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Abstract
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In this work, we investigated keyhole welding including the pore dynamics (creation and collapse) of aluminium at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). Optical back reflection and acoustic signals were simultaneously recorded during the welding
process which was also visualized by high-speed X-ray imaging. This allows correlating the different momentary events with the signals
Abstract
recorded by the sensors. We demonstrate that keyhole welding is a highly dynamical and unstable process. In addition, to use either acoustic or
optical sensors for pore detection, highly advance statistical methods such as machine learning are a requisite for signal processing.
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made with a state-of-the-art high speed X-ray imaging at the
European Synchrotron Radiation Facility (ESRF).
2. Experimental method
The laser welding experiments were made with a single
mode fiber laser source StarFiber 150P (Fiber laser –
StarFiber 150P/300P – long pulse fiber laser systems) with a
1070 nm wavelength. The laser system was capable of both
continuous-wave (CW) and pulse operational modes but only
the latter was employed in this work. The emitted Gaussian
beam was transmitted through a 12 µm diameter single –
mode optical fiber to a laser head. The laser beam was guided
by the optical system within the laser head and then focused
on the sample surface by a focusing lens with a focal length of
170 mm. The diameter of the laser spot at the focus was
approximately 30 µm at 1/e2 of the beam’s maximum
intensity. This small diameter allowed not only keyhole
formation at low laser power but also to use thin sample (2
mm thick) that is necessary to see though via X-ray imaging.
The laser head also contained an optical system for
collecting the co-axial back-reflected and/or emitted radiation
from the process zone as depicted in Fig. 1a. The collected
light was directed towards the sensor module containing three
optical sensors: Si, Ge and AlGaAs sensors operating within
the ranges 450 – 850 nm, 1000 – 1200 nm and 1250 – 1700
nm, respectively. This module was described in more details
in a previous work [10]. Signals from the optical sensors were
recorded using an oscilloscope (Teledyne LeCroy, USA) with
a sampling rate ranging from 0.05 to 10 MHz, depending on
the welding length. Even though all three optical sensors were
recorded simultaneously during the experiments, only the
results with the Ge sensor are presented in this work as some
optical losses occurred in the connection, reducing the signal
from the other sensor to noise level. For sensing the acoustic
shockwave created during welding, an acoustic piezoelectric
sensor Pico (Physical Acoustics, USA) sensitive within the
range of 500-1850 Hz was used. The AE sensor was attached
to the sample holder with a rubber band. The AE signals were

digitized and stored by a data acquisition unit and software
from Vallen (Vallen GmbH, Germany). The sampling rate of
the AE signals was fixed at 10 MHz. The acquisition units
were triggered by the laser. Preliminary tests showed that the
delay between the signal acquisition and the laser emission
was less than 25 µs.
The high-speed X-ray imaging was carried out at beamline
ID19 of the ESRF using the synchrotron X-ray source in
polychromatic mode: high photon flux that could be exploited
for X-ray radiography up to millions frames per second (fps)
rates [12]. X-ray phase contrast imaging by free-space
propagation was utilized to enhance the contrast between
material interfaces. An U-13 type undulator (single harmonic)
at minimum gap of 11.1 mm was used. A diamond filter and
an aluminium filter of 1.4 mm thickness each suppressed the
lower photon energies. The pink beam mean energy was 26.3
keV. The radiography of the laser welding process was
recorded by an indirect X-ray detector composed of a 250
µm-thick Ce-doped Lu3Al5O12 scintillator (Crytur, Czech
Republic), lens-coupled to a high-speed camera (pco.dimax;
PCO AG, Germany) at a 90° angle using a mirror. The
recording frame rate during the experiments was fixed at
28762 fps. The effective pixel size of the X-ray image
detector was 11 µm. The diagram of the setup for laser
welding experiments is presented in Fig. 1b.
In our experiments, aluminum was chosen for the weld
samples due to its high X-ray transmissivity. The aluminum
samples manufactured for welding had a dimension of
2x20x50 mm3. The samples were placed to have a thickness
of 2 mm along the X-ray path, allowing a transmission rate of
approximately 54%. The samples were firmly fixed in the
aluminum sample holder which is placed on a XYZ table.
A total of 40 welding experiments were performed. The
samples were either stationary (spot weld) or moved with a
velocity of 1.5 mm/s (seam weld) in a direction perpendicular
to both the laser and the X-ray beams. Laser powers up to
250 W and pulse durations between 10 and 15 ms were
chosen as process parameters to provoke different weld
regimes. The pulse repetition rate was fixed at 10 Hz

Fig. 1. (a) The diagram of the laser head including optical sensors, adapted from Vakili-Farahani et al. [10], and (b) The setup for the laser welding
experiments.
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throughout the experiments.
3. Results and discussion
Figure 2 presents typical optical and AE signals recorded
during the experiments. This particular experiment was
performed with a single laser pulse at 250 W during 10 ms.
The optical signal shows a significant increase in amplitude
during the first 0.4 ms. It can be attributed to shallow melting
of the sample’s surface. No other remarkable feature is
observed in this signal. In contrast, the surface melting stage
cannot be clearly observed in the AE signal. However, several
bursts with sub-millisecond durations can be clearly observed
in this signal at around 2.5 ms, 3.4 ms, 6.0 ms, 8.3 ms and 9.3
ms, indicating intensive activities in the process zone. The
observation shows that the optical and AE signals are
sensitive to different physical events during laser welding. In
addition, the complexity of the signals, especially the AE
signal, suggests that the correlation between the signals and

Fig. 2. Optical (a) and AE (b) signals recorded during a laser experiment with
250 W laser power and 10 ms pulse duration.

