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INTRODUCTION

Adhesively bonded metals are often used for manufacturing aerospace and automotive structures. Critical, load-bearing elements reinforced using stiffeners bonded to the main structure are increasingly used in these applications. Inspecting the bonded parts remains challenging for modern non-destructive testing techniques [START_REF] Adams | Nondestructive testing of adhesively-bonded joints[END_REF]. Since, the limited bandwidth of classical ultrasonic (US) testing systems cannot resolve multiple reflections and mode-conversions occurring at subsequent layers. Laser ultrasound (LU), due to its broadband nature, has shown great potential in high-resolution imaging of carbon-reinforced composites [START_REF] Ambrozinski | Detection and imaging of local ply angle in carbon fiber reinforced plastics using laser ultrasound and tilt filter processing[END_REF]- [START_REF] Pelivanov | Heat damage evaluation in carbon fiberreinforced composites with a kHz A-scan rate fiber-optic pump-probe laser-ultrasound system[END_REF]. For a metal surface, however, excitation of longitudinal waves in the normal direction is inefficient. On the other hand, other elastic modes can be efficiently generated using laser absorption and used to image defects in metallic structures.

Shear waves can be efficiently generated in the thermoelastic regime without surface ablation [START_REF] Davies | Laser-generated ultrasound: Its properties, mechanisms and multifarious applications[END_REF]. Induced waves propagate at an oblique angle in the structure and reflect from each discontinuity laying along their path. Therefore, source-receiver distance has to be optimized in each case to maximize the amplitude of shear wave reflected from a given depth and detected at the sample surface.

In recent years, the zero-group velocity Lamb modes were proposed as an alternative to classical bulk waves for nondestructive testing of plate structures [START_REF] Clorennec | Laser ultrasonic inspection of plates using zero-group velocity lamb modes[END_REF]. The ZGV modes are special case of Lamb modes, that do not propagate away from the excitation point and create local resonances. The ZGV modes were proven highly sensitive to even slight changes in plate thickness, material properties, or bonding quality in multi-layered structures. The detection of defects can be realized by mapping the central frequency of particular ZGV mode to the local coordinates of scanned surface. The resulting frequency shift indicates local structural changes. However, ZGV modes of more complex, multi-layered structures are more numerous and difficult to interpret. Therefore, for such structures the most optimal modes for damage detection should be determined by prior theoretical analysis [START_REF] Spytek | Evaluation of disbonds at various interfaces of adhesively bonded aluminum plates using alloptical excitation and detection of zero-group velocity Lamb waves[END_REF].

METHODS

Zero-Group Velocity mapping

The US waves propagating in plate-like structures can be described in terms of dispersion curves. The curves represented using frequency -group velocity plots were shown in fig. 1. The zero-group velocity (ZGV) modes can be identified as curves that cross the group velocity value at 𝑣 𝑔 = 0 from positive to negative values. Two such points were marked using red dots in fig. 1a for homogeneous aluminum plate. For plate structure consisting of three aluminum layers -assuming dimensions 1, 1.5 and 3.5 mm -bonded using epoxy layers, more ZGV modes were identified in the same frequency range, as shown in the fig 1b.

The primary damage topologies occurring in multilayered plates involve failure at particular bonding layers. Complete delamination can be represented in terms of dispersion characteristics by assuming two plates separated by air gap. Therefore, the negative group velocity curves corresponding to individual separated plates were demonstrated in fig. 1b as colored lines. It is evident, that different failure modes corresponded to shifts in frequencies of particular ZGV modes. Therefore, the frequency shift of selected modes was used as damage indicator. 

Shear waves detection

The inspection using shear waves propagating at oblique angle requires assuming a proper stand-off distance between excitation and measurement point. For this purpose, the wave speed and directivity pattern of US waves has to be determined. However, for multi-layered thin structures, the directivity pattern of generated US cannot be evaluated analytically due to near-field effects. Thus, a number of multiphysics finite difference simulations had to be performed to optimize the sourcedetector configuration.

Two 2D models of 20 mm-long structure composed of three aluminum plates with thicknesses of 1, 1.25 and 3.5 mm bonded with epoxy layer were created. The defects simulated as 4 mm-long air gaps were placed in the first and the second interface for the two respective models. An additional simulation of model with no defects was performed to obtain reference signals. For each case, the time histories were collected from the number of points on the surface. To isolate the waves reflected from the defect, the reference signals were subtracted from damaged ones. This led to obtain space-time representations of damage-reflected wave modes (fig. 2). Using these maps, the optimal source-receiver distance was set to 2 mm and 4 mm for the first and the second model interface imaging, respectively, which corresponded to maximum shear wave reflection at those depths.

