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ABSTRACT

A high number of actors of the space industry, including ESA (European Space
Agency) and CNES (French national space agency), are engaged in a program aiming
to develop future European reusable space launchers. In this context, PYTHEAS
Technology develops an embedded Non-Destructive Testing (eNDT) solution aiming
to ensure that strategic parts of the launcher are free of damage before a new launch.
Structural damage can be detected, localized and characterized using a network of
piezoelectric transmitters/receivers, embedded in the structure, which send and receive
guided waves. The technique is based on a comparison between the baseline ultrasound
signature of the structure and the deviation of a new ultrasound cartography from this
reference. The system is tested experimentally on an aluminum honeycomb sandwich
structure, specifically on a section of a payload adaptor. Detection, localization and
characterization of different types of structural defects are carried out experimentally,
and the performances of the system are discussed.

INTRODUCTION

Using reusable satellite launchers was proved to be feasible for the first time during
the past decade. The reduction of launch costs enabled by reusing space launchers or
components attracts a lot of attention and the CNES (Centre National d’Etudes
Spatiales), ESA (European Space Agency) and private companies are developing the
future European reusable launchers.

However, satellite launchers are subject to extreme mechanical and thermal loading,
making it difficult to ensure they are safe to take off again after landing. PYTHEAS
Technology is developing, with CNES, an embedded non-destructive testing (NDT)
system, spread over the launcher’s structure, capable of detecting, localizing and
characterizing defects, thus performing structural health monitoring (SHM).
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Embedded SHM methods for damage detection can use the propagation of Lamb
waves in structures and are then based on a network of sensors mechanically linked and
highly coupled to the structure to be investigated. They are mainly of 2 types: Optical
Fiber Bragg grating (FBG) sensors [1-3] and piezoelectric wafer networks [4-6].

The latter has several advantages over the former:

+ It allows the use of active and passive methods, due to the reversibility of the
piezoelectric effect, allowing both to generate Lamb waves and to sense them [4-6].

» Moreover, by beamforming techniques, it allows the imaging (thus localization)
of defects and their characterization [4,7,8,9].

Several methods of investigation can be implemented using an array of piezoelectric
sensors, among which:

» Passive methods using spectral analysis of the vibrations of the structure [10,11]

« The so-called acoustic emission (AE) method for fault initiation detection [12]

» The active method for imaging and damage characterization [4,7,8,9]

The passive method is limited to structures subject to ambient vibrations, which are
used to analyze the modal behavior of the structure. The AE method only applies to the
appearance of a damage or a shock and does not allow to scan a structure at any given
time. Only the active method allows, by Lamb wave generation, to characterize the
structure at any time, as much as necessary.

Damage detection and localization using Lamb Waves is now a proven technology,
as shown by the theoretical and experimental work in the book [4] and the extensive
review given in [5]. It combines several methods:

- Wave mode tuning allows the excitation of a single mode by selecting a “sweet
spot”, a spectral zone where the amplitude of a mode is large in front of the others [4].

- On the hardware side, interdigitated transducers allow to select the modes
excited, thanks to the periodicity of their patterns [13].

- Signal processing allows a comparison to a reference acoustic response (also
called baseline), to distinguish the general evolution of the signal from the localized
appearance of a defect. Several approaches exist: removal of common trends by
cointegration [14,15], time-frequency processing and time of flight use [16].

- A damage index (DI) is then calculated based on the measurement of the
deviation from the baseline response. It is generally evaluated between 0 and 1 and
makes it possible to assess the severity of the defect [17].

- Ontop of detection, identification and monitoring of the defect can be achieved
by methods such as the delay and sum method [18] or time reversal [19], to name a few.

In the present article, damage detection and localization are applied to an aluminum
honeycomb sandwich structure. Research was performed on analyzing the inside of
honeycomb structures by other teams [7,20], however the present study focuses on
detecting and localizing defects in the skins of the honeycomb sandwich structure.

The system presented can be embedded on a structure and perform ultrasound
inspection, detecting, localizing and characterizing defects in place. For this reason, it
is between embedded SHM methods and classic ultrasound NDT performed by an
operator, and is thus called embedded NDT (eNDT).

In the first section of the article, the case study is detailed, and the detection and
localization methodologies used are presented. In the second section, experimental
results are presented on a reduced-scale specimen. In the third section, experimental
results are presented on the section of a satellite launcher payload adaptor. Finally,
conclusions and perspectives are drawn.



