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ABSTRACT.  A method based on shock waves produced by a pulsed laser is applied to the 

evaluation of bond strength of composite plates joined by an adhesive layer. A laser shock wave can 

cause a delamination when it propagates through the adhesive/plate interface. Different laser pulse 

energies can be used to evaluate this adhesion strength. A good bond will be unaffected by a certain 

level of shock wave stress whereas a weaker one will be damaged. The method is made quantitative 

and in-situ by optically measuring the sample surface velocity with an interferometer. The signals 

give a signature of well-bonded and disbonded interfaces, and are used to obtain an estimate of the 

bond strength. Results show that the proposed test is able to differentiate bond quality. Also, laser-

ultrasonic measurements made on shocked samples confirmed that weak bonds are revealed by the 

laser shock wave method.  
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INTRODUCTION 

 

Adhesive bonding of structural components presents many practical advantages when 

compared to other joining methods. It allows making lighter structures, for example, by 

bonding several small parts in a large structure, which is economically advantageous 

compared to co-curing. A benefit of particular interest for composite parts used in primary 

structures is the elimination of fasteners and the associated drilled holes. However, its 

application for such critical components is still limited by the absence of reliable 

nondestructive methods that can ensure the integrity of the joint.  

Laser shock generation and spallation have been studied for the measurement of the 

bond strength between a thin planar coating on a substrate [1-6], between carbon fibers and 

their matrix [7], and more recently between cells and bio-materials [8]. For these 



 

 

measurements, a high energy pulsed laser is used to generate a high magnitude 

compression pulse which propagates through the sample. Upon reaching the free back 

surface, this pulse is reflected as a tensile pulse that can pry off the coating or fibres. 

Recent work addresses the problem of adhesive bonding of thicker structures made of 

carbon-epoxy composite [9].  In contrast with thin coating, laser shock waves do not 

induce spallation, but only delaminations. One advantage of the laser shock wave 

technique is to provide a local measurement without mechanical contact. Another 

advantage over destructive methods is insensitivity to specimen geometry, small surface 

roughness, the shear stress ratio, and even the process involved in the crack growth. The 

laser shock method can be seen as a proof test since the evaluation is non-intrusive and 

nondestructive if the bond is good. This raises the possibility of very fast, in-line testing. 

In this paper, the laser shock wave technique is adapted to the evaluation of bond 

strength of composite plates joined by an adhesive layer. Induced disbonds are not 

necessarily visible but can be easily detected by conventional ultrasonics or laser-

ultrasonic inspection. Adhesion strength is probed by increasing the laser pulse energy step 

by step. A “good” joint would be unaffected under a given stress level whereas a weaker 

one, e.g. a kissing bond, would be damaged. In the following, the principles of bond 

strength evaluation will be detailed with the application to a bonded joint comprising 

composite plates made of carbon fibers embedded in epoxy and joined by an adhesive 

layer. The method is made quantitative and in-situ by optically measuring the sample 

surface velocity with an interferometer. The interferometer signals give signatures of well-

bonded and disbonded interfaces and are used to obtain an estimate of the bond strength. 

Results show that the proposed test is able to differentiate bond quality. Also, laser-

ultrasonic measurements made prior to and after laser shocks confirmed that weak bonds 

are revealed by the laser shock wave method.  

 

PRINCIPLE AND EXPERIMENTAL APPROACH 
 

A powerful Q-Switched Nd:YAG laser which delivers optical pulses of about 8 ns and 

a maximum energy of about 2 J at 1064 nm wavelength is used to induce shock waves in 

the composite plates. The laser beam is focused to a spot diameter of about 3 mm. To 

avoid surface damage and to increase the efficiency of optical-to-mechanical transduction 

[5, 10], the surface of the material is first covered with an absorbing tape and then with a 

constraining medium, transparent to the laser wavelength, as illustrated in Figure 1. For 

optical absorption, black electrical tape has shown to be an efficient option and is widely 

available. For the constraining medium, a water layer was used. The waves generated 

under confinement produce high-amplitude particle displacement compared to direct 

ablation. 

Using high laser energy, it is possible to reach the regime of strong shock propagation, 

or at least elastic-plastic wave propagation. However with our laser, the pressure level was 

found to be below the Hugoniot Elastic Limit, so that wave propagation is in a weak or 

elastic shock regime in which the waves still travel at the regular sound velocity [11]. The 

shock wave source size (roughly the laser spot size) is a few times larger than the sample 

thickness, with the result that the waves propagating through the material are mostly 

compressive, and are reflected by the back surface of the plate, or at the interfaces, as 

release waves turning into tensile waves when crossing other rarefaction waves. Only the 

tensile loading produced by the tensile waves is used here to induce failure at the adhesive 

bonded interfaces. 
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Figure 1. Setup for highly efficient shock generation and no damage to the surface: black tape and water. 
 