EXPERIMENTAL SETUP

For both US modalities presented in this work, the excitation was realized by a diode-pumped nanosecond laser to generate probing signals. For detection, a fiberoptic Sagnac interferometer LuxSonics was used [START_REF] Pelivanov | A new fiber-optic non-contact compact laser-ultrasound scanner for fast nondestructive testing and evaluation of aircraft composites[END_REF]. In both setups, the laser source was focused to a narrow line in order to obtain wave directivity and to achieve maximum signal to noise ratio while keeping the fluence below the ablation threshold.

The sample used in this work is a multi-layered plate, consisting of three aluminum layers -1, 1.25 and 3.5 mm-thick. Plates were bonded using epoxy layers at two interfaces. The damage was introduced to the structure by placing a 15×15 mm Teflon patch at each interface to prevent plate bonding.

During the inspection using ZGV modes, the excitation and detection beams were superimposed on the surface of the specimen. For shear waves detection, source-receiver distance were set to 2 mm and 4 mm to receive waves reflected from the first and the second interface, respectively.

For both cases, the surface of the sample was scanned using LUS system in the area 25×25 mm around the predefined defect locations. The sample was fixed on a translation platform, allowing for positioning in the XY plane. The scanning resolution of 0.02 mm was achieved, resulting in 1250×1250 mesh of points. For each point, the time histories sampled at 200 MHz frequency were collected. 

ZGV maps

Based on the prior theoretical analysis the most sensitive ZGV modes were identified for detection of defects at each of the two interfaces of the experimental specimen. For damage at 1-1.25 mm interface, the ZGV frequencies at the proximity of 2.85 MHz bandwidth were traced, and for 1.25-3.5 mm interface at the bandwidth near 0.78 MHz. For each temporal signal at coordinate (𝑥, 𝑦), the mean frequency was calculated from the assumed bandwidth and mapped to the particular coordinate. Using this approach, 2D maps of mean frequency values were created, as shown in fig. 4. For the scan involving 1-1.25 mm defect, a clear increase of mean ZGV frequency was detected in the rectangular area, corresponding the size of the Teflon patch. For the scan involving 1.25-3.5 mm defect, a similar effect was observed, but the mean frequency value decreased. These effects corresponded qualitatively to the prior theoretical analysis of damage models in fig. 1. 

Shear wave maps

An example of A-scans acquired over pristine and damaged areas for the sample with the defect at the first interface was presented in fig. 5. The waveforms were normalized to the peak amplitude, which corresponded to a surface wave. Although the signals seemed to be very similar, for TOF equal to approx. 0.9 µs the signal acquired over the defect had a significantly larger amplitude than the reference. This was in good accordance with simulations. The amplitude of all recorded signals corresponding to TOF equal to 0.95 µs was imaged in the form of a C-scan, as presented in fig. 6a. For the depth of second interface, the maximum shear wave reflection appeared at TOF equal to approx. 1.9 µs. The corresponding C-scan was shown in fig. 6b. Clearly, the Teflon inserts were successfully detected and imaged for both damage cases. More detailed description of the method and results were provided in the article "Detection of disbonds in adhesively bonded aluminum plates using laser-generated shear acoustic waves" accepted for publication in Photoacoustics journal. 

CONCLUSIONS

Although longitudinal wave cannot be efficiently excited in metal plates using non-destructive LU techniques, other wave modes can be used for inspection. We demonstrated that adhesively bonded aluminum plates can be inspected using reflected shear waves and ZGV spectroscopy. The waves are generated in the thermoelastic regime using a thin laser strip excitation.

For shear waves detection, the source-receiver distance has to be adjusted to maximize inspection sensitivity. Optimizing the experimental setup can be facilitated using numerical simulations based on the known geometry of the part to be inspected.

The ZGV modes are very sensitive to even small damage in the structure. However, proper utilization of ZGV spectroscopy requires theoretical analysis to select the most sensitive modes for particular damage topologies. Using the presented approach, the proper ZGV modes were identified using theoretical dispersion curves of undamaged plate and predicted damage modes. The obtained results show good contrast of damaged regions with respect to background.
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 1 Figure 1: Dispersion curves corresponding to homogeneous aluminum plate (a) and multi-layered aluminum plate (b); corresponding ZGV modes were marked using red dots
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 2 Figure 2: Left panels: space-time representation of simulated signals obtained as the difference between responses for pristine and damage cases with encircled area of maximum shear wave reflection. Right panels: envelope of signals presented in left panel. Combination of labels L and S denotes reflected or mode-converted longitudinal or shear waves respectively. Panels (a) and (b) correspond to models with defect at the first and the second sample interface, respectively.
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 3 Figure 3: Diagram of the experimental setup 4. RESULTS
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 4 Figure 4: The images of mean frequencies mapped in the scans near the 1-1.25 mm defect (a) and 1.25-3.5 mm defect (b)

Figure 5 :

 5 Figure 5: Time histories acquired over pristine and damaged areas for defect at the first interface

Figure 6 :

 6 Figure 6: The images of defects in the form of C-scans for the first (a) and the second (b) sample interfaces.
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