cannot be seen on the video, due to the low intensity of the UV-
light used. While Dye-penetrant can be used with considerable precision on a polished
specimen, work on peened surfaces has shown it to be completely unreliable. This is
due to the cracked and folded nature of the surface finish after peening [8].

3. Results

The results are set out by program to indicate when each new NDI technique started to
indicate cracking or any changes that occurred during testing. Each program is one test
spectrum and comprises some 17332 turning points. The specimen was examined after
a certain number of programs using a range of NDI techniques and the results noted.

3.1 Program1

3.1.1 Holographic interferometry

The initial plates were made by Bob Clark from ADFA; the fringe contrast appeared to
be reasonably good, with plenty of fringes. For plate No. 1a, exposure time was 0.5
seconds at 50MPa and 250MPa. The first plate had large fringes in the plate from
specimen reflections due to the curved polished nature of the surface. For plate No. 1b,
exposure time was 0.3 seconds at 50MPa and 250MPa.

13



DSTO-TR-0366

14

Figure 11: Holographic image from Plate No. 1b.

3.1.2 Structural integrity monitor

- The structural integrity monitor (Model 1) was installed on the specimen by the

designer and the initial readings taken with zero applied load. With zero load on the
specimen the right gauge reading was -83kPa and the left gauge reading was -82kPa,
giving a vacuum variation of -1kPa. With a load of 250MPa the gauge readings did not
change, giving a differential reading of -1kPa. If a crack was present the differential
between the right and left gauges would start to increase with time. The larger the
crack the faster the differential would change.

3.1.3 Laser Ultrasonics

The specimen was forwarded to SSMD to be set-up in the test rig. No cracks were
found on the specimen. Problems were experienced in reproducibility, arising from
poor coupling of the piezoelectric detector to the curved coupon surface. Also optimum
conditions for the detection of small cracks could not be achieved due to the low power
setting which was needed to stop the laser marking the coupon surface. This problem
had not been encountered previously when working with other aluminium alloys. The
problem was either due to the surface finish or the nature of the 7050-T7451 plate
microstructure.

3.1.4 Conventional NDI techniques

The eddy current and ultrasonic inspections revealed no indication of cracking. A
visual inspection both optically and with penetrant revealed no indication of cracking.




DSTO-TR-0366

3.2 Program 2

3.2.1 Holographic Interferometry

There was no indication of cracking on Plate No. 2, using load levels 50 MPa and 250
MPa, and an exposure time of 1 minute. The long exposure was due to poor alignment
of the laser which was rectified, reducing later exposure times to 0.5 seconds.

3.2.2 Structural integrity monitor

There was no change in the differential readings between the right and left hand
gauges, indicating that no cracks had been found. With a load of 250MPa, the right
gauge reading was -83kPa and the left gauge reading was -82kPa, giving a vacuum
variation of -1kPa.

Previous tests had suggested that cracks were unlikely to be observable until around
program twenty. Therefore to speed up the test, no other NDI tests were performed on
the specimen after the second program until program 5. The structural integrity
monitor was left in place on the front of the specimen and the differential reading
observed during cycling.

3.3 Program 5

3.3.1 Holographic Interferometry

There was no indication of cracking on Plate No. 3 (load levels 50MPa and 250 MPa,
exposure time 0.5 seconds).

Figure 12: Holographic image from plate No3.

15
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3.3.2 Structural integrity monitor

There was no change in the differential readings between the right and left hand
gauges, indicating that no cracks had been found. With a load of 250Mpa on the
specimen the right gauge reading was -83.5kPa and the left gauge reading was -82kPa,
giving a vacuum variation of -1.5kPa.

3.3.3 Conventional NDI techniques
The eddy current, ultrasonic and visual inspections revealed no indication of cracking.

Previous tests had shown that cracks were unlikely to be observable to around
program twenty. Therefore to speed up the test, no other NDI tests were performed on
the specimen after the fifth program until program 10.

3.4 Program 10

3.4.1 Holographic Interferometry

There was no indication of cracking on Plate No. 4 (load level 50MPa and 250 MPa,
exposure time 0.5 seconds). To reduce the number of reflective fringes on the
holographic plate, the surface of the specimen was circularly 1200 grit polished. Plate
No. 5 had reduced reflective fringes interfering with the desired fringes.

Figure 13: Holographic image of plate No.5.




DSTO-TR-0366

3.4.2 Structural integrity monitor

There was no change in the differential readings between the right and left hand
gauges, indicating that no cracks had been found. With a load of 250MPa on the
specimen the right gauge reading was -83kPa and the left gauge reading was -82kPa,
giving a vacuum variation of -1kPa.

3.4.3 Conventional NDI techniques

Only the holographic interferometry side (rear side) was inspected with eddy currents
and ultrasonics and there was no indication of any cracking being present. Visual
examination of both sides did not reveal the presence of any cracking. On the patch
side only the area around the patch could be inspected.

