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Abstract: This paper discusses an investigation of the detection of low-velocity, soft impact damage in Nomex hencycnmb cored, carbon
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fibre composite sandwich pancls using a low frequency
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"
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surface. The patterns that emerged from the scans appear mode-like and the ccmplmly looks to be reated to impact sevrity.

1. INTRODUCTION

Carbon-fibre skinned, Nomex (paper-resin) honeycomb cored
sandwich panels are widely used in the aerospace industry.
During their lifetime these pancls are often subjected to myri-
ad impacts including, for example, dropped tools, stones flung
up from the runway and hail. It has been found that a particu-
lar form of impact that results from collisions with soft-bod-
ied objects travelling at low velocities (eg detached fragments
of tyre tread or birds) can create core damage which is invisi-
ble on the surface. This damage is frequently very difficult to
detect using conventional NDT techniques employed for in-
service panel inspection. These techniques include such meth-
ods as acoustic, ultrasonic, thermographic and X-Ray. The
most common of the above are acoustic where commercially
available systems use mechanical impedance, resonance and
so called “Pitch-Catch” approaches. This study centres on a
Pitch-Catch acoustic, commercially available probe.

2. THE PITCH-CATCH PROBE

‘The Pitch-Catch probe s one of a number of acoustic probes
available with many commercial scanning systems such as
those used in the aircraft industry. This instrument works on
the general principle of using vibration to detect changes in
the mechanical propertics of a test piece, associated with some
form of defect, in the region local to the probe / panel contact.
A “Pitch-Catch” probe refers to the fact that there are two
piczoelectric accelerometers spaced a fixed distance of 10 to
20 mm apart. One of these accelerometers acts as a transmiter
(hence the “Pitcher”), and the other is a dedicated recciver (the
“Catcher”). The accelerometers are symmetrical with regard
to drive and receive channels and have contact pins that are a
push fit, not bonded to the bottom of the accelerometer
housing. Fairly compliant springs are employed to hold each
tip against the object being examined, a dry contact — no
couplant is used. These springs also provide some isolation
from the probe housing and reduce any cross talk between the
two tip accelerometers. These features are shown
schematically in Figure 1.

Figure 1 A diagrammatic representation of a Pitch-Catch probe
used in the study

‘Typical use in a commercial system involves transmitting a
sinusoidal tonc-burst into the panel under examination and the
signal received (from the catcher) is digitised. According to
operating instructions, the operator is first asked to place the
probe on a supposedly “good” section of panel. A series of
digitized reference waveforms is then obtained while the burst
frequency is incremented over the range 5 kHz up to 40 kHz.
A second series of samples is taken over a known defect,
which is normally a test panel that has had various defects
introduced into it such as milled holes to simulate core
damage, or Teflon wafers to represent disbonds. A comparison
is then made between the two sets. For example, a single point
may be chosen in the time-domain and the amplitude and
phase difference between the reference waveform and a
waveform from the known defect sampled at the matching
frequency are used to indicate that damage is present. The
working frequency is chosen such that there is the greatest
difference seen between the known defect and the reference
panel. This frequency is often in the region of 20 to 25 kHz
where the strongest output signal from the probe can be
obtained.
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Once a working frequency is chosen and a sample
waveform is stored of a “good” section of panel, the operator
can then pick and place the probe by hand over areas of
interest.

3. THE PROBE - UNDERSTANDING ITS

BEHAVIOUR
A calibration of the probe by the CSIRO National
Measurement Laboratory Acceleration Standards group
revealed some interesting behaviour. Figure 2 shows a
calibration of one of the probe tips for loaded drive response.
The tip was excited with a constant sine wave of 5 volts
amplitude and its output was measured on a force transducer
mounted on a heavy inertial block. The probe displayed two
high Q resonances, one of which is in the range 20 to 25 kHz.

Examination of the probe structure, shown in Figure 1,
suggests that a probable source of these resonances is the
spring-mass system consisting of the accelerometer mass and
the compliance associated with the contact tip. The large
spring will also have a resonance associated with it but this is
atamuch lower frequency, well below the useable range of the
instrument. A very rough model for the probe tip is that of a
simple vibrating rod loaded with a mass at one end. The
termination at the other end will vary considerably depending
on the panel impedance and coupling efficiency. From [1] the
angular vibrational frequencics of a free-free bar are
=ne
T2L

where n = 1 for the fundamental resonance, c is the com-
pressional wave velocity and L is the length of the contact tip.