the process should be done via in situ imaging instead of post
mortem analysis of the cross sections.
Figure 3 shows a sequence of X-ray images of the process
zone during the experiment presented in Fig. 2 together with
the record signals. The time t at which the image was taken is
indicated in the images. t equals 0 at the beginning of the laser
pulse. The components of the process zone could be
distinguished based on their brightness. This depends mainly
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on the density and, hence, the temperature of the matter. In
particular, keyhole is characterized by the highest brightness
as it contains mostly metallic vapor, while solid material
showed the lowest brightness.
The X-ray images reveal a highly complex behavior of the
process with numerous sub-millisecond events. In the first
0.38 ms of the laser pulse, only a small amount of molten
material was observed (See Fig. 3 t= 0.35 ms). The shallow
surface melting can be explained by the high reflectivity of
aluminum at room temperature [13]. This leads to an
inefficient coupling of the laser energy into the process zone.
The melt pool expanded as the irradiation continued,
increasing the laser absorption. The transition to keyhole took
place when the pressure created by the evaporation of molten
material was strong enough to push aside the melt pool
forming a channel of metallic vapor. This formation causes an
abrupt increase of laser absorption due to the multiple
absorption of the laser by the keyhole walls. The improved
energy deposition caused further expansion of the melt pool
and the keyhole (0.38 – 0.63 ms). As the penetration depth of
the keyhole increased, its instability increased as well. This
behavior is often attributed to the surface tension of the
molten material, which is responsible for the closing/collapse
of the keyhole [3]. At sufficiently high penetration depth, the
opening of the keyhole could not be permanently sustained
and its partial collapses and openings could be observed (See
Fig. 3 t= 1.84 – 9.67 ms). This rapid fluctuation could trap the
metallic vapor in the keyhole channel, leading to pore
formation mostly close to the tip of the keyhole (See Fig. 3 t=
7.02 ms) [14]. The created pores might either disappear by
merging with the keyhole or moved away from it so that it
remains present until the end of the process. Spattering,
another undesirable event, also took place during the
fluctuation of the keyhole (See Fig. 3 t= 1.84 ms). The X-ray
results indicate that these behaviors of the keyhole took place
simultaneously and on sub-millisecond time scales. At the end
of the laser pulse, the keyhole collapsed abruptly while
strongly fluctuating, resulting in trapping of the vapor.
Consequently, a pore was formed, which remained in the
sample afterwards.
The momentary events revealed by the X-ray images,
especially during the unstable keyhole stage, have strong
influence on the final quality of the weld. Nevertheless, they
cannot be completely correlated to the recorded signals via
human visual inspection. In particular, only the shallow
surface melting can be visually recognized in the optical
signal. On the other hand, the bursts observed in the AE signal
within the range 2 – 10 ms can be attributed to the instability
of the keyhole. In addition, part of the AE signal within the
range 10.00 – 13.45 ms can be related to the resolidification
of the melt pool. However, the transient events such as
keyhole fluctuation, spattering and pore formation cannot be
visually recognized in the signals.
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Fig. 3. X-ray images of the process zone (a) and the corresponding AE and optical signals (b) during an experiment at 250 W during 10 ms. The scale bar equals
300 μm. The times at which the images are indicated above the images and in the signals.

It can be concluded that human visual inspection of the
signals is neither efficient nor reliable as the events took place
simultaneously and at very short time spans (submillisecond). In order to distinguish the transient events,
analysis of the signals in time-frequency domain using
wavelet decomposition is known to be a much more efficient
and reliable approach [10,15]. Furthermore, the application of
machine learning techniques would be very useful in
detecting the changes in the time-frequency components at the
transition between different transient events [8,11]. Indeed,
this approach was tested on the data from our present
experiments and reported by Wasmer et al. [16]. Following
events were defined based on the X-ray images: 1) conduction
welding, 2) stable keyhole, 3) unstable keyhole, 4) spatter.
The corresponding signals were analyzed by wavelet package
transform (WPT) [17]. Event classification was done by
gradient boost (GB) [18], an extension of a more general
boosting technique [19], which is a branch of machine
learning that employs a number of weak classifiers to build a
strong one [18,19]. This approach resulted in the classification
accuracies ranged between 78 to 95% depending on the
category. The two events stable keyhole and unstable keyhole
could be classified with 89 and 84% confidence. The
capability to distinguish those two events is very promising
for in situ and real time quality control since unstable keyhole
often leads to defects.
The potential of this approach has also been demonstrated
for in situ quality control of additive manufacturing by
Wasmer et al. [8] and Shevchik et al. [11]. These results show
that the combination of the wavelet decomposition and
machine learning is a promising solution for in situ and realtime control of the process using AE and optical sensors. Due
to the simplicity of the hardware setup, the control unit can be
easily realized in industrial sector.

4. Conclusion
In situ and real-time quality control of laser welding is still
a challenge today. The reason is the highly complex and
dynamical laser material-interaction. To address this, in this
contribution, we combined AE and optical sensing techniques
to study the laser welding process of aluminum. To overcome
the difficulties of post mortem correlation between the
recorded signals with the different momentary events, the
experiments were conducted with a high-speed X-ray
imaging. The results showed that both AE and optical sensors
were complimentary to each other in detecting different
regimes of the process including surface melting, keyhole and
resolidification. The events that could lead to defect
formation, however, could not be sufficiently recognized by
human visual inspection of the signals. Actually, it is due to
the complex dynamic and short time spans of the events, such
as keyhole fluctuation, pore formation and spattering.
Therefore, the correlation between the signals and the post
mortem quality analysis is not reliable. The combination of
advances in signal processing and state-of-the-art statistical
techniques such as wavelet decomposition and machine
learning is a promising approach for quality control of laser
welding based on AE and optical sensors.
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