Previous tests had shown that cracks were unlikely to be observable to around
program twenty. To ensure that the earliest signs of fatigue cracking were detected the
five program inspection interval was reduced to two programs.

3.5 Program 12

3.5.1 Holographic Interferometry

Two plates were taken to see if more fringes are developed by the higher load
separation. For plate No. 6 the load levels were 50 MPa and 250 MPa, while for plate
No. 7 the load levels were 50MPa and 200 MPa, with 0.5 second exposure times. There
appeared to be very little difference in the number of fringes between the two load
levels.

3.5.2 Structural integrity monitor

There was no change in the differential readings between the right and left hand
gauges, indicating that no cracks had been found. With a load of 250Mpa on the
specimen the right gauge reading was -82kPa and the left gauge reading was -81kPa,
giving a vacuum variation of -1kPa.

3.5.3 Conventional NDI techniques

The eddy current and ultrasonic methods revealed no indication of cracking. A visual
inspection with the Microwatcher indicated the possible presence of a 100 pm crack.
However, the possible crack was very tight and did not appear to open under load (at
250 MPa). Such a small crack in a large specimen would only open slightly (approx 1-
10 pm) which would be undetectable by the Microwatcher.

17



DSTO-TR-0366

18

3.6 Program 14

3.6.1 Holographic Interferometry

Plate No. 8 did not reveal any cracking. The load levels were 50 MPa and 250 MPa, and
the exposure time 0.5 seconds.

3.6.2 Structural integrity monitor

There was no change in the differential readings between the right and left hand
gauges, indicating that no cracks had been found. With a load of 250MPa on the
specimen the right gauge reading was -83kPa and the left gauge reading was -82kPa,
giving a vacuum variation of -1kPa.

3.6.3 Laser ultrasonics

There were indications of at least four cracks being present. However, due to the low
power input (to minimise specimen damage) the readings were very faint and would
have to be compared with later test results to confirm the readings.

Cracks Reported X (mm) (+/-5 mm) Y (mm) (+/-5 mm)
@) 0 0
(ii) 0 -10
(i) -3 -10 to -5
(iv) -9 -10

Figure 14:  The location of the potential cracks observed with laser ultrasonics after program 14.

3.6.4 Conventional NDI techniques
The eddy current, ultrasonic and visual inspections revealed no indication of cracking.

Laser ultrasonics provided the first indication of possible cracking, though it could not
be confirmed by any of the more traditional methods. Careful optical examination of
the surface with a high powered microscope (1000x) was also unable to confirm the
presence of any cracking. At this stage the cracks would be extremely small (of the
order of 100 pm or less). :
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3.7 Program 16

3.7.1 Holographic Interferometry

For plate No. 10, exposure time was 0.5 seconds at 50MPa and 250MPa. The fringe
contrast was poor, making it very difficult to determine any small distortions in the
fringes. More fringes were also needed to improve the sensitivity of the measurement.

3.7.2 Structural integrity monitor

With zero load on the specimen the right gauge reading was -85kPa and the left gauge
reading was -82kPa, giving a vacuum variation of -3kPa. The monitor was left to settle
for 15 minutes, with final readings of -83kPa and -82kPa, giving a vacuum difference
of -1kPa. Table 1 shows the differential readings. There was no indication of cracking.

Table 1: Structural integrity monitor readings after program 20.

Initial Load  FinalLoad  Vacuum Reading  Vacuum Reading  Differential

(MPa) (MPa) RHS (kPa) LHS (kPa) (kPa)
0 0 -85 82 3
0 0 -83 -82 1
0 250 83 -82 -1

3.7.3 Laser Ultrasonics
This inspection again confirmed the indications of possible cracks at the four sites

indicated after program 14. Again the response was weak due to the problems
described earlier relating to specimen curvature and use of a low power setting.

3.7.4 Conventional NDI Techniques

The eddy current, ultrasonic and visual inspections revealed no indication of cracking.
Due to the possibility of cracks being present NDI inspections were performed after

every program, from program 16 onwards, except for Laser Ultrasonics which was still
performed after every two programs.

19
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3.8 Program 17

3.8.1 Holographic Interferometry

For plate No. 11, exposure time was 0.5 seconds at 50MPa and 250MPa. There was no
indication of any cracking being present.

3.8.2 Structural integrity monitor

All readings were now taken after a settling time of 15 minutes. With zero load on the
specimen the right gauge reading was -83kPa and the left gauge reading was -82kPa,
giving a vacuum variation of -1kPa. With a load of 250MPa, there was no change to the
differential reading of -1kPa.

3.8.3 Conventional NDI Techniques

The eddy current, ultrasonic and visual inspections revealed no indication of cracking.

