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Abstract. In respect to economization of energy and raw materials the avoidance and 
real-time detection of defects is a crucial issue in the continuous casting process. 
Those defects may occur during solidification of aluminum and become noticeable as 
bulk cracks as well as surface or near-surface cracks. Similarly, in further production 
processes the maintenance of a high quality level in high performance aluminum 
alloys for aerospace and automotive industry is also a fundamental topic. Therefore, 
a non-destructive remote sensing testing tool for quality inspection during early stage 
of production is required.  
 In this work the laser ultrasound (LUS) technique is demonstrated for quality 
inspection of semi-manufactured aluminum products. In LUS high energy short laser 
pulses illuminate the sample. A fraction of the pulse energy is absorbed at the sample 
surface, causes local heating and thermal expansion, and induces broadband ultrasonic 
waves which propagate through the sample. Those waves get reflected or scattered by 
interfaces (i.e. cracks, blowholes) similar to conventional ultrasonic testing, however, 
contact- and coupling agent-free. For the detection in a remote manner an industrial 
laser-vibrometer is used for the sensing of the ultrasonic waves at the sample surface. 
 In particular, the real-time inline detection of arising centered solidification 
cracks during the casting process of aluminum slabs is experimentally demonstrated. 
Furthermore, the proof of principle for the detection of the most common occurring 
casting defects (center, near-surface and surface cracks) is shown with experiments in 
the industrial environment. This is done by pulse-echo measurements with LUS 
equipment, focusing on surface acoustic waves and longitudinal bulk waves in the 
data analysis. 
 In conclusion, LUS technology was used to demonstrate its ability for the 
detection and identification of different types of defects in semi-manufactured 
aluminum products. Moreover, LUS during continuous casting is a powerful tool for 
real-time process parameter monitoring and quality control, although all experiments 
were carried out in an industrial environment with elevated temperatures, dust, 
cooling water and vibrations. 

Introduction 

The continuous direct chill casting process of advanced aluminum alloys is a high 
sophisticated, energy intense process. The avoidance and rapid detection of occurring 
solidification cracks in the slab (Fig. 1a) is a crucial issue, in particular for the obtainment of 
a high quality level in further production processes. Next to the maintenance of high-leveled 
quality in following production processes, such as rolling, the early detection of solidification 
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cracks is also a matter of economics. Due to the fact that the alloyage of the cast requires the 
heating of the alloy components to the melting point a lot of energy is applied. The inline 
quality inspection enables instant crack detection in the casting process of the slab and the 
knowledge of solidification cracks allows the application of counteractions to minimize the 
expansion of the crack. Otherwise the defect slab would be used in further production 
processes and cause quality issues and defective goods. The detection of solidification cracks 
immediately at the appearance enables the economization of energy, raw material and process 
time. Due to the fact that the detection has to be done directly after the mould of the casting 
machine, a remote sensing non-destructive method is required for the inspection of the hot 
slab.  

The ability to measure hot moving surfaces in a remote manner is one of the main 
advantages of the laser ultrasound (LUS) technique [1] compared to conventional ultrasonic 
testing. In this work a laser ultrasonic setup is implemented for the sensing of the 
solidification cracks. In laser ultrasonic high energy short laser pulses (in range of 
picoseconds to nanoseconds; in this setup a frequency doubled Nd:YAG-Laser with a 
wavelength of 532nm) illuminate the sample (Fig. 1b). A fraction of the pulse energy is 
absorbed at the sample surface and causes ablation and local heating. The ablation and 
thermal expansion are inducing broadband ultrasonic waves which propagate through the 
sample and get reflected or scattered by interfaces (cracks, blowholes,…) like narrowband 
ultrasonic waves, used by conventional ultrasonic testing [2][3]. For the detection in a remote 
manner a two wave beam mixing interferometer is implemented for the sensing of the 
ultrasonic waves at the sample surface. (Fig. 1b). 

 

 
Fig. 1. a) cross section of a slab with solidification cracks, b) Reflection configuration: Excitation laser and 

detection laser are arranged at the same spot. Ultrasonic waves are induced in the sample by an pulsed 
excitation laser (red), propagate through the sample and get reflected or scattered by interfaces (cracks, 

blowholes,…). The detection of reflected and scattered ultrasonic waves is realized with a two wave beam 
mixing interferometer (green). c) Transmission configuration: Excitation laser (red) and detection laser 

(green) are arranged at the opposite side of the sample. 

Experiment 

For the generation of an ultrasound wave a powerful pulsed Nd-YAG-laser (Quantel Brilliant 
B) in combination with a frequency double crystal is used (532nm). The maximum intensity 
at the sample-surface is maximized by focusing the laser beam down to its minimum spot 
size. The high pulse energy (300mJ) and the short pulse time (6ns) results in an immense 
intensity at the surface of the sample and thereby launches ultrasonic waves.  