Figure 2 shows a diagram of the evolution of a shock wave generated at the top 

surface with a time duration T, propagating through the thickness of a homogeneous plate 

and finally reflected by the free back surface. Since total reflection occurs at the back 

surface, the pressure due to the incoming compression wave is balanced by the reflected 

tensile wave when superimposed. If attenuation mechanisms are neglected, for a typical 

shock pulse shape the maximum tensile stress begins at a distance from the back surface 

given by C0T/2, where C0 is the shock wave propagation velocity, and this tensile wave 

propagates unchanged until the next reflection. Ideally for testing adhesion strength, the 

maximum tensile stress should occur at the bonded interface.  

To help understanding and quantitatively evaluate the stresses inside a sample, an 

optical velocimeter based on a Fabry-Perot interferometer was developed and used to 

monitor the backwall surface velocity u (see Figure 1). A detailed description of the 

interferometer can be found in reference [12]. Under the assumptions of 1D propagation, 

in a homogeneous material, no attenuation and an adiabatic process, the relationship at any 

instant t  between the particle velocity signal and the stress or pressure P(z,t) at a depth z 

inside the plate is approximate by [13]: 

                ( ) ( ) ( )( )0 0 0

1
, / /

2
P z t C u t z C u t z Cρ= − − +  (1) 

where ρ is the material density. 

 

 
Figure 2. Time-space diagram of the propagation of a shock wave pulse with duration T. Red and blue 

areas represent respectively the compression wave (pressure superior to the average pressure) and the 

tensile wave (pressure inferior to the average pressure). Dash and full lines are used for decrease and 

increase of pressure, respectively.  
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RESULTS FOR ADHESIVELY BONDED CARBON FIBER COMPOSITES 
 

The purpose of this study is to measure the bond strength between two plates of 

carbon fiber composite materials joined by an adhesive layer. The plates are obtained after 

curing a stack of 4 or 8 carbon fiber plies pre-impregnated with a thermoset polymer 

(epoxy). The thicknesses of the 4- and 8-ply are 0.72 mm and 1.35 mm respectively and 

the sample in-plane dimensions are 50 mm x 50 mm. The orientation of the plies is [0/90]S 

and [0/45/90/-45]S for the 4- and 8-ply plates, respectively.  Two different adhesives were 

used to bond the composite plates: the adhesive film: Cytec FM73 which ensures a 

controlled and uniform bonding, and the adhesive paste Hysol® EA9394 which was 

intended to create a weaker non-uniform bond. Since the epoxy and adhesive are brittle at 

high strain rate, the interfaces are the locations where the damage threshold is lower. In 

what follows, we consider that a good bond between the plates is as strong as the bond 

between the plies. For this reason, the measurement of the strength between the carbon 

fiber plies is first presented, and then followed by the measurement of the bond strength 

for joined composite plates.  

 

Composite plate only 
 

The first set of tests was performed in a single composite plate to determine the inter-

ply damage threshold and to develop a better understanding of weak shock wave 

propagation and damage mechanisms within composite materials. The energy of the laser 

pulse was increased from a value well below the damage threshold to values much above. 

Single shot measurements were made at different locations on the sample. Figure 3 shows 

the back surface velocity signal as a function of time for different laser pulse energies. The 

sharp peak at about 0.58 µs corresponds to the arrival of the first compression wave 

followed by a reduction of the velocity due to rarefaction. The shape of the velocity signals 

obtained with laser energies of 700 and 1000 mJ are almost identical when normalized in 

amplitude with the maximum. This indicates that the shock regime is weak or elastic and 

that compression waves do not modify the material properties. As expected also under a 

weak shock regime, the shock velocity 0C  is equal to the elastic velocity. Generation and 

propagation of the high amplitude waves is in fact non invasive since the elastic limit for 

the carbon fiber is well above the rupture threshold of the epoxy and that the epoxy rupture 

itself is brittle at high strain rate, without any prior plastic deformation. The signal 

obtained at 1200 mJ has a distinct signature because the tensile shockwave is above the 

damage threshold. The threshold was reached at a laser power density of 1.42 GW/cm
2
. 

 

 
Figure 3. Back surface velocity signals measured for different laser shock pulse energies in the composite 

plate.  



 

 

 

Figure 4 shows the laser-ultrasonic C- and B-scans image obtained on a single 8-ply 

composite plate after laser shock. The identified damage consists of delamination of the 

last ply next to the back surface of the sample, as shown in the B-scans of Figure 4b. This 

is confirmed by the microfocus X-ray computer tomography image shown in Figure 5. 

