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Abstract. The process of laser welding plays an increasingly important role in 
industrial production environments, in particular – but not only – the automotive 
sector. Despite its growing importance, the possibilities for both a reliable and 
robust process monitoring and quality control are still sparse; almost every modern 
in-process monitoring approach is based on electromagnetic techniques. All 
investigations of acoustic emissions were concentrated on lower frequency ranges 
(< 100 kHz air-borne acoustic emissions (ABAE/LSE), < 500 kHz structure-borne 
acoustic emissions (SBAE/KSE)). In order to set up a welding process with new 
parameters, metallography is applied offline to measure all important quality 
parameters of the laser welds. 

The project “AkuProLas”, presented in this paper, aims at facilitating the 
higher-frequency acoustic emissions (ABAE: 700 – 1200 kHz, SBAE: 400 –
 1000 kHz) of the process to enable a 100 percent in-process quality control. The 
concentration on high frequencies combined with an in-process frequency analysis 
primarily allows a much better rejection of contaminating environmental noise, 
dramatically enhancing the signal-to-noise-ratio (SNR) between flawless processes 
and welding defects. In the combination of SBAE and ABAE, we show that in 
particular the penetration depth correlates perfectly with SBAE, whereas the 
influence of eventual coatings of the welded parts can be characterized by ABAE. 
We validate this with conventional metallographic investigations and also give an 
outlook on industry-ready monitoring concepts using the results of this project. 

1. Introduction  

Laser welding is widely applied, especially in automotive industry to fulfil current 
demands with regard to lightweight design and high productivity. But it is also a very 
challenging process with small process windows. In order to produce welds of sufficient 
quality, several varying parameters have to be controlled. Therefore, appropriate process 
monitoring plays a key role to guarantee high quality output. Monitoring of laser welding 
can be carried out in different phases of the process. If testing is carried out continuously in 
the production line, matching the process cycle times, it is called “inline”. It is respectively 
called “online”, if quality control is applied in a separate bypass. “Atline” techniques are 
used as quick tests near to the production facilities without additionally transportation. 
“Offline” testing is applied, if the product is discharged from the production process and 
transported to separate test laboratories, where the testing takes place [1]. With respect to 
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the interacting area of the laser spot with the work piece, inline process monitoring can also 
be divided into three phases: Pre-process, in-process and post-process. This paper proposes 
a new approach for inline in-process monitoring for laser welding. 

Inline in-processes approaches are providing direct feedback, mostly by monitoring 
of process emissions. Therefore, defects can be detected either during or immediately after 
their formation. In-process techniques can be classified according to their physical nature in 
mechanic, electric, optic and acoustic methods [2]. Li et al. [3] investigated an electric 
method by installing a plasma charge sensor between the laser optic and the work piece in 
order to monitor formation of pores, lack of fusion, misalignment, etc. Optical process 
monitoring of electromagnetic emissions have been deeply investigated in the past years 
and are already applied in industry. Different approaches, such as implementation of 
photodiodes coaxial into the welding optic [4] as well as application of cameras, which can 
be sensitive in different spectral ranges [5], [6]. In-process methods are available, which are 
able to measure directly the depth of penetration by means of laser sensors [7]. Acoustic 
emissions (AE), either structure-borne (SB) or air-borne (AB) were also investigated in 
several studies. SBAE can be detected either by placing the sensor directly on the welded 
work piece or by using wave guides. Bordatchev et al. [8] investigated the influence of the 
focus position by means of SBAE up to frequencies of 500 kHz. SBAE, which are 
generated by the back reflected laser beam on the mirrors of the welding optics, can also be 
used for process monitoring [9]. In order to monitor ABAE during laser welding, mainly 
microphones have been used so far. Huang et al. [10] used this technique to measure the 
ABAE in a frequency range of 20 Hz – 20 kHz. The correlation of the acoustic pressure to 
the penetration depth was observed. According to the big influence of environmental noise, 
also an approach for reducing the influence of this noise is proposed in [10]. Up to now, no 
investigations are known, which are evaluating the information content of high frequency, 
i.e. ultrasonic AE signals, during laser welding processes. In the following, the detection 
and analysis of such high frequency SBAE and ABAE signals and their correlations with 
quality parameters of the laser weld are described. It shows up, that high-frequency AE is 
advantageous concerning environmental noise. 

