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Abstract 

The dominating joining technology in the car body construction for thin steel alloys is resistance spot 
welding. But in combination with increasing the current peak and reducing the welding time, it is also 
possible to use the spot welding technology for aluminum alloys, instead of conventional mechanical 
joining technologies. Legal and general automotive requirements demand a non-destructive test of 
resistance spot welds in the car body construction. There is a wide variety of ultrasound testing systems. 
[1-5] Latest developments enable a color-coded imaging of the spot weld to analyze and evaluate the 
weld-quality.  

But until today the manual, non-destructive testing of spot welds always required the application and 
dry wiping of an acoustic coupling media. These condition and the fact, that the testing procedure is 
monotonous work and the results are subjective dependent of the staff, support more and more the 
necessity of an automated in-line inspection technology. 

This article presents the technical potential for the contact free air-coupled ultrasound technology as 
automated testing method for resistance spot welds in the car body construction. 
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1 Technical problems and challenges 

There are different fields of applications for this contactless, contamination-free, ultrasound technology. 

For example, the air-coupled ultrasound technology is used for inspection of composite-materials, to 

detect internal imperfections like delamination, inclusions or impact damages. [6] Furthermore the air-

coupled ultrasonic is qualified for the characterization of wood and also woof veneer. [7-9] It was also 

demonstrated that air-coupled ultrasound technology has a high potential for the civil infrastructure for 

inspect concrete elements for cracks or in general the grouting quality of concrete. [10-12]  

Using air-coupled ultrasound technique (ACU) the most significant challenges are the great impedance 

mismatch between the different propagation media air and metal and the attenuation of ultrasound in 

the air. The reflection coefficient between air and car body steel was calculated with 99,998 %. To 

generate an acceptable signal to noise ratio for the ultrasound inspection the authors investigate planar 

and focussed transducers with 1-3 piezo-composites material. 
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In the car body shop of Porsche an increasing variety of steel and aluminium alloys with thicknesses 

between 0,6 mm and 3,0 mm were joined together. Next to the conventional resistance spot welding 

(RSW), the most important joining technologies are self-piercing rivets, clinching, stud welding, flow 

drill screwing and more and more adhesive bonding. The increasing multi-material mix caused a 

growing demand of hybrid joining technologies. Currently the non-destructive testing of mechanical 

connections is not state of the art in the series production. Until today the contact ultrasound technology 

in the pulse-echo mode is the defined method for non-destructive testing of resistance spot welds and 

also for the evaluation of adhesive bonding. 

 The main quality attribute of resistance spot welds is the spot weld diameter and the remaining sheet 

thickness, which depends on the maximum electrode indentation of 20 % in relation to single sheet 

thickness. The minimum diameter of the spot weld is conforming to the sheet thickness, material and 

the present of adhesive in the joining plane. One principle distinction must be made for the resistance 

spot welding of aluminium alloys. In general, for the aluminium spot weld diameter applies the 

following equation (1). The existing of adhesive in the joining area reduces the necessary spot weld 

diameter and the equation (2) is valid. 

 

 

 

The minimum diameter of steel spot welds is affected by the plate thickness relation (4) and there is no 

difference according to the existing of adhesive. Another fundamental difference between aluminium 

(3) and steel spot welds (5) exists according to the relationship of the spot diameter dp and nugget 

diameter dl. The real spot diameter is based on the measured diameter after doing the destructive chisel 

test. The unbuttoned welding area can be investigated in order to determine the real spot weld diameter 

dp and the type of fracture. Microscopic examinations of the spot weld performed detailed information 

like electrode indentation, nugget penetration depth and the nugget diameter dL. 

 

 

With conventional ultrasound single-channel equipment it is possible to examine the back-wall echo to 

get the remaining sheet thickness. In addition to the wall thickness inspection, modern multi-channel 

matrix systems, phased-array devices or scanning systems offers user friendly C-scan images. Until 

today an automated, robotized testing procedure has not been implemented in the series production. 
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Within the present work two different testing principles were evaluated. On the one hand this work 

presents the evaluation of air-coupled ultrasound in the scanning transmission mode. To qualify the air-

coupled ultrasound technique for the series production the two-sided access to the welded assembly is 

a great disadvantage for the testing procedure. On the other hand the authors investigated one-sided 

ultrasound testing in V-configuration mode using guided waves. 