3.9 Program 18

3.9.1 Holographic Interferometry

For plate No. 12, the exposure time was 5 seconds at 50MPa and 250MPa. The increase
in exposure time from 0.5 seconds to 5 seconds appeared to improve the fringe
contrast. More fringes are still needed to improve the sensitivity. There was no
indication of any cracking being present.

3.9.2 Structural integrity monitor

With zero load on the specimen the right gauge reading was -83kPa and the left gauge
reading was -82kPa, giving a differential reading of -1kPa. With a load of 250MP4a, the
right gauge reading was -83.5kPa and the left gauge reading -82kPa, giving a
differential reading of -1.5kPa.

3.9.3 Laser ultrasonics

The specimen was ungripped and forwarded to the laser ultrasonic laboratory for
inspection. This inspection showed indications at (i) and (ii) but determined that the
readings at (iii) and (iv) were not cracks but spurious readings due to the specimen
curvature.

20




DSTO-TR-0366

3.9.4 Conventional NDI Techniques

The eddy current, ultrasonic and visual inspections revealed no indication of cracking.

3.10 Program 19

3.10.1 Holographic Interferometry

For plate No. 13, exposure time was 10 seconds at 50MPa and 250MPa. The increase in
exposure time from 5 seconds to 10 seconds was to try and improve the fringe contrast.
There was no indication of any cracking.

3.10.2 Structural integrity monitor

The structural integrity monitor readings are shown in Table 2. There was no
indication of any cracking being present.

Table 2: Structural integrity monitor readings after program 19.

Initial Load  FinalLoad  Vacuum Reading  Vacuum Reading  Differential

(MPa) (MPa) RHS (kPa) LHS (kPa) (kPa)
0 0 -84 -83 -1

0 250 -84.5 -83 15

250 0 825 -82 -0.5
0 100 -84 -83 1

200 825 -81 15

0 250 835 82 15

3.10.3 Conventional NDI techniques

The eddy current, ultrasonic and visual inspections revealed no indication of cracking.

21
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3.11 Program 20

3.11.1 Holographic Interferometry
For plate No. 14, exposure time was 15 seconds at 50MPa and 250MPa. The increase in

exposure time from 10 seconds to 15 seconds was to try and improve the fringe
contrast. The plate was over exposed with no holographic information recorded.

3.11.2 Structural integrity monitor
The structural integrity monitor readings are shown in Table 3. There was no

indication of any cracking being present.

Table 3: Structural integrity monitor readings after program 20.

Initial Load  Final Load  Vacuum Reading = Vacuum Reading  Differential

(MPa) (MPa) RHS (kPa) LHS (kPa) (kPa)
0 0 -84 83 1
0 250 815 80,5 1
250 0 -84 83 1

3.11.3 Conventional NDI techniques

The eddy current and ultrasonic inspections revealed no indication of cracking. A
detailed examination of the specimen surface on a Reichert MEF3 Optical Microscope
indicated that there might possibly be a number of 20-40 pm long cracks. These
potential cracks were extremely tight and it was not possible to confirm them as
fatigue cracks. The microwatcher did not have sufficient image quality to determine if
the potential cracks were opening under load. The location of these potential cracks
did not match the laser ultrasonics potential crack locations.

3.12 Program 21

3.12.1 Holographic Interferometry

Plate No. 15, exposure time was 15 seconds at 50MPa and 250MPa. There was no
indication of any cracking.
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3.12.2 Structural integrity monitor

The structural integrity monitor readings are shown in Table 4. There was no
indication of any cracking being present.

Table 4: Structural integrity monitor readings after program 21.

Initial Load  Final Load = Vacuum Reading  Vacuum Reading  Differential

(MPa) (MPa) RHS (kPa) LHS (kPa) (kPa)
0 0 83 75 8#
0 0 -85 -85 0
0 250 -83 845 15
250 0 -85 -84 1

# Leak around edges of patch, once patch was pressed down the readings returned to
normal.

3.13 Program 22

3.13.1 Holographic Interferometry

For plate No. 16, exposure time was 15 seconds at 50MPa and 250MPa. The plate was
overexposed with no holographic information recorded.

3.13.2 Structural integrity monitor

The structural integrity monitor readings are shown in Table 5. There was no
indication of any cracking being present.

Table 5: Structural integrity monitor readings after program 22.

Initial Load Final Load Vacuum Reading Vacuum Reading  Differential

(MPa) (MPa) RHS (kPa) LHS (kPa) (kPa)
0 0 835 83 05
0 250 -85 -84 1
250 0 -85 83 2
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3.14 Program 23

3.14.1 Holographic Interferometry

For plate No. 17, exposure time was 15 seconds at 50MPa and 250MPa. There was no
indication of any cracking.

3.14.2 Structural integrity monitor
The structural integrity monitor readings are shown in Table 6. There was no

indication of any cracking being present.

Table 6: Structural integrity monitor readings after program 23.