Taken all these points together, an in-process monitoring approach is the most 
promising way since it does not require any additional steps in the production chain and 
hence combines the security of a 100 percent quality control with an easy handling of the 
manufactured parts. In-process monitoring solutions, on the other hand, urgently require 
fast hardware in terms of CPU performance as well as in storage capacity. Both have 
become increasingly cheaper during the last decade. In combination with the highly 
debated topics of the fourth industrial revolution and the internet of things (IoT), in-process 
monitoring devices enable users to gain data directly in real time within the production 
process and hence are key constituents of a “smart factory”. 

2. Experimental Setup 

To investigate the abilities of high-frequency SBAE and ABAE as monitoring 
strategy for laser welding processes, an experimental setup has been created. It allows 
producing repeatable, linear welding seams, which can be carried under laboratory 
conditions. Special emphasis was laid on the positioning of the SBAE and ABAE sensors 
in order to obtain reproducible results. Therefore, all tests were carried out using only one 
setup with one laser source and one set of sensors. 

The basic experimental setup is depicted in Fig. 1, showing the main constituents of 
the installation used for all welding experiments, which were carried out solely as linear 
welds. The laser source is a 2 kW YAG Laser (Trumpf TruDisc 4002) whose Trumpf 
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PFO 33 optic (2) is mounted to a robot (1). The robot is used as a “carrier” to produce the 
linear welding seams. The welding table (9), on which the welding samples (7) were 
mounted using different clamping devices (6, 10) is stationary. The sensor for ABAE (5) 
was also mounted to the carrier of the laser optics in order to guarantee a defined position. 
This is very important, since the piezo ceramic material consists of a spherically curved 
piezo ceramic and thus a specific focus (working distance approx. 60 mm) point must be 
maintained due to the pronounced directivity. The structure-borne sound sensor (8) was 
mounted directly to the table in order to assure a reproducible coupling to the welding 
samples. 

 
Fig. 1: Scheme of experimental setup 

The signals of both AE sensors were recorded simultaneously by using the data 
acquisition system QASS Optimizer4D. The sampling rate for both signals was fixed to 
3125 kHz (digitization depth: 16 bit for SBAE, 24 bit for ABAE) at eightfold oversampling 
to refine time resolution. Acquisition delay time is considered with approx. 42 μs. 

The experimental setup shown in Fig. 1 is designed to elucidate the capabilities of 
SBAE and ABAE with variation of welding parameters. In this paper, focus is on 
correlations of the AE signals with the penetration depth in test welds for different laser 
power values. Also, the impact of the existence of a coating (usually zinc) to the AE of 
laser welding processes will be clarified. To reach these two goals, three different welding 
samples with different coatings and thicknesses t were chosen: Uncoated DC04 (t = 2 mm), 
zinc-coated DX51 (t = 2 mm) and S235+Z (t = 5 mm) have been used for these 
investigations. A suitable signal evaluation procedure was developed in order to extract a 
viable signal from the raw acoustic signal data. The voltage signal, arising from the two 
piezoelectric sensors for SBAE and ABAE is processed by a pre-amplifier (3) and then 
passed to the master amplifier and recorded as “signal raw data”. This data is fed to a Short-
Time-Fourier-Transform analysis (STFT) using MATLAB function “spectrogram” with a 
FFT length of nfft = 512, a Hamming window length of 512, an overlapping of 
noverlap = 0 and a sampling frequency of fS = 3125 kHz. The evaluated time signal is 
smoothed in two steps. In first step, a moving median filter of window size 0.05% of the 
total signal length is applied. In second step, a locally-weighted polynomial regression is 
carried out using the “lowess” algorithm (span = 11) in MATLAB. In this way, a smoothed 
signal for further processing and evaluation is generated. For further information on data 
processing, please refer to [11] and [12]. 
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3. Results 