CASE STUDY AND METHODOLOGY

Case Study

The detection and localization methodologies were tested on an aluminum
honeycomb sandwich structure, specifically a portion of a payload adaptor. This
structure is composed of two aluminum skins and an internal aluminum honeycomb.

The goal of the eNDT system is to identify damage in the skins, such as holes,
scratches, or recesses, which could be created by shocks or the buckling of the structure.
Delamination between the skins and the honeycomb will also be studied in the future.

During the study, preliminary tests were carried out on reduced-scale specimens
(30x30cm) to estimate the effect of the honeycomb on the Lamb wave propagation and
validate the methodology, as shown in Figure 1.

The transducers used are piezoelectric patches, used both as emitters and receivers.
The patches are DuraAct P-876.SP1 from PI (Physik Instrumente), their overall
dimensions are 16x13x0.5mm, and the piezoelectric PZT (PIC255) ceramic’s
dimensions are 10x10x0.2mm.

The excitation signal was selected to have a central frequency of 250kHz and a
bandwidth of 250kHz, allowing to solicit only fundamental modes AO and SO,
eliminating higher harmonics and simplifying signal processing.

Simple pitch-catch tests were carried out, both for the simple aluminum plate and
the one with honeycomb. Both specimens have the same aluminum material, same
thickness, and the patches are positioned identically.

Simple pitch-catch tests were carried out, both for the simple aluminum plate and
the one with honeycomb. Both specimens have the same aluminum material, same
thickness, and the patches are positioned identically.

The signals received on the receiving patch are given in Figure 2 for both
configurations, for a 10V peak-peak voltage applied to the emitting patch.

In Figure 2, the first strong signal received is the symmetrical Lamb wave SO,
closely followed by the asymmetrical Lamb wave AO. The following segments of the
signal are echoes, reflected by the sides of the panels travelling further through the
aluminum plate or skin and thus subject to more attenuation.

The honeycomb is glued to the aluminum skins, and this polymer glue generates
damping, decreasing the amplitude of the acoustic signal.

e

Figure 1. Reduced-scale specimen used to validate the methodology, without honeycomb on the left, and
with honeycomb on the right.
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Figure 2. Signals received for a simple aluminum plate, and on the skin of the plate with honeycomb.
Signal Processing for Damage Detection

The detection methodology uses a comparison between a baseline acoustic signature
of the pristine structure and the one of the structure with defects. Deviation from the
baseline signature is quantified by calculating the damage index (DI).

The DI can be computed in different ways. Popular metrics, described below, are
the root mean square deviation (RMSD), the mean absolute percentage deviation
(MAPD), the covariance (Cov) and the correlation coefficient deviation (CCD) [4]:
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where N is the number of frequencies in the spectrum, S; and S are the spectrum
coefficients respectively of the measured and baseline signals. One could also replace
these coefficients by carefully chosen wavelet coefficients to obtain different metrics.



During this research, different metrics were tested, and the results presented here
were obtained using the root mean square deviation computed on Fourier coefficients
selected at a set of chosen frequencies. This methodology provided the highest level of
reliability and repeatability for our application cases.

Signal Processing for Damage Localization

Several methods exist to localize damages. In our process, we combine imagery
methods with detection methods to localize a damage. We consider that the presence of
a damage on the structure can either have an echo effect or an attenuation effect, as done
in [5].

As presented previously, defects are detected by comparing the signal received to
baseline signals. The Hilbert transform is then applied to the signals to obtain their
envelopes. The Hilbert transforms of the baseline and measured signals are then
compared to obtain the timestamp corresponding to the defect, as shown in Figure 3.

Once the defect is detected and a timestamp is identified, a length is calculated
knowing the speed of the SO Lamb wave. This calculation is repeated for each pair of
patches, leading to one distance per pair. An ellipse is then formed for each pair, where
the patches are the focal points of the ellipse. By using several pairs of emitters and
receivers, the position of the defect can be obtained at the intersection of the
reconstructed ellipses.

This methodology requires a minimum of three patches to obtain a full localization,
since three pairs are necessary to create three ellipses and obtain a unique point of
intersection. Increasing the number of patches of course increases the precision of the
method, but with a cost in terms of patch density.
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Figure 3. Hilbert transforms of the emitted signal, baseline signal and measured signal with defect. The
propagation time of the symmetric SO Lamb wave is highlighted, as well as the timestamp of the defect.