Initial Load  FinalLoad  Vacuum Reading  Vacuum Reading  Differential

(MPa) (MPa) RHS (kPa) LHS (kPa) (kPa)
0 0 835 83 0.5
0 250 -85 83 2
250 0 -85 83 2

3.14.3 Conventional NDI techniques

The eddy current, ultrasonic and visual examinations did not reveal any cracking. The
possible cracks observed microscopically after program twenty were not observed, by
any of the NDI techniques.

3.15 Program 23+13493 TP

During program 24, a power failure caused the test machine to shut down after 13493
turning points. The specimen had therefore completed 23 programs 13493 turning
points when it was removed from the test machine.

3.15.1 Holographic Interferometry

For plate No. 18, exposure time was 15 seconds at 50MPa and 250MPa. There was no
indication of any cracking.




DSTO-TR-0366

3.15.2 Structural integrity monitor

With zero load on the specimen the right gauge reading was -83kPa and the left gauge
reading was -82kPa, giving a differential reading of -1kPa. With a load of 250MPa, the
right gauge reading was -83.5kPa and the left gauge reading -82kPa, giving a
differential reading of -1.5kPa.

3.15.3 Laser ultrasonics

The only indications of cracking after program 23+13493tp, were sites (i) and (ii), the
other possible having been confirmed as false positive indications. The lack of
apparent development of indications (i) and (ii) between programs 14 and 23+, and the
lack of development of any other indications in this period indicates non crack-like
behaviour. However, as indicated earlier, it was necessary to continue the test until
cracks grew to visible length in order to confirm/reject indications confidently.

Figure 15:  Location of possible cracks detected with laser ultrasonics. These possible crack
locations could not be confirmed by any other method.
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3.15.4 Conventional NDI techniques

The eddy current, ultrasonic and visual examinations did not reveal any cracking. The
specimen was again placed on the MEF3 optical microscope, and the potential cracks
observed after program twenty still appear to be between 20-40 pm in length.

The first part of the test was completed and the specimen removed from the test rig
due to demand for the 2MN test machine. The specimen was then reinstalled into the
test machine after a period of 9 months. The specimen was carefully protected and
placed in a constant environment for this period.

3.16 Program 24 - Test Restart

The test was now restarted, with significant improvements to both the holographic
interferometry and structural integrity monitor (Model 2) . The changes were made in
response to the results from the first part of the test. While the test was not designed to
develop NDI techniques, the 9 month delay was beneficial to all techniques in
improving their capabilities. Due to the power failure after program 23, program 24
was therefore restarted, meaning that 13493 turning points should be added to each
program number from program 24 onwards. Due to time constraints, laser ultrasonics
was not performed after every two programs, but was performed when the test was
completed.

3.16.1 Holographic Interferometry

In an effort to overcome some of the earlier problems with the low number of
interference fringes and the poor fringe contrast the authors made a number of
modifications to the initial ADFA process, Table 7. First, a white background was
used; this worked extremely well in enhancing the fringe contrast. Secondly, some
plates were taken low load-high load and high load-low load to try and improve the
number of fringes. It was found that by exposing the plate first under high load and
then at low load there was a distinct improvement in the contrast and number of
fringes present.
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Table 7: Holographic test plates to determine optimum conditions.

Plate Exposure  Stress Stress Load Background  Exposure

No. No. Min Max Sequence Time
(MPa) (MPa) (seconds)

1 1 50 200 High - Low None 15/15

2 2 50 200 Low - High None 30/30

3 3 50 200 Low - High White 30/30

4 4 50 200 High - Low White 15/15

5 5 50 200 High - Low White 10/10

6 6 50 200 High - Low White 10/10

At the completion of these tests, all subsequent holograms were taken with a white
background under high load - low load sequence.

3.16.2 Structural integrity monitor

The structural integrity monitor now has one digital readout which provides the
differential. As before the larger the differential reading and the quicker it changes the
larger the crack. The differential had an average reading of 9.10; this was regarded as
the base line because the reading did not vary with load or time. The monitor was left
to stabilise for 2 hours with very little change. The specimen was also loaded up to
200MPa with little variation in the reading. There was no indication of any cracks
being present at this stage.

3.17 Program 25

3.17.1 Holographic Interferometry

With some adjustments to the set-up (associated with shutter problems), the exposure
times were reduced from 10 seconds to 2.5 seconds, Table 8.

27
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Table 8: Holographic test plates to improve test conditions

Plate No. Exposure Stress Min  Stress Max  Exposure Comments
No. (MPa) (MPa) Time
(seconds)

7 50 200 7.5/7.5 Bracket exposures
50 200 15/15 Bracket exposures
9 9 50 200 10/10 Shutter problems
10 10 50 20 15/15 Shutter problems
11 11 50 200 20/20 Shutter problems

12 12 50 200 5/5 Fix shutter
13 13 50 200 25/25 Laser beam angle

There was no indication of any cracking being present on any of the holographic
plates. The conditions had improved significantly, with plenty of contrast and
numerous fringes on the plates.