From Figure 3, it is seen that the instant t0 at which the delamination signature appears on 

the velocity signal is not the instant at which delaminations occur; there is in fact a delay 

equal to the travel time z/C0 of the wave reflected by the delamination from that 

delamination to the back surface. The delaminated ply actually has moved for 0.5 µs at a 

velocity of 75 m/s for the case of 1200 mJ. The velocity then decreases since the ply is not 

entirely detached from the plate, the delaminated area being restrained by its edges. The 

small oscillations seen between 0.75 µs and 1.5 µs correspond to reverberations of the 

elastic waves inside the free delaminated ply. In the absence of delamination, a second 

clear arrival is observed at 1.75 µs corresponding to the back and forth propagation of the 

longitudinal wave inside the entire plate. The amplitude of this echo is smaller than the 

first, mainly due to viscoelastic attenuation. Also in Figure 3, the full width at half 

maximum (FWHM) of the first peak is about 160 ns, which is a little bit larger than the 

back and forth travel time inside one ply, so that the maximum amplitude of tensile stress 

is located close to the first interface and decreases slowly with depth. The time duration of 

the first peak observed at the back surface is not equal to the initial load duration because 

of reflections between plies and attenuation of high frequencies during propagation. 
 

(a) 
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Figure 4. Laser-ultrasonic inspection of the plate after laser shock for different laser pulse energies. 

(a) C-scan image and (b) two B-scans from selected regions indicated by the red dashed lines in the C-scan. 
 



 

 

  

Figure 5. Micro-focus X-ray computer tomography image of the damaged section of the composite plate. 
 

 The velocity signals in Figure 3 can also be used to evaluate the damage threshold of 

the material. The depth where disbonds occur is measured to be about 190 µm, which 

corresponds to the sum of 170 µm for the carbon-epoxy ply and 20 µm for a thin epoxy 

layer on the free surface. The wave propagation velocities are about 2680 m/s and 2200 

m/s respectively for the carbon-epoxy layer and the epoxy layer, and the mass densities are 

1.60 g/cm
3
 and 1.26 g/cm

3
. Equation (1) is used with an effective propagation velocity and 

the quantity z/C0 is approximated to be about 72 ns. Using the particle velocity variation of 

u(t0 - 2z/C0 ) -u(t0) = 140 m/s leads to a damage threshold of about 350 MPa, which is 

much higher than that measured in static conditions for this material, as expected [14]. It 

should be noted, however, that multiple reflections and attenuation are neglected in this 

simple model. 

 

Well-bonded composite plates 
 

The same experimental procedure as above was applied to a stack of two composite plates, 

consisting of a 4-ply plate on top of an 8-ply plate, bonded with the adhesive film Cytec 

FM73. The recorded velocity signals show that the high frequencies of the incoming wave 

are attenuated, primarily in the adhesive film. The shape of the acoustic pulse is smoother 

with a FWHM of about 200 ns. Consequently, there is almost no tensile stress in the last 

ply and the maximum tensile stress occurs about halfway through the second ply from the 

bottom. Figure 6 shows the laser-ultrasonic inspection results for this sample after laser 

shocks of different energies. As indicated on the B-scan in Figure 6b, all the delaminations 

observed on the C-scan are found to take place at the second interface, i.e. between the 

second and third plies from the back surface. For energy lower than 1J, no disbond was 

observed, either between plies or at the interface between the plates. Although attenuation 

and diffraction for such a stack of plies may play an important role, it is evident that the 

bond between the two plates is roughly as good as the bond between plies (or possibly 

better), which is considered a good bond. 
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Figure 6. Laser-ultrasonic inspection of the originally well bonded sample after laser shock of different 

energies: (a) C-scan and (b) B-scan along the red-dashed line in (a). 
 
 
Weakly bonded composite plates 
 

Finally, a composite sample with a weak bond between two 8-ply plates was tested. 

The weak bond was obtained using the adhesive paste Hysol® EA9394 without taking 

special care for surface preparation, other than ethanol cleaning. The average thickness of 

the applied adhesive was about 200 µm. Figure 7 shows the laser-ultrasonic results before 

and after laser shock pulses of different energies. The C-scan in Figure 7a obtained before 

laser shock shows the presence of unbound areas in yellow and red colors. The circles 

indicate the positions where shocks took place. After laser shock, the C-scan in Figure 7b 

reveals disbonds between the two plates as indicated in the B-scan in Figure 7c. The 

particle velocity variation is given by u(t0 - 2z/C0 ) -u(t0) = 79 m/s, where z = 1.35 µm and 

C0 = 2630 m/s.  According to equation (1) the bond strength is evaluated as about 170 

MPa, approximately half of the bond strength between plies. 
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Figure 7. Laser-ultrasonic inspection of the weakly bonded sample: (a) C-scan before laser shock, (b) C-

scan after laser shock, and (c) corresponding B-scan along the red-dashed line in (b). 
 
 



 

 

CONCLUSIONS 
 

A method based on high-intensity laser shock waves combined with laser-ultrasonic 

inspection has been used to test the bond strengths between carbon fibre composite 

samples. The bond strength between carbon-epoxy plies was taken as the reference and all 

bonds which have a strength equal or greater than this reference were identified as “good”. 

First, two well-bonded composite plates were tested with the technique and the bond was 

found to be equal or stronger than the one between the plies. Samples of two weakly 

bonded composite plates were tested and the technique was able to evaluate the bond 

strength between the plates. The encouraging results of this testing approach may support 

broader adoption of adhesive bonding throughout the aerospace industry including use for 

joining primary aircraft structures. 
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