EXPERIMENTAL RESULTS ON THE REDUCED-SCALE SPECIMEN

To validate the methodology, tests were carried out on the reduced-scale
honeycomb plate presented previously. A first defect, a recess, was added using a
hydraulic press. The damage index was calculated using the methodology described
previously, providing a measure of the difference between the signals. Figure 4 shows
the damage indices measured with the pristine specimen on four different days.

The horizontal line represents the damage index limit set to identify the appearance
of a damage. The two last measurements were obtained with the recess, generating a
damage index well above the detection threshold.

After validating the detection of the recess, a hole was drilled in the skin of the
honeycomb structure. Tests were performed with increasing diameters to evaluate if the
damage index is modified by the size of the hole.

The honeycomb structure with the recess then becomes the baseline structure.
Figure 5 gives the damage indices obtained with the recess alone (Ref 1 to 4) and with
different hole diameters (4mm, 6mm and 8mm).
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Figure 4. Damage index measured at four different dates before adding a damage (Ref 1 to 4), and with
the recess (Recess 1 and 2). The horizontal black line represents the damage detection threshold.
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Figure 5. Damage indices obtained with the recess alone (ref 1 to 4) and with a hole of increasing
diameter added (4mm, 6mm and 8mm).



First, these results show the capability of the system to detect holes, as their damage
indices exceed the detection threshold. Second, the damage index increases with the
hole size. Being able to quantify the magnitude of the damage is a great addition to the
detection and localization capabilities of the system.

EXPERIMENTAL RESULTS ON THE FULL-SCALE STRUCTURE

The payload adaptor section used for the full-scale tests measures 2m by 3m
approximately. A network of 5 piezoelectric patches is installed on the structure to
instrument a portion measuring 60cm by 60cm. Three defects are then added on the top
skin of the structure, as shown in Figure 6: a hole of diameter 4mm initially, then
increased progressively to 8mm, a scratch on the surface 30mm long, Imm wide and
0.5mm deep, and a recess 2mm deep with a diameter of 15mm.

Different sets of patches are used to localize each defect: P2, P3 and P5 for the hole,
P3, P4 and P5 for the scratch, and P1, P2, P3 and P4 for the recess. The methodology
presented previously was applied to these different groups of patches, leading to the
results presented in Figure 7.

The defects are well localized by the method, although an error appears on the
localization of the scratch. This error could come from the shape of the scratch, which
is further away from a punctual disturbance on the propagation of the acoustic waves.

The uncertainty of the localization method (represented by yellow squares in Figure
7) comes from several factors, including the fact that the patches are rectangles instead
of punctual sources and receivers, that the signals have noise, and that the structure is
curved and not necessarily homogenous (especially regarding the glue thickness
between the skin and the honeycomb).

The capability to detect these three types of defects on the skin of an aluminum
honeycomb sandwich structure was thus validated. Localization of these defects was
also demonstrated, although the accuracy can be improved for certain types of defects.
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Figure 6. Picture of the full-scale honeycomb structure with the three defects created. The piezoelectric
patches are numbered P1 to P5.
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Figure 7: Result of the detection and localization of the three defects generated on the full-scale
honeycomb structure. The colored areas correspond to areas where several ellipses intersect. The yellow
squares represent an estimation of the localization uncertainty of the methodology.

CONCLUSION

A methodology to detect and localize structural defects using a network of
piezoelectric emitters and receivers is presented. The network is embedded on the
structure and uses a baseline acoustic signature to detect defects. Localization is carried
out using an algorithm based on the formation of ellipses around each pair of patches.

This detection and localization methodology is applied to an aluminum honeycomb
sandwich structure, first on a reduced-scale specimen, then on the section of a satellite
launcher payload adaptor. A hole, a scratch on the surface of the skin and a recess were
detected and localized, proving the performance of the methodology.

Future work includes the detection of delamination between layers of composites
structures, which is an important goal of SHM applied to composite materials. The
insensitivity to ambient vibrations was studied but not mentioned here for conciseness,
and sensitivity to temperature also under study.

Finally, the methodology needs to be applied to larger structures, including fuel
reservoirs or full payload adaptors, to decrease the patch density and evaluate its
industrial relevance at large scale.
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