3.17.2 Structural integrity monitor

The differential reading was again stable at around 9.10, however, when the specimen
was loaded to 200MPa the differential reading went up to 10.27. On unloading back to
zero the reading slowly dropped back to approximately 9.10. This was the first
indication that a crack was present on the front face of the specimen. The lag in the
reading was very noticeable with small differential variations, the reading taking up to
4 minutes to stabilise at the higher load level'.

Table 9: Check of the lag time in the structural integrity monitor instrument.

First Load Differential Next Load Differential Time to steady
(MPa) Reading (MPa) Reading state (minutes)
0 9.13 150 9.27 2
0 9.01 150 9.25 2
150 9.30 200 10.27 2
200 10.24 150 9.49 6
200 10.10 50 9.38 6

1Tt is understood that the designer is presently modifying the monitor to reduce this lag time to
a more acceptable time.
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The crack was detected under the patch, though the lag in the system made it difficult
to locate the crack precisely. The patch was not removed to confirm the presence of a
crack by conventional NDI techniques.

Front (patch) side of specimen

Figure 16:  The suspected location of the crack detected, this location was not precise due to
the lag in the instrument system.

3.18 Program 26

3.18.1 Holographic interferometry

The power supply to the ADFA laser failed making the ADFA laser inoperative.
Fortunately the instrument could be replaced by a similar laser (power and
wavelength).

For plate No. 15, the exposure time was 0.5 seconds at 50MPa and 250MPa. There was
significant fringe distortion identifying cracks in three locations, Figure 17, two cracks
are toward the left edge of the specimen and one crack left of centre, Figure 18.
Another two small crack indications can be observed in the distorted fringes on the

plate.
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Table 10: Holographic test plates to improve test conditions.

Plate No.  Exposure No.  Stress Min (MPa) Stress Max (MPa)  Exposure Time

(seconds)
14 14 50 200 1/1
15 15 50 200 0.5/0.5

Rear side of specimen

Figure 17: A schematic of the location of the three cracks detected.

Figure 18: An image of the three cracks, showing the distortion in the fringes.

30




" DSTO-TR-0366

3.18.2 Structural integrity monitor
The differential reading was again stable at around 9.10, however, when the specimen

was loaded to 200MPa the differential reading went up to 13.63. On unloading back to
zero the reading slowly dropped back to approximately 9.10.

Table 11:  Structural integrity monitor readings after program 26.

First Load Differential Next Load Differential Time to steady
(MPa) Reading (MPa) Reading state (minutes)
cyclic 10.26 cyclic 10.80

0 9.28 200 13.63 2
0 9.17 150 10.76 2
150 10.76 150 10.82 Hold

Three possible microcracks were located approximately 56 mm, 62 mm and 75 mm
from the left hand edge of the specimen. It was not possible to locate the cracks
vertically under the patch.

Front (patch) side of specimen

Figure 19: A schematic of the location of the three cracks detected by the structural integrity
monitor (Model 2).
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3.19 Program 27

3.19.1 Holographic Interferometry

A number of cracks were clearly observable, Figure 20. On Plate No. 16, there is a
prominent crack just to the right of centre, Figure 21, along with the cracks observed in
program 26. Plate No. 17 clearly shows the three cracks observed in program 26, with
indications below the two on the left hand side of the specimen, Figure 22.

Table 12: Holographic plate tests.

Plate No.  Exposure No.  Stress Min (MPa) Stress Max (MPa)  Exposure Time

(seconds)
16 16 50 200 0.5/0.5
17 17 50 200 0.5/0.5
18 18 50 200 0.5/0.5
19 19 50 200 0.5/0.5
20 20 50 130 0.5/0.5

Rear side of specimen

Figure 20: A schematic of the locations of the four cracks now found. Three cracks were found
after program 26 (No's 1,2,3) and a new large crack was found at location No. 4.
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Figure 21: A holographic image of the large crack located at No; 4.

Figure 22: A holographic image of the three cracks, observed after program 26.

3.19.2 Structural integrity monitor

The differential reading was again stable at around 9.28, however, when the specimen
was loaded to 200MPa the differential reading went up to 23.35. On unloading back to
zero the reading slowly dropped back to approximately 9.58. The static loading
triggered the monitor alarm which had been set for a differential reading of 20. The
increase in the differential reading from 13.63 (program 26) to 23.53 in program 27 is an
indication of the presence of a large crack or cracks.
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Table 13: Structural integrity monitor readings.