3.1 Penetration Depth 

In order to generate welding seams with different penetration depths, the laser 
power P was linearly increased in the range from P = 80 W (minimum power) and 
P = 2000 W (maximum power), while forming a linear welding seam on one of the three 
different materials. Each data point in the following diagrams (Fig. 2 - Fig. 4) represents 
one welding sample. The sample itself was welded with a constant laser power. For each 
power level, three repeating welds were carried out in order to evaluate the alternation of 
results. The laser power is increased stepwise by 100 W. This will result in welds, where at 
low power levels only heat conduction welding (denoted WLS further on) will take place. 
By increasing laser power, WLS will transit to deep welding (denoted Ü/TS further on) at a 
certain laser power level. The necessary laser power to achieve this transition depends on 
different parameters, like the specific material, geometry of the sample, laser beam 
parameters, etc. Increasing the laser power even further will then (in case the sample is 
sufficiently thin) result in a complete penetration of the sample (denoted DS further on). 
For each welding sample, the penetration depth is measured in the center of the welding 
line by means of metallographic testing. That means, the sample is imbedded and etched by 
Nital to measure the penetration depth under a microscope. Simultaneously during the 
welding trials, ABAE and SBAE are detected according to the described method. These 
results are shown in Fig. 3 and Fig. 4. To make the results comparable, a common 
frequency range between 400 kHz and 700 kHz was fixed. If ABAE and SBAE were 
investigated separately, other frequency ranges (ABAE: 700 - 1200 kHz; SBAE: 400 - 1000 
kHz) were giving best individual results. This procedure is repeated for all three mentioned 
materials in order to create a data basis for evaluation of the correlation between achieved 
penetration depth and AE with respect to laser power and different phases of the laser 
welding process. 

The results for the measured penetration depth for all three different materials are 
shown in Fig. 2. It is clearly visible, that for the two materials with a samller thickness of 
t = 2 mm (DC04 in Fig. 2(a) and DX51D in Fig. 2 (b)), complete penetration is achieved at 
approx. P > 1400 W. In contrast to that, the maximum laser power of P = 2000 W is not 
sufficient to fully penetrate the S235JR+Z material, due to a higher thickness of t = 5 mm. 
The laser power, where the transition from heat conduction welding to deep welding takes 
place, varies as expected with the base material and coating between 700 W and 900 W 
(see grey marked area in Fig. 2(a) – (c)). This was determined by fitting straight lines to the 
data points and analyzing the slope (marked with red bars in Fig. 2). Since the penetration 
depth increases more rapidly with laser power during deep welding, a change of slope 
indicates the transition. For each level of laser power, totally three laser welding samples 
were generated. For all three different samples on the same laser power level, the 
penetration depth was measured. Fig. 2 indicates that for all three investigated materials, 
the alternation of the three repetition samples is quite low at low laser power rates. For the 
materials DC04 (Fig. 2 (a)) and DX51D (Fig. 2 (b)), the alternation increases, before full 
penetration is achieved. As soon as a full penetration of the welding samples is achieved, 
the penetration depth is considered as constant value with the thickness of the base 
material. The alternation of S235+Z samples (Fig. 2 (c)) increases with higher laser power 
rates. The maximum alternation could be found at a laser power level of P = 1800 W. All 
important points related to the welding results, such as DS and transition from heat 
conduction welding to deep welding were transferred into the diagrams of the SBAE and 
ABAE. 
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Fig. 2: Penetration depth s vs. laser power P for three materials DC04 (a), DX51D (b) and S235JR+Z (c). The welding 

speed was fixed to 20 mm/s each. 

In order to correlate SBAE and ABAE with the different phases of the welding 
process, respectively with different laser power rates, AE were simultaneously recorded. 
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The correlation can be carried out via time code to the respective laser power. The resulting 
amplitudes of SBAE in a frequency range of 400 to 700 kHz are shown in Fig. 3. 