2 Studies of the interaction of guided waves with resistance spot welds 

First of all, the characteristic material values were determined experimentally. In order to solve the 

Rayleigh-Lamb-Equation [14] the real modulus of elasticity, the Poisson's ratio and the density of 

typical car body construction material were investigated by experiments. Two results are presented 

exemplary in fig. 1. To analyse the interaction of lamb waves it was necessary to work with the theoretic 

calculated dispersion curves. Based on the theoretic velocities of the first symmetric- and 

antisymmetric-mode of lamb waves, it was possible to generate guided waves with the air-coupled 

transducers.  

 

Figure 1: Generation and detection of antisymmetric lamb wave propagation with scanning 3D-vibrometry 

Fig. 1 illustrates the 3D-vibrometric measurement configuration with the scanning PSV-500-3D from 

Polytec. It was established that the inspected spot welds have a significant influence of the lamb wave 

propagation. The antisymmetric waves have been reflected at the spot weld and in addition the varying 

thickness in the spot weld affected the wave propagation. Moreover, investigations showed that planar 

transducers with 280 kHz generates large out-of-plane displacements at the metallic plane surface. With 

this setup the authors were not able to resolve “in-plane” displacements. The study also showed that 
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higher frequencies improves the spatial resolution due to the shorter wavelength, but the out-of-plane 

displacement decreased at the same time. In conclusion the definition of the optimum air-coupled 

transducers depends on the material characteristics, expected spot weld diameter, accessibility and the 

geometry of the welding part. 

As a result of this studies the measurement in V-configuration has been followed up intensively. In 

cooperation with Dr. Frank Schubert from Fraunhofer Institute for Ceramic Technologies and Systems 

an adjusted numerical simulation model with Elastodynamic Finite Integration Technique (EFIT) has 

been developed. The originally EFIT was developed by Fellinger et al. [16,17] and in cooperation the 

authors succeeded to build up a new application for the simulation of wave propagation nearby by the 

resistance spot welds of thin materials, which are used in body shop construction. In order to improve 

the interpretation of the received signals the EFIT-model generates simulated data by variation of 

transducer angle, material characteristics, frequencies, measurement setup and enables a better 

understanding for the wave propagation in isotropic materials. The complete EFIT-simulation, the 

model-geometries and the input parameters were adjusted to the specific testing problem of the spot 

welds of car body construction materials. 

 

Figure 2: EFIT-Simulation of air-coupled ultrasound in transmission-mode 

With the EFIT-Simulation it was possible to analyse and to interpret the ultrasound signals. The figure 2 

shows the developed user interface and the exemplary presentation of A-Scans after a transmission 

setup. During the analysis of ultrasound signals in the experiments, it was established that the geometry 

at the edge of the spot weld nugget has a great influence of the transmitted ultrasound signals. The 

displaced material on the surface of the spot weld is especially a consequence of the high welding 

pressure and the strong heating during the spot welding process of thin steel alloys. As demonstrated in 

figure 2 the detected ultrasound pressure on the edge of the nugget leads to a higher amplitude and that 

is the reason why the evaluation of the welded area in the C-Scans appears bigger compared to the real 

spot weld diameter. Further factors like diffraction and interference have also influence and were 

verified with the EFIT-simulation and the practical experiments. 
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3 Experimental setup 

The first investigations with air-coupled ultrasound technique in transmission and V-configuration were 

started with the manipulator. (fig. 3) To protect the sensitive transducer, the ultrasound field and the 

matching layers all measurements were done with noise funnels, which are adjusted to the ultrasound 

field. The maximum voltage for the transducers is 500 V.  

 

Figure 3: Air-coupled ultrasound equipment (technology supplier: Inoson GmbH, St. Ingbert, Germany) 

In the next step it was necessary to develop an industrial-suited air-coupled ultrasound device, which 

can be mounted on the third axis of the heavy load robot. The most complex requirements for a robotized 

application are consistent power supply without voltage peaks, the permanent communication between 

measurement software and industry robot and the geometric correct alignment to the sheet surface. An 

additional linear axis was implemented at the head of the transducer mount to minimize the inaccuracies 

in the tool movement. Furthermore, the mounted industrial camera ensures that the measurement starts 

always in the middle of the spot weld. 