First Load Differential Next Load Differential Time to steady
(MPa) Reading (MPa) Reading state (minutes)
Cyclic 10.26 Cyclic 11.49

0 9.58 200 21.08 2
200 21.08 0 9.60 4
0 8.30 0 8.30 Ungripped
0 8.30 100 12.66 4
100 12.65 200 22.19 4
0 9.30 200 23.35 2

The crack was located approximately 58 mm from the left hand edge. Though there
were still indications at approximately 65 mm and 70 mm the signal was being
dominated by the crack located 58 mm from the edge. This indicates that there was one
large crack at 58 mm and two small cracks at 65 mm and 70 mm. The fact that the zero
load differential reading was slowly creeping up also indicated that a crack was

present.

Front (patch) side of specimen

Figure 23: A schematic of the location of the three cracks detected by the structural integrity
monitor (Model 2). Crack No.1 was large and starting to swamp the signal from

cracks No. 2 and No. 3.
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3.20 Program 28

3.20.1 Holographic Interferometry

Plate No. 22 clearly shows the major four cracks observed from program 26 onwards,
Figure 24. There was also a possible crack indication left of centre just below the

middle of the specimen.

Table 14: Holographic plate test conditions.

Plate No.  Exposure No. Stress Min (MPa) Stress Max Exposure Time
(MPa) (seconds)
21 21 50 200 05/0.5
22 22 50 200 0.5/0.5

Rear side of spacimen

Figure 24: A schematic of the location of the four cracks detected with holographic
interferometry.
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Figure 25:  An image of the large crack No. 4. The crack is growing larger and disturbing more

fringes..

Figure 26: The other three cracks located after program 28.

3.20.2 Structural integrity monitor

The monitor alarm was set at 40.00 (arbitrary point above spectrum 27 maximum based
on K. Davey experience). The alarm was triggered during all static loading sequences,
though it was not activated while under cyclic loading. The structural integrity monitor
readings are listed in Table 15. The increase in the differential reading from 23.35
(program 27) to 42.60 in program 28 was a clear indication of a rapidly growing crack
or cracks.
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Table 15: Structural integrity monitor readings after program 28.

First Load Differential Next Load Differential ~ Time to steady
(MPa) Reading (MPa) Reading state (minutes)

0 8.73 200 40.00 2

200 41.80 0 9.73 4

0 9.32 200 42.60 2

0 9.64 250 48.63 1

Three cracks had been identified, though the signal from crack No.l was swamping
other indications that may have helped to locate other cracks.

Front (patch} side of specimen
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Figure 27: A schematic of the location of the three cracks detected by the structural integrity
monitor (Model 2).

3.21 Program 29

3.21.1 Holographic Interferometry

The following table lists the holographic plates taken after the final program.
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Table 16: Holographic plate test.

Plate No. Exposure  StressMin  Stress Max Specimen Exposure Time
No. (MPa) (MPa) Side (seconds)
23 23 50 200 Rear 05/0.5
24 24 50 200 Rear 05/0.5
25 25 50 200 Front 0.5/0.5
26 26 50 200 Front 0.5/0.5
27 27 50 200 Front 0.5/0.5
28 28 50 200 Front 04/04
29 29 50 200 Front 0.3/0.3

Figure 28 is a schematic of the crack locations observed after program 29. Plate No. 24
clearly shows a number of cracks present, Figure 29.

Rear side of specimen

Figure 28: More cracks were located as shown in this schematic. Note that crack No.4 does
not appear on this image.
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Figure 29: An image showing a number of the cracks. The larger the crack the more fringes
that are distorted, from this cracks No. 1, No. 2 and No.3 are larger than crack
No.5, No. 6 and No. 11. This is expected as cracks No.1, 2 and 3 were initially
observed after program 26.

The structural integrity monitor patch was removed from the front of the specimen and
a hologram taken of the specimen front. Figure 30 shows the location of the crack
found by holographic interferometry, Figure 31. There are indications of three other
cracks. The located crack is the main crack found by the structural integrity monitor.

Front (patch) side of specimen

Figure 30: A schematic of the large crack located on the structural integrity monitor side after
the patch was removed. The location agrees with the large crack found by the
structural integrity monitor.
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Figure 31: An image of the large crack located on the structural integrity monitor side of the
specimer.

3.21.2 Structural integrity monitor

The differential reading jumped to a massive 83.60 (250 MPa), indicating the presence
of a fast growing crack of significant size or the presence of numerous cracks. The
monitor appears to be very sensitive to changes in crack length, once the crack has
grown beyond the wall thickness.

Table 17:  Structural integrity monitor results after program 29.

