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Abstract. With the use of carbon fiber reinforced polymers (CFRPs) for example at 

the Airbus A350 or at the BMW i-series the first step towards widespread use of 

composites in the automotive and aeronautic industry was made. To meet the high 

quality standards reliable non-destructive testing methods are essential. One 

promising technique is laser ultrasound (LUS). We present the behaviour of the 

optical ultrasound wave generation in dependence of the wavelength ranging from 

the visible to the infrared end of the electromagnetic spectrum.  

 A main advantage of LUS testing compared to conventional ultrasound testing 

is the remote generation and detection of ultrasound waves by optical irradiation. 

Therefore it is a contactless non-destructive method with no need for transducers 

and couplants. The investigated specimen itself generates the ultrasound waves by 

absorbing the short laser pulses. As a result complex shaped composite parts can be 

scanned by deflecting the laser pulses across the inspection surface. Generation laser 

pulses of pico- to nanosecond duration allow a broadband frequency spectrum for 

ultrasound testing. The surface displacements caused by the ultrasound waves are 

detected with interferometers using continuous wave or long pulsed lasers. 

 The generation of ultrasound waves by laser pulses depends on the optical 

wavelength and the material combination of carbon fibers and enclosing resin 

matrix. In this work, we investigate different generation lasers (Nd:YAG solid state 

laser and CO2 gas laser) with wavelengths ranging from 532 nm in the visible to 

10.6 µm in the infrared. 

Introduction 

Improving the lightweight design with composites in the aeronautic and the automotive 

industry reduces total weight. Therefore an environmental-friendly and less expensive 

operation of aircrafts and automobiles due to reduced energy consumption is possible. 

With the shift of carbon fibre reinforced polymers (CFRPs) application from single 

batch to mass production reliable quality assurance methods are essential. This could be 

done by established non-destructive testing techniques but also by novel approaches like 

laser ultrasound (LUS) [1]. New methods can open the field of non-destructive evaluation 

to become more reproducible by automated methods or integrated for inline control. But 

also new design concepts for composites can be implemented which are otherwise 

untestable because of inaccessible, half closed geometries. This can reduce parts, steps and 

costs during production. 

More info about this article: http://ndt.net/?id=19765
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The scope of this investigation is on the optical ultrasound generation on 

composites with LUS [2]. Therefore three different generation lasers with wavelength from 

532 nm to 10.6 µm were analysed and compared to each other on generation efficiency. 

Methodology and Experimental Setup 

Principle of LUS Testing 

With conventional ultrasonic testing (UT) a direct contact between sample and transducer 

with the help of a couplant is needed to couple ultrasound waves into the inspected 

specimen. With LUS technology the generation and detection of ultrasound is achieved by 

laser irradiation. Therefore it has the benefit to be a contactless non-destructive testing 

method. This is especially important for inspections for instance at high temperatures, for 

samples where no surface contamination is allowed and for complex shaped parts. 

A pulsed LUS setup is illustrated in Fig. 1. Short laser pulses typically in the time 

range from pico- to nanosecond are deflected to the sample surface. There the irradiation is 

absorbed by the material causing a fast temperature increase, which induces a mechanical 

stress and therefore leads to the formation of ultrasonic waves. Broadband ultrasonic waves 

are excited due to the short pulse duration. Depending on the pulse energy and the material 

absorption behaviour this process can be thermoelastic or ablative with typical ultrasound 

emission characteristics for different wave types [3]. Bulk waves are generated 

perpendicular to the sample surface even if the incident laser beam is inclined. This is a 

benefit for example when inspecting radii within complex shaped composite parts. 

The propagation of bulk and surface acoustic waves depends on the elastic material 

properties and the sample geometry. The main setups are (through) transmission and 

reflection (pulse-echo) with the detection on the opposite and the same side of the 

generation, respectively. 