 

Figure 4: Measurement results of ACU-Testing of a spot weld in V-configuration and transmission 

The evaluation algorithm of the transmission scans is based on the c-scan. For dimensioning the spot 

weld diameter, the normalized sound pressure is evaluated along the center of the spot weld. By 

applying the half-amplitude value (-6 dB) the diameter can be determined without subjective influence. 
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The figure 4 (right) shows the c-scan from an aluminium spot weld (t = 1 mm) together with the sound 

pressure profile along the horizontal axis recorded with 500 kHz focused ACU-transducers. Because of 

the great electrode indentation and the bad signal-to-noise ratio in comparison with aluminium spot 

welds the automatic assessment partially suggests greater diameters. The offset depends on the material 

characteristics and the plate thickness. The air-coupled ultrasound testing in transmission is suitable for 

an average measurement especially for the optimization of the signal-to-noise ratio. This has a 

disadvantageous effect on the measuring time. A full scan of a steel spot weld with an average of 5 

measurements and a resolution of 0,2 mm at each point of the surface takes around 15 min. By an 

optimized cross-scan measurement the time has been reduced up to 30 s. Currently the ultrasound 

testing staff takes the same time for the manual testing with single-element transducers. For the 

qualification and validation of the air-coupled ultrasonic technology the results of the complete c-cans 

were analyzed, because geometrical properties of the spot welds can be better compared. 

Due to the one-sided accessibility of the measurement in V-configuration the examination with lamb 

waves (A0-mode) is more comfortable and flexible. The excitation frequencies (280 kHz – 780 kHz) 

and the plate thicknesses (< 2,5 mm) permit a primary operation in the sweet spot area of the 

antisymmetric A0-mode. [15] An operation in the sweet spot eliminates complications according to the 

multiple propagation of higher symmetric and antisymmetric modes and also multiple reflection do not 

have a negative influence to the signal separation and interpretation. All measurements were performed 

at the focus distance. The optimized distance between the two focus points is 30 mm. During a complete 

measurement procedure in V-configuration the transducers were moved always two times over the spot 

weld center in orthogonal direction, to get information on the geometric, circular form of the spot weld.  

4 Correlation of the measurement results 

For the correlation studies a lot of different test specimens should be welded with medium frequency 

for steel alloys and with capacitor discharge technique for the aluminium spot welds.  By changing the 

welding parameters, the authors could establish different spot welding diameters. For the correlation 

they use the following non-destructive technologies. The ACU-results were compared with the C-scans 

of the Resistance Spot Weld Analyzer from Tessonics Inc., with the Miniscanner from Amstech Inc., 

with the scanning acoustic microscopy from PVA TePla and with micro-CT scans in-house of 

Microvista GmbH. Subsequent to the non-destructive tests, the spot welding samples were destroyed to 

analyse the welded joints by the micro section. 
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Figure 5: Correlation results between ACU and Resistance Spot Weld Analyzer (RSWA, Tessonics Inc.) 

The Figure 5 demonstrates exemplary the correlation results of air-coupled ultrasound technique 

(focused 500 kHz transducer, 7 Bursts, no average) with the results of the RSWA-Technology (52 

channels, matrix-array transducer, 15 MHz). It is obvious that the measured diameter of the spot welds 

with air-coupled technique tend to be too large. This effect results from the electrode indentation during 

the welding process and was validated in the EFIT-simulation. The coefficient of determination R2 is 

an important tool in determining the degree of linear-correlation of variables in regression analysis. The 

correspondence between the detected aluminium spot weld diameter in V-configuration with the RSWA 

is 89 %. The value indicates a good linear relationship of the results from two different non-destructive 

technologies. With an adjusted offset it is possible to determine the spot weld diameter with air-coupled 

ultrasound technology. For the non-destructive testing of steel spot welds the transmission arrangement 

provides the best results (R2 = 0,83) and for aluminium spot welds although the air-coupled ultrasound 

testing with lamb waves has a very high Potential for an automated application. 

Latest research findings according to the non-destructive testing of aluminium and steel stud welds 

promise with ACU yield very good results. It is possible to detect and measure the circular area of the 

molten material of a welding stud in V-configuration with air-coupled ultrasound. 
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