First Load Differential Next Load Differential Time to steady
(MPa) Reading (MPa) Reading state (minutes)
0 9.32 Cyclic 22.58
Cyclic 24.45 Cyclic 29.70
0 10.06 200 74.00 2
0 10.46 250 83.60 1
250 83.60 0 9.31 3

3.21.3 Laser Ultrasonics

This inspection again showed indications of cracks at (i) and (ii). A final series of
consistency checks were made on the data at this stage, including detailed comparison

"o 1

of the transmission results for various “y” values.
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Figure 32: A schematic of the location of the two crack indications found with laser ultrasonics
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Figure 33: A typical waveform transmission from the test [3]. The difference between the two
waveforms is the arrowed peak, which is attributed to a crack.
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3.21.4 Dye penetrant

A fluorescent dye penetrant inspection was done to confirm the presence of any cracks.
The specimen was loaded to 200 MPa and the dye swabbed onto the surface allowed to
wick into the cracks for 2 hours and then excess dye was wiped carefully from the
surface. Figure 35 and Figure 36 show the results from the dye penetrant inspection on
reducing the load to zero, where the dye is squeezed back out of the cracks. The
relative intensities of each indication was recorded since this could be correlated to
crack size; the higher the intensity the larger the crack. Due to the low light intensities
from the UV light source only the large cracks can be clearly seen on the video, figure
34.

Figure 34: A photograph of the dye penetrant inspection. Note how only the two largest cracks
had enough intensity to be recorded on the photograph.
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Figure 35: The five cracks located by fluorescent dye penetrant on the front of the specimen

(structural integrity monitor side). The visual intensities are a good indication of
the crack size and are as follows; crack 1-very bright, crack 2-bright, crack 3-bright,

crack 4-weak and crack 5-weak
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Rear side of specimen

Figure 36: The eleven cracks found by fluorescent dye penetrant on the back of the specimen
(holographic interferometry side). The visual intensities are a good indication of
the crack size and are as follows; crack 4-very bright, cracks 2, 6, 10-bright and
cracks 1,3,5,7,8,9,11-weak.

On a polished specimen the fluorescent dye penetrant is very sensitive and could be
considered the best of the conventional NDI techniques used in this test.

3.21.5 Eddy current

The eddy current inspection was able to confirm the presence of the two large cracks
F1-front of specimen and Ré4-rear of specimen. There were vague indications from F2,
F3, R5, and R10, though the operators said they could not confirm them as cracks. The
were no indications from the majority of cracks, F4, F5, R1, R2, R3, R6, R7, R8, R9, and
R11.
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3.21.6 Visual inspection

The microwatcher was able to locate the large crack on each face along with some of
the medium sized cracks. Of the 16 cracks found by fluorescent dye penetrant only 6
could be found easily with the microwatcher. Images of the cracks taken from the video
are shown in figure 37-figure 41.

Figure 37: Images of the large crack on the “Davey System” side, observed with the
microwatcher (crack No. F1).

Figure 38: Images of the large crack on the holographic interferometry side, observed with the
microwatcher (crack No. R4).
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Figure 39: Images of the second crack on the holographic interferometry side, observed with
the microwatcher (crack No. R6).

Figure 40: Images of the second crack on the “Davey System” side, observed with the
microwatcher (crack No. F2).
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Figure 41: Images of the third crack on the Davey system side, observed with the
microwatcher (crack No. F3).

4. Discussion

These large coupons under spectrum loading develop multi-site cracking. In this case
there were 5 cracks in the front face and 11 cracks in the rear face. These cracks ranged
in size from 2 mm down to 100 um surface length. It would appear that a number of
cracks initiated at approximately the same time but in each case one crack grew faster
than the others. At this stage the coupon has not been broken open to confirm any of
the crack depths. ‘

4.1 Conventional NDI

Of the conventional NDI methods used to locate cracks on the polished specimen,
fluorescent dye-penetrant was the most effective, indicating a large number and range
of cracks. Dye penetrant detected 5 cracks on the front face (“Davey System”) and 11
cracks on the back face (holographic interferometry and laser ultrasonics). The cracks
detected by this method provided the comparison for all the other NDI methods.

The eddy current inspection was able to reliably detect the single large crack on each
face (front and rear). There were possible indications from a number of other cracks ( 2
front face and 2 rear face), though the operators could not reliably confirm their
presence. There were also a large number of small cracks not detected by eddy
currents, 2 from the front face and 8 from the rear face.
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The ultrasonic inspection also reliably detected the single large crack on each face, but
could not reliably detect any of the other cracks.

A visual inspection using a microwatcher was able to locate four cracks, in particular
the large crack (approx 2 mm) on each face.

4.2 Laser Ultrasonics

Laser ultrasonics initially detected four indications after program 14; at the time the
cracks could not be confirmed by any other method, including use of a high powered
microscope (mag =1000x). After program 25, two of the initial indications were
confirmed as possible cracks and two of the indications as spurious signals generated
by the test set-up. On completion of the test the two possible crack indications did not
match any of the cracks located with the fluorescent dye penetrant inspection. This
coupon geometry and technique do not facilitate accurate detection of small cracks.
The spurious signals were due to difficulties in applying the technique, not only due to
the 6-inch radius on which the cracking initiated but also because of other coupon
faces which scattered ultrasonic waves over a wide range of angles.