The amplitude of the ultrasound waves is very weak, so there is the need of a high 
sensitive detection system. The system used in this work is a laser ultrasound detector based 
on a two wave beam mixing interferometer [4] (TECNAR, 1064nm). 
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Laser Ultrasonic Measurements in Reflection and Transmission Configuration 

The application of a transmission and reflection measurement configuration in a laboratory 
setup is necessary to gather enough information about the inner structure of the slab. The 
main difference between these two configurations is the arrangement of the detection and 
excitation spot.  

In the transmission setup the ultrasound waves are induced at the opposite side of the 
detection spot, therefore in case of no material inhomogeneities the longitudinal bulk wave 
propagates practically disturbance-free from the excitation spot straight to the detection spot 
(see Fig. 1c). The occurrence of a solidification crack disturbs the bulk wave propagation in 
multiple ways. A fraction of the wave energy is absorbed by the crack and cause scattered 
waves, a part is transmitted and the other part is reflected at the interface. The ratio of these 
effects is an important feature of the crack and strongly depends on its elongation. Due to the 
typical star shape of the crack (see Fig. 1a) in the main part of the measurement situations 
the scattered waves of a branch are blocked by other branches and almost completely 
extinguished and only the transmitted part can be measured. 

The main characteristic of the measurement configuration in reflection is the 
arrangement of the excitation and detection spot at the same point (see Fig. 1b). The defect 
free samples and the ones with a solidification crack are distinguishable by the different 
“Time-of-flight” and propagation of the ultrasonic wave. The propagation of the ultrasonic 
wave in a defect free sample is pretty well undisturbed, the ultrasonic waves originated at the 
excitation spot are backscattered by the back wall and the back wall echo could be acquired 
at the detection spot. Contrary to the defect free sample in the sample with a solidification 
crack, the wave propagation is disturbed by the centered crack. A fraction of the ultrasonic 
wave is reflected, a small part is transmitted and the main part is scattered by the crack. 
Similar to the transmission setup the ratio between these three effects strongly depends on 
the features and elongation of the solidification defect. The dissimilarity between the 
transmission and reflection measurements is the opportunity to measure all three effects at 
the detection spot, although the cross-talk of the excitation laser is visible in the measurement 
data. 

The amount of energy which is induced as ultrasonic waves and the signal strength 
are in correlation with the absorption and reflection properties at the excitation and detection 
spot. The surface acoustic wave (SAW) is propagating along the surface of the sample, due 
the fact that the surface of all samples is similar the SAW is similarly damped and its 
amplitude can be used as a quantity of the excitation and detection efficiency. Therefore the 
raw signal was normalized to the amplitude of the practically constant surface acoustic wave, 
as seen in Fig. 2. 

 
 

 
Fig. 2. a) Raw signal with longitudinal bulk wave (blue) and surface acoustic wave (red) measured in 

transmission. b) Normalized signal with longitudinal bulk wave (blue) and surface acoustic wave (amplitude 
of SAW = 1 ) (red) 
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Inline Measurements at the Continuous Casting Machine 

The first step was the implementation of a laboratory setup to gain data and knowhow of 
different sample with different defects. The gathered data of the laboratory measurements 
looked promising and provided enough data to distinguish defect-free samples and samples 
with solidification cracks. To proof the results of the measurements gained in the laboratory 
the setup was implemented at a casting machine (Fig. 3). The adaptions of the laboratory 
setup to the harsh industrial environment are crucial for the obtainability of low noise signals 
and protection of the measurement equipment. Therefore the transmission configuration was 
set up at the continuous direct chill casting machine. The harsh environment is mainly caused 
by the cooling water flowing along the slab which disturbs the detection and excitation spot. 
The decrease of the signal amplitude caused by the glass window, which prevents water on 
the detection head, is overcompensated by the increase of the induced energy of the excitation 
laser. The cooling water at the detection spot causes low frequency noise, which is minimized 
by a high pass filter and is no crucial issue. Due to the limited space at the casting machine 
the detection head had to be inclined a few degrees, which may has an influence on the 
detected signal and has to be further investigated in the laboratory. 

 

 
Fig. 3. The laser beam of the excitation laser is deflected by two mirrors and focused at the sample surface. 

The laser ultrasound detector probe is focused on the opposite side of the excitation spot. 