First, concentrating on SBAE in Fig. 3, a very clear dependence of the AE 
amplitude and the different phases of welding can be found. SBAE is only emitted during 
deep welding. When the laser power is low, so only heat conduction welding is taking 
place, no emission above the noise level is detected. The amplitudes are increasing 
dramatically, when the transition to deep welding is exceeded. If the laser power is 
increased, SBAE are vanishing again to the original noise level when the laser power is 
high enough for a complete penetration of the welding sample. This is true for both 
uncoated (DC04) and zinc-coated (DX51D) materials. Consequently, SBAE are not 
vanishing for the thick sample (S235JR+Z), where the laser is not powerful enough to reach 
complete penetration. SBAE seems to be of great value for pinpointing the phase of deep 
welding before full penetration is achieved. 

 

 
Fig. 3: Amplitude of ABAE between 400 kHz and 700 kHz vs. laser power. The different phases of welding are denoted 
according to Fig. 2 with heat conduction welding (WLS), deep welding (TS) and complete penetration (DS). The three 

panels show the three investigated materials DC04 (a), DX51D (b) and S235JR+Z (c). The welding speed was fixed to 20 
mm/s each. 
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In contrast, ABAE are much more inconclusive regarding the phases of welding, 
respectively penetration depth. Fig. 4 shows that, similar to SBAE, ABAE can be detected 
during deep welding. But in addition there is, in particular for the coated material, a large 
peak of emission at much lower laser power levels and thus penetration depths during heat 
conduction welding. Once the laser power is high enough to reach complete penetration, 
the level of AE is not going down to noise level, comparable to SBAE. AE are still 
remaining on a plateau. Therefore, it can be concluded that SBAE are a better indicator for 
penetration depth respectively a certain phase of the laser welding process than ABAE. 

 

 
Fig. 4: Amplitude of ABAE between 400 kHz and 700 kHz vs. laser power. The different phases of welding are denoted 
according to Fig. 2 with heat conduction welding (WLS), deep welding (TS) and complete penetration (DS). The three 

panels show the three investigated materials DC04 (a), DX51D (b) and S235JR+Z (c). The welding speed was fixed to 20 
mm/s each. 

3.2 Coatings 

In contrast to the fact that ABAE are not correlating well with penetration depth 
there is a clear difference between zinc-coated and uncoated materials. Fig. 4 clearly shows 
that the two zinc-coated samples DX51D and S235JR+Z consistently exhibit a large peak at 
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the very beginning of the welding process where laser power is small and hence penetration 
depth more or less negligible. This peak then drops while penetration depth is increasing to 
a level typical for deep welding (so also visible in the uncoated material DC04). Since this 
first pronounced peak is visible only for the zinc-coated material, it can be concluded that 
this large amount of emission is caused by the zinc-coating which is, due to its much lower 
resistivity to temperature, evaporated off the surface at first. The evaporation of the zinc is 
the main reason for the ABAE during the heat conduction welding phase. This assumption 
could be confirmed in further laser welding trails, which were carried out with partly 
uncoated materials (not shown in this paper). 

Therefore, ABAE is of great value for monitoring the ablation process of the 
coating prior to welding itself. Thoroughly removal of coatings prior to the laser welding 
process is of great importance because evaporating zinc often times causes serious defects 
in the welding seam. 

3.3 Model for ABAE and SBAE 

To put the achieved results in a larger context, a model explaining the very different 
behavior of SBAE and ABAE and, to a smaller extent, the dependence on coatings is 
developed. This model is summarized in Fig. 5 for the SBAE and in Fig. 6 for the ABAE. 

 

 
Fig. 5: Schematic model for SBAE during laser welding. The upper panel shows a mock-up of the typical SBAE with 

respect to laser power. In the lower panel, this is explained by a model in which SBAE (blue circles) only occurs while the 
keyhole is established (so during deep welding) and the bottom of the keyhole is in contact with the solid phase of the 

sample so that the SBAE can propagate through the sample. This is not the case when either no keyhole is established (so 
during heat conduction welding) or when full penetration is reached. 