The surface displacements caused by the propagating ultrasound waves are detected 

with a laser interferometer. The mechanical vibration of the surface is first converted to an 

optical phase modulation of the laser beam and in a second step transformed to a 

measureable electrical amplitude. Different types of detection systems are used for LUS 

such as Michelson and photorefractive two-wave-mixing (TWM) interferometers [4], 

continuous wave (cw) and long pulsed detection lasers, etc. Apart from pulsed LUS used 

for this investigations there are setups like amplitude modulated LUS used for example to 

characterise thin interfaces. 

 

Fig. 1. Schematic sketch of LUS testing. 
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Laser Ultrasound Equipment and Setup 

To investigate the impact of optical generation for LUS on composites the following three 

generation lasers were examined: a CO2 transversely excited atmospheric (TEA) laser from 

Edinburgh Instruments, a picosecond Nd:YAG laser from Ekspla and a frequency-doubled 

Nd:YAG laser from Quantel. Their excitation wavelengths are 10.6 µm, 1064 nm and 

532 nm, respectively. The detailed specifications are listed in Table 1. Apart from the 

wavelength also the pulse duration, the pulse energy and the spot size differ for the used 

lasers. The latter two properties were adjusted to stay below the damage threshold. The 

Nd:YAG laser in the visible wavelength range is suitable for industrial applications while 

the two others are scientific lasers. 

All measurements were performed with a LUS detection system from Tecnar. The 

main parts are a long pulsed detection laser (PDL) and an interferometer with a 

photorefractive crystal in a two-wave-mixing (TWM) arrangement. The wavelength of the 

Nd:YAG laser is 1064 nm. 

The CFRP panel was investigated using a transmission setup with generation and 

detection at opposite sides as depict in Fig. 2. The sample was mounted on two linear 

stages to scan in x- and y-direction. For data acquisition an oscilloscope from LeCroy with 

high vertical dynamic was used. Automated surface scans were controlled by a computer. 

Table 1. The three used generation lasers with their specifications and used settings within brackets. 

laser type manufacturer wavelength pulse duration pulse energy repetition rate 

CO2 TEA Edinburgh Instruments 10.6 µm 50 ns 150 mJ (17 mJ) 100 Hz (10 Hz) 

Nd:YAG Ekspla 1064 nm 20 ps 85 mJ (5 mJ) 10 Hz (10 Hz) 

Nd:YAG Quantel 532 nm 6 ns 400 mJ (4 mJ) 20 Hz (10 Hz) 

  

Fig. 2. A sketch (left) and a picture (right) of the LUS transmission setup. 

Investigated Composite Panel 

Composite panels for non-destructive evaluation were prepared for different scenarios 

relevant for industrial applications of CFRP. Typical woven carbon plies were layered up 

and an epoxy resin was injected by vacuum resin infusion technique. The composite 

thickness is one critical parameter during production. Therefore a panel with millimetre 

steps from 2 mm to 5 mm was manufactured (see Fig. 3). The front side has a smooth 

surface whereas the back side includes the thickness steps and has a rough surface caused 

by removing the peel ply. Other scenarios like defects at different depth of the panel were 

tested with LUS in [5]. 
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Fig. 3. A sketch (left) and a picture of the back side (right) of the CFRP panel with different thick steps. 

When using the CO2 TEA generation laser the ultrasound amplitude is enhanced by 

covering the composite surface with a strippable white contrast paint (WCP) typically 

applied to magnetic particle testing. A single layer of WCP was investigated with Fourier 

transform infrared (FTIR) spectroscopy in the near- (NIR) and mid-infrared (MIR). The 

transmission and reflectivity spectra are plotted in Fig. 4. For the wavelength of 10.6 µm 

there is no transmission and only less reflection. Therefore the light is absorbed within the 

layer of painting, which is ideal for generation of ultrasound waves. On the other hand at 

1064 nm wavelength WCP is highly reflective, which is preferable for detection but not for 

ultrasound generation. The influence of WCP for all generation lasers on CFRP will be 

presented in the results. 

 

Fig. 4. FTIR spectra of WCP measured with a transmission (left) and a reflection setup (right) from 

NIR (blue) to MIR (green). The wavelengths of the fundamental Nd:YAG (1064 nm) and of the 

CO2 TEA laser (10.6 µm) are marked in red. 