Results 

Identification of Solidification Crack in Laser Ultrasonic Measurements in Reflection and 
Transmission 

The distinguishability of different solidification crack features is researched by the 
measurement of samples with varying crack sizes. The acquired data of the transmission 
measurement of the defect-free sample 7005st2 (Fig 4a) reveal the fact of a low damping of 
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the longitudinal bulk wave. The assumption of a nearly disturbance free ultrasound 
propagation is proved by this acquisition. In comparison to the defect-free sample data, the 
signal of the sample 6061st1 (Fig 4c) provides the information of a damped bulk wave, which 
is caused by a centered hairline crack. The damping and reflection of the ultrasound wave in 
a sample with extended solidification cracks (7005stx shown in Fig 4e) are enormous and 
lead to a nearly total extinction of the bulk wave at the detection spot. The gathered data of 
the transmission measurements contributes enough information for a determination of the 
existence of a crack and enables a rough assumption about the crack elongation. The 
advantage of the transmission configuration is the sensitive detection of material defects, 
even a small hairline crack causes a rapid decrease of the bulk wave amplitude. On the other 
hand in case of a crack almost no detailed data about the features of the defect, like elongation 
and position, could be gathered. 

In addition to the transmission measurements, a reflection configuration is 
implemented. The damping of the back wall echo is very low for the defect-free sample 
(7005st2 in Fig 4b) and is increasing with the crack elongation in Fig 4d and Fig 4e. Similar 
to the transmission measurement the amplitude of the bulk wave provides enough 
information for a determination of the existence of a crack. Beside this information important 
data can be identified in the signals. The so called microstructure noise (see schematic in Fig. 
1b) is the signal of the scattered ultrasound wave at the interface of the solidification cracks 
and contains information about crack features and elongation. As result of this fact the main 
difference compared with transmission measurements is that the reflection measurement 
provides additional information about the crack, even if the dimension of the crack is too 
large for the acquisition of a back wall echo. Although the reflection measurement delivers 
more information the sensitivity of the transmission measurement is better concerning the 
simple crack detection and the cross-talk of the excitation laser has to be considered. 

 

 
Fig 4. a) Transmission measurement of a defect-free sample; practically no damping of the bulk wave (blue); 
b) Reflection measurement of a defect-free sample, practically no damping of the back wall echo (blue) and 
low microstructure noise (green); c)  Transmission measurement of a sample with a hairline crack; moderate 
damping of the bulk wave (blue); d) Reflection measurement of sample with a hairline crack, moderate no 



6 

damping of the back wall echo (blue) and moderate crack feature noise (green); e) Transmission measurement 
of a sample with extended solidification cracks; enormous damping of the bulk wave (blue); f) Reflection 

measurement of sample with extended solidification cracks, high damping of the back wall echo (blue) and 
high crack feature noise (green). 

Reconstruction of the Solidification Crack by Synthetic Aperture Focusing Technique (SAFT) 

The interpretation of the microstructure noise of a single measurement is not enough to get 
detailed information about the crack. So a measurement setup for the laboratory was realized 
to obtain 360 reflection measurements distributed at the circumference of the sample. The 
minimization of the cross-talk was realized by high-pass filtering of the signals (Fig. 5a). The 
usage of the synthetic aperture focusing technique (SAFT) [5] enables a rough determination 
of the elongation and position of the crack, although the reconstruction-relevant parts of the 
gained raw signals are quite weak. (Fig. 5). 

 
Fig. 5. a) High-pass filtered signal with micro structure noise b) reconstructed cross section of the sample c) 
cross section of the sample 

Evaluation of the Inline Measurements at the Continuous Casting Machine 

For the verification of the applicability of the setup in industrial environment the transmission 
setup is set up at the continuous casting machine. The results provided by the inline setup 
confirm the laboratory measurements and indicating the same information even during the 
casting process. In Fig. 6 a typical transmission signal during the casting process is displayed 
for a defect-free position. Although the harsh environment has an influence to the signal 
quality the gathered bulk wave is good enough to determinate the quality of the casted slab 
inline. 

 

 
Fig. 6. a) Transmission signal acquired during the casting process b) Transmission signal acquired in the 

laboratory 
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Conclusion 

The results of the experiments gathered by measurements in the laboratory and during the 
casting process enable a distinct differentiation of slabs with defects and defect-free samples. 
The different configuration of the reflection and transmission setup provides different data 
of the crack feature. The transmission setup is more sensitive for crack detection, but hardly 
provides any further information about the structure and elongation of the crack. On the other 
hand the reflection setup enables the interpretation of the microstructure noise for a 
reconstruction algorithm. Although the reconstruction doesn’t show a detailed figure of the 
crack, the spatial elongation and position can be determined. For the casting process a 
transmission measurement is sufficient to detect a solidification crack inline. In this case only 
information whether there is an crack or not is important but no reconstruction is necessary. 
Additionally tomographic laboratory measurements are important to gain information for the 
optimization of the casting process. 
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