As shown in Fig. 5, SBAE are only emitted during the deep welding phase because 
only in this phase a keyhole is established. The keyhole has a bottom with contact to the 
solid phase of the welded part. In this bottom area the interaction of the laser beam with the 
welded part is taking place due to multiple reflections of the inclined laser beam on the side 
walls of the keyhole. Therefore no SBAE can be detected in the heat conduction welding 
phase because no keyhole is established. Also no SBAE can be detected when full 
penetration is reached since bottom of the keyhole is not present. This model also explains 
why there is no change in SBAE with or without coating. Since the zinc coating is 
evaporated off the surface at low laser power levels during heat conduction welding, it is 
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completely evaporated when the keyhole forms and SBAE are emitted. Hence coatings do 
not affect SBAE. 

Fig. 6 explains why ABAE are produced in smaller or larger extent during all 
phases of the welding. This is mostly due to evaporation of the coating and the base 
material, which occurs in all phases of the welding process at increasing laser power. 
However, the largest amount of material, namely the zinc coating, is emitted with very high 
evaporation rates when the coating of the welded part is evaporated at low laser power 
levels. Therefore, a large peak in ABAE can be solely explained as an effect of the presence 
or absence of a coating. Furthermore, the fact that ABAE are not vanishing once full 
penetration is reached can be explained by the still existing evaporation processes of the 
coating in this phase. But this evaporation is taking place in a different area (off side to the 
laser spot), where the transducer is not sensitive due to his pronounced directivity. 

 

 
Fig. 6: Schematic model for ABAE during laser welding. The upper panel shows a mock-up of the typical ABAE with 

respect to laser power for the two cases of materials with and without coatings. In the lower panel, this is explained by a 
model in which ABAE (black circles) occurs in all phases of welding. The large difference between coated and uncoated 
material is just due to the evaporation of the coating, which in this model is by far the most energetic source of ABAE. 

Altogether, the proposed model explains all experimental results well. In particular, 
the two key results that (i) SBAE is detected only during deep welding and that (ii) the 
most prominent emission of ABAE is indicative for zinc-coated or uncoated materials fit 
well into this model. However, a more robust conformation would require further 
investigation, e.g. in-situ CT imaging during welding, visualizing the pulsating keyhole. 

4. Summary and Outlook 

This paper presents a excerpt of the results of the “AkuProLas” project aiming at 
facilitating higher-frequency AE (ABAE: 700 - 1200 kHz; SBAE: 400 - 1000 kHz) during 
the laser welding process to enable a 100 percent in-process quality control. The main focus 
of this research is to find correlations between the penetration depth of the welding seam 
and the emitted SBAE and ABAE with respect to the laser power. Also, the influence of a 
zinc-coating of the samples has been investigated. The results are showing that SBAE is 
only emitted in the phase of deep welding, before full penetration of the sample is achieved. 
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No AE is detectable either during heat conduction welding or when full penetration is 
reached. Investigations are indicating that ABAE are emitted mostly during all phases of 
welding. The correlation with penetration depth is weaker compared to SBAE. Contrary, 
SBAE are entirely independent of the existence of zinc coatings. The amplitude of ABAE 
is forming a pronounced peak at lower laser power levels for all materials with zinc 
coatings. This peak is not present for uncoated materials. With respect to further 
investigations, which are not shown in this paper, it can be concluded that the evaporation 
of the zinc coating produces the bulk of ABAE due to suppression of the ambient air, which 
are creating compression waves. 

These two results open up great opportunities for industrial usage. More precisely, 
SBAE can be used to pinpoint the phase of deep welding, which is most important for 
industrial applications. Giving just the correct amount of laser power to reach this phase is 
hence tunable via an in-process monitoring of SBAE. Furthermore, SBAE can used to 
detect defects of laser welds, such as lack of penetration or “false friends”. On the other 
hand, ABAE can be ideally used to control the ablation of zinc coatings prior to the 
welding process itself. Since evaporating coating materials, such as zinc, might cause 
severe damage to laser welding seams by provoking pores, the thorough removal of 
coatings is of great importance for the quality of a weld. 
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