Results 

Generation Wavelength 

The effect of the generation laser wavelength and the WCP was studied on the 4 mm thick 

section of the composite panel. The distribution of WCP on the four measurement 

sets (V1-V4) is illustrated in Fig. 5. Each measurement set consists of a scan grid with an 

area of (30x30) mm² and 49 single A scans. The obtained ultrasound signals were band 

pass filtered in the frequency range of (1-10) MHz using a Savitzky-Golay algorithm. The 
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mean A scan was calculated and then the amplitude of the first echo was evaluated with a 

gate as typically used with conventional UT. 

 

Fig. 5. Illustration of the four measurement sets (V1-V4) on the front (left) and back side of the panel (right). 

The distribution of the white contrast paint (WCP) is shown at the table in the middle. 

The behaviour of the CO2 TEA generation laser is plotted in Fig. 6 a). The radiant 

exposure was 453 mJ/cm², which is the highest value for the investigated wavelengths due 

to the high damage threshold for 10.6 µm. In focus of WCP the best result is achieved with 

the paint covering both sides with an amplitude value of about 57.7 mV. 

For the Nd:YAG generation laser with the fundamental wavelength of 1064 nm the 

radiant exposure was 26 mJ/cm². The high reflectivity of the WCP at this wavelength as 

mentioned before reduces the ultrasound generation efficiency. Therefore the best result is 

without WCP on the generation side but with the paint on the detection side as depicted in 

Fig. 6 b). 

The Nd:YAG generation laser with the second harmonic wavelength of 532 nm 

shows a totally different behaviour. The best result is obtained without WCP on both sides 

(see Fig. 6 c). To stay below damage threshold the radiant fluence was 12 mJ/cm². 

 

Fig. 6. The mean amplitude of the first ultrasound echo is plotted against measurement set V1-V4 for all 

generation lasers: a) CO2 TEA 10.6 µm, b) Nd:YAG 1064 nm and c) Nd:YAG 532 nm. 

Comparing the best results of all wavelengths the CO2 TEA laser has the highest 

amplitude with a value more than three times higher than the others. But when looking on 

measurement set V1, which is the most preferable condition with no WCP surface 

contamination, than the situation changes. In Fig. 7 all A scans without WCP are plotted. 

The best result is now obtained with the generation laser at 532 nm wavelength. 

a) b) c) 
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Fig. 7. Mean A scans for all three generation lasers measured without WCP. The shaded areas indicate the 

time position of the first three echoes. 

Thickness Measurement 

To demonstrate the potential of LUS for industrial applications on composites a surface 

scan across the steps of the panel is presented. The measurements were done without WCP 

and in single shot mode without averaging. Therefore the scan speed is limited by the 

repetition rates of the used lasers and the time to position the panel for each A scan. In Fig. 

8 a) four typical A scans for each thickness step are plotted. A line scan across all 

steps (B scan) is displayed in Fig. 8 b). By applying a gate to the first echo its time of 

flight (TOF) value can be evaluated. The TOF surface scan (D scan) shown in Fig. 8 c) is 

directly related to the panel thickness through the speed of ultrasound waves. 

 

 

Fig. 8. Surface scan across all thickness steps: a) A scans for each step, b) B scan of a single line scan and 

c) surface scan (D scan) of the first echo’s time of flight values. 

a) b) 

c) 
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Summary and Conclusion 

The highest ultrasound amplitudes were measured with the CO2 TEA generation laser and 

WCP on both panel surfaces. The high damage threshold is a benefit of the large 

penetration depth at 10.6 µm wavelength [6]. The main drawback of this configuration is 

the surface contamination. Additional disadvantages are that the wavelength of 10.6 µm is 

not suitable for fibre coupling and that pulsed CO2 lasers for industrial applications are 

expensive. The results of the presented investigation show that green lasers with 

sufficiently low pulse energy are an appropriate alternative for industrial applications with 

no surface contamination, high integration capability for combined generation and 

detection probes due to the possibility of fibre coupling and lower acquisition costs. 
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