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Abstract

Imperfections like pores occurring due to high process dynamics during laser deep penetration welding reduce the weld
quality and the strength of welded joints. It is assumed that keyhole instabilities are responsible for the high process
dynamics. In order to better understand the correlation between pore formation and keyhole dynamics an analytical
process model has been developed describing keyhole radius fluctuations in different depths depending on the process
parameters. Modelled radius oscillation frequencies have been compared to experimentally measured process emissions.
Frequency spectrums of acoustic process emission observations show similar tendencies of keyhole dynamics compared
to the calculations. For pore detection x-ray photography has been used while pore percentage and pore number in the
weld seams have been evaluated. The pore formation in the solidified weld seam is compared to the observed dynamic
characteristics during the process. Higher keyhole frequencies tend to correlate with increased pore numbers at reduced
pore sizes.
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1. Introduction

In order to understand the laser keyhole welding process several physical effects have to be considered.
The laser beam interacts with the material depending on e.g. the penetration angle or the wavelength of the
beam [1]. Multiple reflections of the beam in the keyhole change the energy deposition which affects the local
temperatures and ablation rates [1]. Ablation results in vapor creation in the keyhole and pressure which
keeps, on the one hand, the keyhole open against the surface tension pressure of the surrounding melt pool
[2]. On the other hand, vapor and inhomogeneous energy distribution on the keyhole wall, which can be
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introduced by fluctuations of the laser intensity [3] or laser power variations from the laser machine [4], can
lead to occurring dynamics during the process [5]. These dynamics can be radius and depth variations of the
keyhole. Klein et al. [6] described three possible keyhole deviations: radial, azimuthal and axial. In addition,
the keyhole varies in depth, visible in the keyhole depth measurement [7], and produces spiking [8]. These
instabilities seem to be a possible reason for imperfections in the process like process pores that reduce seam
quality. Process pores are formed due to either keyhole collapses or bulging of the keyhole and immediate
collapse of the bulging due to sudden condensation [9]. Both possible mechanisms should result in
characteristic temporal keyhole movement. Attempts were done in order to measure this dynamic keyhole
behavior. A high speed camera has been used to record keyhole opening fluctuations [10]. Unfortunately, this
method gives no direct information about the keyhole behavior inside the keyhole. However, some of this
information is transferred to the keyhole opening by the vapor fluctuations induced inside the keyhole. High
speed x-ray imaging can show the keyhole and its behavior during the process [11] but keyhole dynamics are
not visible with current systems due to low resolution and recording frequency. Sandwich methods that use
transparent material like glass in front of the welded material provide the possibility to visualize the keyhole
during welding at high recording frequencies using high speed cameras [12]. However, different material
properties of the glass and metal influence the process. For indirect measurement of process dynamics, laser
back reflections from the process can be used. Oscillating melt pool surfaces or keyhole radii in the process
lead to oscillating reflections of the laser beam which can be recorded using photo diodes. Geiger et al. [13]
used a Silicon-diode capturing light from the visible spectrum up to the laser wavelength. Frequencies from
100 Hz to 600 Hz have been related to the melt pool and frequencies higher than 1 kHz to the keyhole
fluctuations. Acoustic emissions can be also used for detecting characteristic keyhole behavior. Dynamic radii
and vapor pressure oscillations in the keyhole induce sound waves that can be recorded by a microphone.
Hoffmann et al. [14] found that keyhole oscillations during welding with a CO; laser take place in the range
of 0.8 kHz to 4 kHz. Fabbro et al. [15] observed the vapor plume in order to indirectly measure pressure
changes inside the keyhole as there is a relation of exiting vapor through the keyhole opening and the
dynamics inside the keyhole. Dynamic measurements based on this method observed process frequencies
from 0.7 kHz to 5 kHz [16].