This frequency is considerably lowered by the mass on the
end. The end-correction to the length is given approximately
by the factor (1+M/m)' where M is the added mass and m is
approximately half the tip mass.

Assuming that the tip material is Nylon, ¢ is in the range
1600 to 2670m.s". If this is inserted into equation 1 with
measured values for m, M and L, the fundamental loaded
resonance frequency is in the range 22 to 36 kHz in agreement
with the peaks seen in Figure 2. Little useful information can
be obtained if the working frequency for the probe is chosen
1o be close to these frequencies.

To illustrate the effect of these resonances on the probe
response when in use on a panel, the probe was driven with a
step excitation. The dark line in Figure 3 shows the spectrum
of the output over a good region of panel and the light
coloured line shows the spectrum over a known impact site.

The two dominant peaks in both spectra above 20 kHz are
artefacts of the probe more that any effect of the panel.
However there is a marked peak unique only to the sample
over the damage at a much lower frequency of about 11 kHz.
On the basis of these results, a sine burst in the region of 11
KHz is the optimum test excitation to use for this type of panel
and form of defect. To further reduce the effect of the probe
characteristics, and those from mounting mechanism noise, a
2 kHz and 13 kHz band pass filter should also be used.
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Figure 2 Calibration of one of the probe tips for drive response
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Figure 3 Spectra of probe’s output with impulse excitation over
an area of good panel and an impact site
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Figure 4 Response of the probe driven with a 2 cycle, 11kHz
tone burst over an area of good panel and an impact site.

Figure 4 shows a time waveform taken from the probe’s
response while being driven with a 2 cycle, 11kHz sine burst
with the band pass filter on the receive channel. The waveform
from the region over the impact site (light coloured linc)
shows a pronounced resonance at approximately 11 kiz, as
expected from the results in Figure 2. This paper does not
examine the mechanisms behind these local panel resonances,
but they are discussed in [2] & [3] where plate modes were
explored and a relationship between damage area and impact
severity was drawn.
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4. PRODUCTION OF TEST SAMPLES
Information obtained from panel manufacturers and aircraft
testing laboratories suggests that the type of defects present in
the test panels provided with commercial NDT systems, a few
of which were mentioned in a previous section, are
uncharacteristic of damage the panel is likely to encounter in
its service life. Of much more interest s impact damage that
crushes or “crazes” the paper honeycomb core but leaves no
visible indication on the panel's surface. We have conjectured
[2] that skin failure may be bypassed in the damage process if
the projectile’s surface is non-rigid. The impact then occurs
over a longer time and alternative mechanisms of energy
dissipation such as full panel strains and vibration modes can
occur. The strain may then be sustained elastically by the skin.

A series of test panels with known characteristics and
damage profiles was essential for this investigation. In
particular, damage imposed on these pancls needed to be
controlled and repeatable. To this end a drop impact apparatus
was designed that allowed adjustable impact head (commonly
referred to as the “tup”), mass and velocity. The apparatus was
built around an 84mm diameter Perspex tube, through which
the tup falls and is guided by Teflon runners. A system was
also devised to catch the tup after the initial impact to prevent
multiple strikes. This consists of an optically triggered shutter
at the base of the tube that is closed when the tup has hit the
pancl and has travelled past the end of the tube on its rebound.
To provide a non-rigid impact surface, the tup was covered in
6mm thick extruded rubber, Durometer (A) hardness of
approximately 65, that was machined to give it a rounded
profile.

Figure 5 Apparatus to create repeatable low velocity, soft-
bodied impacts. A 2.5kg, 69mm diameter tup is shown about to
strike a test panel

5. AN AUTOMATED SCANNING SYSTEM
Although the probe we obtained was intended for hand held
use, some trials repeatedly placing the probe by hand onto the
same spot showed that the received waveform can vary
considerably, due to pressure exerted on the tips and contact
angle, occasionally leading to false positives. To overcome
this, a holder based on a gimbal joint was designed for the
probe. This holds the probe perpendicular to the panel surface
with a constant pressure exerted on the tips. The holder was
attached to a computer controlled moving gantry that enabled
the probe to be moved in the X and Y directions with a
resolution in position of 1 mm. A programmable signal
generator was used to produce a tone burst of a few cyeles of
a sine wave with a peak of 8 volts to drive the transmit tip. A
band-pass filter was included to reduce the effect of the
mechanical resonance of the probe ( > 15 kHz) and the
mechanical resonance of the scanning table ( < 1 kHz). A
digital oscilloscope was used to digitize the returned
waveform, which was then downloaded to a computer and
saved in its entirety to disk for future analysis.