4.3 Holographic Interferometry

Holographic interferometry initially detected three cracks after program 26, it then
located another large crack after program 27 making a total of four cracks. This large
crack was longer than the three cracks detected after program 26, but did not appear
on the hologram taken after program 26. Another faint crack indication was observed
in the hologram taken after program 28 and two more appeared in the hologram taken
after program 29. This made a total of 7 crack indications by the completion of the test.
Of these 7 crack indications, 5 could be found reliably in all the final holograms, and
the other two could be observed in some of the holograms. The dye penetrant
inspection revealed 11 cracks on this (the rear) face, though 3 of these indications were
very faint.

A hologram of the front face also confirmed the presence of three cracks, one of which
was large (approximately 2 mm long).

The continual improvements made to this method during the test, to produce greater
reliability, make it difficult to assess over the trial period the efficiency of the complete
system. The major problem with this method at present, is the interpretation of the
holograms. Once the operator becomes familiar with what to look for, and how to look
for it, the method is quite straightforward. Another problem is that a load must be
applied to the component for this method to work; this may not be difficult to achieve
but it adds another variable to be considered.
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4.4 Structural Integrity Monitor

The initial Structural Integrity Monitor Model 1, was unsatisfactory for a number of
reasons; firstly the sensor channel spacing was too large at approximately 1 mm,
secondly the sensor pad was difficult to apply and lastly, it was difficult to precisely
locate cracks. The Structural Integrity Monitor Model 2 was a substantial improvement
over Model 1, with its LCD display, smaller sensor channels (approximately 250 pm)
and adhesive backing; the overall system was now much more user-friendly.

The Structural Integrity Monitor initially detected possible cracking after 25 programs.
After 26 programs three possible cracks could be located under the sensor pad. The
system was able to highlight that one crack was growing faster than the other two
cracks, and eventually swamped the signal from the two smaller cracks. Dye
penetrants revealed five cracks on the front face, two of these cracks with very weak
intensities. The two cracks with weak intensities were approximately 300 pm surface
length which is near the detectability limit of the Structural Integrity Monitor. The
Structural Integrity Monitor is particularly effective in that it can just be left in place
with the system set-up to provide an audible alarm if the differential pressure exceeds
certain limits. It was able to locate the cracks horizontally across the specimen but not
vertically, though the system could possibly be adapted to also provide vertical
location.

5. Conclusion

With the initial part of the test program completed a number of conclusions could be
drawn. It is worth noting that the final aim of the work is to find a method that can
reliably detect multi-site cracking (<1 mm) on peened surfaces. In this first phase, a
polished specimen was initially used to determine the ability/reliability of each new
method.

1. On polished specimens fluorescent dye penetrant provided the best method to
locate cracks. However, this method has already been shown to be inappropriate
for peened specimens, due to surface roughness effects.

2. Both the holographic interferometry method and the Structural Integrity Monitor
were able to detect cracks not located by conventional methods such as eddy
current and ultrasonics.

3. The holographic interferometry method was able to reliably detect 5 cracks with a
possible 2 more crack indications, out of the 11 cracks located on the rear face.
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4. Laser ultrasonics suffered from difficulties due to the geometry and size of the
specimen and detected only 2 indications on the rear face (which contained 11
cracks). These indications did not correspond to cracks present at the end of the
test. Two false positive indications were also obtained at the same time. The fact
that no other indications were detected despite extensive crack development
revealed by other methods, suggests that the two indications were also false
positives.

5. The Structural Integrity Monitor was able to reliably locate 3 of the 5 cracks found
on the front face. The other two cracks were found to be near the detection limit in
size.

6. Both the holographic interferometry method and the Structural Integrity Monitor
detected all cracks with a surface length greater than 1 mm (and possibly smaller
for the holographic interferometry).

7. Both the holographic interferometry method and the Structural Integrity Monitor
should work on peened surfaces because they are measuring a change rather than
a direct reading.

6. Recommendations

Previous work at AMRL has already shown that conventional NDI techniques do not
work reliably on rough peened surfaces. It is also unlikely that laser ultrasonics will
work well on rough peened surfaces, however, it will be included in the next phase of
testing to validate this theory.

Both the innovative NDI methods, Holographic Interferometry and Structural Integrity
Monitor, have shown promise in their ability to detect multi-site cracking on polished
surfaces. The next stage of the test program is to see if either method can detect multi-
site cracking on a rough peened surface, similar to the F/ A-18 488 bulkhead condition.
In theory, because both methods are looking for a change rather than an absolute value
they should work with peened surfaces, though whether the detectability limit and
reliability will be the same has yet to be determined.

In the next stage large flat dogbone (25 mm across) specimens will be used, since they
represent the flat bulkhead face that would need to be examined rather than the
mould-line flange radius (6 inch). Each NDI method will have a peened dogbone
specimen to detect cracks. When they detect a crack the specimen will be overloaded
to confirm the presence of any crack. In this way a number of tests can be completed,
checking both the detectability and reliability of each NDI method.
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