Modeling has been used to get a better insight into the process due to challenges of visualizing the keyhole
welding process during experiments. Numerical models provide detailed information about the process [17],
but calculation times are typically very high [18]. Dynamic modeling with numerical simulation found
keyhole oscillations at frequencies higher than 3 kHz [19]. Analytical models need more simplifications but
calculation time is much lower. Kroos et al. [2] and Klein et al. [20] created an analytical, self-consistent
model of the keyhole. The model is based on a solution of the energy equation to obtain the surface
temperature of the keyhole that is needed for the pressure equation to calculate the keyhole radius.
Simplifications concerning keyhole shape, for which a solution of the heat conduction equation is known, are
necessary. Thus, complete penetration of thin sheets is assumed. Radial oscillation frequencies have been
calculated to 1.5 kHz [6].

Based on existing models an analytical model for deep penetration laser welding is used in this work in
order to calculate the dynamic keyhole behavior. Experimental evaluation is conducted using acoustic process
monitoring. Measured and experimentally determined dynamic characteristics of the keyhole are correlated to
the pores found in x-ray imaging after the process.

2. Methods

For the experiments, two lasers have been used, an IPG fiber laser (YLR8000S) providing a Tophat
intensity distribution (Fig. 1a) in the focal layer and a Trumpf rod laser (HL4006D) having a Gaussian-like



intensity profile in the focal layer (Fig. 1b). The spot diameter for both setups is measured to 0.56 mm.
Besides beam profile variation, welding velocity is varied from 1.5 m/min to 3 m/min.
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Figure 1. Measured intensity profiles along the beam axis and intensity distribution in the focal layer for
(a) IPG fiber laser (YLR8000S) and (b) Trumpf rod laser (HL4006D) [21]

Acoustic emissions are recorded during welding using a microphone (Mc Crypt Microphone Mc-87 Pro,
sensitivity: 60-15000 Hz) and a transient recorder that records the acoustic signal at a recording frequency of
50 kHz. The recorded time signal of 2 s length is transferred to its frequency spectrum using Fast Fourier
Transformation. Pore number and pore percentage in the weld seam are measured for each welded specimen
in x-ray images. X-ray images are taken as shown in Figure 2a. A representative seam of 30 mm length is
taken for evaluation (Figure 2b). Pore number, pore area and weld seam area are identified from the images
using Matlab (Version R2009a). The ratio of pore and seam area is taken for the pore percentage calculation.
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Fig. 2. (a) Cross section polish (4 kW laser power, 1.5 m/min welding speed, Gaussian-like profile,

EN AW 6082) [22]; (b) sketch of a specimen and an exemplary processed x-ray image for seam and pore
detection

Modeling of keyhole parameters is conducted. An analytical process model is used based on the models of
Kroosetal. [2] and Kleinetal. [20]. Quasi-static keyhole radii and pressures are calculated in different



sections in depth of the keyhole by solving the pressure balance equations consisting of the ablation pressure
working against the surface tension pressure of the surrounding melt pool [23]. Dynamics are calculated by
solving differential equations describing the pressure and radius oscillations in all sections in depth [24].
Calculation results give characteristic keyhole radius oscillation frequencies and amplitudes for each
calculated section in depth of the keyhole.

Calculated and measured keyhole oscillation frequencies are compared to validate calculated results of the
model. In addition, the model provides information about the radii of the keyhole and amplitudes of its
oscillations which cannot be measured experimentally.

3. Results

Acoustic measurements and analytical keyhole modeling have been conducted for different parameter sets.
The spectrum is analyzed by detecting dominant peaks in the frequency spectrum. In the vicinity (300 Hz to
smaller and 300 Hz to higher values) of each frequency step in the spectrum the maximum frequency value is
determined. If the frequency value is higher than the average frequency of the observed range it is considered
a dominant peak. Dominant peaks are marked in the frequency spectrums of the acoustic measurements
(Figure 3).