A simple indicator, /, summarising the result at cach
sample position was formed by summing the point by point
difference between the reference waveform and the test
waveform according to the following expression,

s
=520l ®

where @ is the sampled waveform, @ is the reference
waveform and n is the total number of points in the waveform
(default 500).

This method makes use of the entire waveform and reflects
how “different’ the panel is at the current scan location when
compared to a good region of the panel. A relatively small
value of 7 represents little deviation whereas a large value is a
significant difference. Organizing these indicator values into a
2D matrix and applying some artificial colour coding
produces an image that can aid further analysis of the raw data.
Subsequent sectioning of the panels demonstrated that this
image provides a clear indication of any damage the pancl has
sustained to its core, and the impact arca boundary to within
1 mm, without any false positive indications. Some clucs to
the nature of the damage itself can also be seen.

6. SCANNING RESULTS
Figure 6 shows a scan performed on a section of 22 mm thick
Nomex core, carbon fibre skinned aircraft panel similar to that
used in the clevators of a Boeing 777. The pancl had been pre-
pared with 12 soft-bodied impacts ranging from a § cm drop
height of a 25 mm diameter 1.8 kg tup to a 120 cm drop. All
but the § cm impact can clearly be scen in the images. Only
those impacts for heights greater than 20 em could be seen as
visual indentations on the skin surface. Later examination of
the panel by cutting it open with a very fine diamond saw
revealed no damage had resulted from the 5 cm drop.

The images in Figure 6 employ two different forms of
colour coding to represent the 2D index valucs to highlight
several aspects of the scan. The first shows the mode-like
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Figure 6 Two representations of a scan performed on a 22 mm

thick Nomex cored, carbon fibre skinned panel that has been

damaged by soft impacts from a A25 mm, 1.8 kg impactor
from heights of:

90,50, 20 and 5 cm - Top row.

120, 60,30 and 10 cm - Middle row

10,70, 40 and 15 em - Bottom row.

‘behaviour of the skin over the impact sites. The second image
in Figure 6 highlights the background interference pattern in
the areas adjacent to the damage. These are mainly due to
interference caused by the panel defects and panel boundarics.
Other details that also would normally be scen in the scans are
structures such as joins in the skin ply and changes in
thickness of the core, although none of these were present in
the panel sample shown above. The diffuse indication, seen
around the second 10 cm drop position at the lower left corner,
is probably due to some defect already present in the panel.

Figure 7 shows a detail from this scan with some examples
of the waveform spectra gathered. In the Figure, position |
represents the approximate centre of the impact area, position
2 is on the edge of the impact sitc and position 3 was taken
over an undamaged part of the panel. These spectra confirm
the modal origin of the structure in response to the effect of
the probe.

The mottled texture of the image in Figure 7 is probably
due to the image enhancing techniques used rather than the
structure of the panel.

7. CONCLUSION

Due to the nature of its design, the “Pitch-Catch” type probe
can have undesirable mechanical properties leading to regions
of large resonances within its stated operating range. An
operator can easily be misled into thinking that these
resonances are a suitable working region, as the output from
the probe is a maximum, but the cost is significantly reduced
detection reliability.

FFT of Probe
for Large Defect 1

2 4 6 8 10 12 kHz 16
Figure 7 Enhanced image of the large soft-bodied impact
highlighted in Figure 6 and a selection of associated FFTs
performed on the sampled waveforms.

With the use of aggressive filtering and intelligent sclec-
tion of excitation burst frequency and wave shape, the probes
can be reliably used for detecting significant core damage in
composite honeycomb where no surface damage is visible.

Ideally, a redesigned probe allowing use at frequencies
greater than 20 kHz would open up scope for specific damage
type identification such as skin delamination as opposed to
core crushing. This would probably involve redesign of the
probe contact tips and mounting.
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