At different beam profiles the peaks appear at different frequencies. The main peaks for the Gaussian-like
beam profile appear at lower frequencies compared to the spectrum of the Tophat profile (Figure 3). Most
significant frequencies in the spectrum of the Gaussian-like beam process appear at 2800 Hz, at 4500 Hz
6200 Hz and at 9000 Hz at all evaluated welding velocities. In the spectrum of the Tophat beam process most
significant frequencies are 5600 Hz, around 10 000 Hz, 11 200 Hz and up to 13 500 Hz.

When changing the welding velocity from 1.5 m/min to 3 m/min (Figure 3) the frequency spectrums
change. Amplitudes slightly decrease in general at increasing welding velocity. At higher welding velocities
the amplitudes of the peaks at high frequencies become more dominant compared to the amplitudes of the
lower frequencies. These effects are more dominant when using the Tophat beam.
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Figure 3. Frequency spectrums of acoustic process emission measurements (Gaussian-like and Tophat
beam at 0.56 mm spot size, 4 kW laser power, 50 kHz recording frequency, 2 s recording time) including
frequency peaks in the spectrum (red lines) evaluated by determining frequency maximums in the vicinity of
+300 Hz around each frequency step



For the analysis of modeled results frequencies and amplitudes of all sections are taken. The average, the
maximum and minimum are calculated and printed in Figure 4. Higher average and maximum frequencies are
visible for a Tophat beam profile compared to a Gaussian beam, except for 1.5 m/min welding velocity
(Figure 4a). Frequencies decrease at higher welding velocities when using a Gaussian beam profile.
Amplitudes decrease at increasing velocity for both profiles, while amplitudes always show higher absolute
values for a Gaussian beam profile (Figure 4b).
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Figure 4. Modelled frequency spectrums of Gaussian and Tophat beam keyhole oscillations (a) and
modelled amplitudes of process oscillation (b) during the welding process at varied welding velocity (4 kW
laser power, EN AW 6082 base material)

X-ray imaging of the weld seams of the specimens are used for pore identification as well as pore and seam
area measurement. Pore number and pore percentage are determined at different welding velocities and beam
profiles (Figure 5). Pore number is equal or lower in case of a Gaussian profile for all specimens (Figure 5a)
while pore percentage is always higher compared to the Tophat profile (Figure 5b).
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Figure 5. Pore number (a) and pore percentage (b) at different welding velocities and beam profiles (4 kW
laser power, EN AW 6082 base material)



4, Discussion

Calculations show the tendency of higher frequencies and lower amplitudes produced by the Tophat profile
of the laser beam compared to a Gaussian profile which is in agreement with the experimentally measured
spectrums. In the acoustic measurements a relative increase of amplitudes at higher frequencies compared to
amplitudes at lower frequencies can be seen at increasing welding velocity for both profiles. This effect is
more pronounced in case of the Tophat profile. This observation is in agreement with the tendencies of the
modeled results. The general decrease of amplitude values at higher welding velocities can be seen in
experiments, especially at Tophat welding, and in the model. The model seems to predict the correct
tendencies of dynamic values in the process in the observed range of varied parameters. The modeled
dynamic keyhole parameters are compared to the seam porosity in order to find correlations. For a
Gaussian-like profile lower frequencies and amplitudes lead to a lower pore number and lower pore
percentage. For both profiles, high frequencies tend to correlate to a tendency to a higher pore numbers, while
the amplitudes seem to mainly determine the size of the pores and therefore the pore percentage. The lowest
pore percentage can be achieved when using a Tophat beam at high welding velocity in this study where low
amplitudes are present. The high frequencies at this parameter set seem to cause the high pore number.

5. Conclusions

Based on the present results, it can be concluded that the keyhole dynamics and the pore formation can be
influenced by the focal beam profile. The comparison of porosity and acoustic measurements to modeled
keyhole dynamics revealed that frequencies seem to correlate to the pore number while keyhole amplitudes
influence the pore percentage. High frequencies at low amplitudes correlate with high pore number and low
pore percentage.
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