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Welding depth measurement for different mode lasers
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1. Introduction

Laser welding has been widely used in industrial manufacturing,
and presents unique challenges in the manufacturing of power
batteries for electric mobility. A high-precision measurement of
laser welding depth is necessary for ensuring sufficient joint
strength and avoiding piercing of the battery cells. Compared
with the indirect methods relying on photodiodes, cameras,
and acoustic monitoring systems'' !, optical coherence tomog-
raphy (OCT) allows a direct and precise measurement of the
laser welding depth and shows great promise for process mon-
itoring and control*?!,

In laser deep-penetration welding, a vapor capillary named
the keyhole appears in the molten pool, and OCT coaxially mea-
sures the depth of the keyhole by coupling the measuring beam
and processing beam, as shown in Fig. 1. The measurement prin-
ciple is classified more specifically as spectral-domain OCT (SD-
OCT), which is well-established in medical imaging'®”. Light
emitted from a superluminescent diode (SLD) is divided by a
fiber coupler into sample and reference beams. The two beams
are backreflected off the keyhole bottom and the mirror. Both
reflected beams are received and analyzed by a spectrometer,
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Optical coherence tomography (OCT) allows a direct and precise measurement of laser welding depth by coaxially meas-
uring the keyhole depth and can be used for process monitoring and control. When OCT measurement was taken during
single-beam laser welding, the keyhole instability of aluminum welding resulted in highly scattered OCT data and compli-
cated the welding depth extraction methods. As a combination of an inner core beam and an outer ring beam, a novel
adjustable ring mode (ARM) laser for producing a stable keyhole was applied to the OCT measurement. Different ARM
laser power arrangements were conducted on aluminum and copper. The results indicated that the ring beam greatly
improved the stability of the core beam-induced keyhole, and smooth welding depth can be extracted from the concen-
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which records the interference spectrogram. A fast Fourier
transform (FFT) is performed on the interference spectrogram
to resolve the keyhole depth. By deflecting the measuring beam
independently of the processing beam using a scanner, OCT can
also be used to preprocess or postprocess seam tracking!®").
Generally, a single Gaussian laser beam is used as the process
laser owing to its high intensity, which increases the dynamic
interaction of laser and material. Compared with steel, alumi-
num (Al) suffers from high reflectivity and thermal conduc-
tivity. In welding Al, the high intensity of the single Gaussian
laser beam tends to generate the rapid collapse of the keyhole!'?).
The keyhole dimensions are dynamically changing, which indu-
ces noise points from the multiple reflections or the keyhole wall
and results in highly scattered OCT data. Boley et al.""! pro-
posed a statistical filtering method to first exclude the noise
points and then extract the welding depth. This method
improved the OCT measurement accuracy, but required bin-
ning the OCT data into segments and was unsuitable for welding
Al Mittelstadt et al."* noticed that histogram evaluation was
more suitable for welding Al. However, this required dividing
the measuring beam into two subbeams, and significant amount
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Fig. 1. Schematic of the welding depth measurement system based on SD-OCT.

of the measurement points reflected from the keyhole bottom. In
our previous works''*'*, welding depth measurement using
OCT was applied for a single-beam multimode laser. The
keyhole instability leads to the highly scattered OCT data for
welding Al and complicates the welding depth extraction
methods.

To improve the stability of the keyhole, a so-called adjustable
ring mode (ARM) laser was introduced. The ARM laser consists
of an inner core beam and an outer ring beam, with the capabil-
ity of dynamically adjusting the power distribution of the two
beams. The core Gaussian beam generates the keyhole for suf-
ficiently deep penetration, while the shaped ring beam is
expected to stabilize the keyhole by controlling temperature dis-
tribution of the melt pool. Maina et al.!"! verified the advantages
of ARM laser welding of Al for achieving deeper penetration and
better surface quality. Wang et al.!"®! investigated the ARM laser
welding of Al in terms of welding performance and indicated
that the combination of ring beam and core beam greatly
improved welding efficiency. Sokolov et al!'”! analyzed the
effect of the ARM laser on OCT measurement in overlap weld-
ing of aluminum-copper (Al-Cu) and found a reduced keyhole
fluctuation, allowing a 50% improvement of the OCT measure-
ment accuracy.

This paper aimed to investigate the welding depth measure-
ment for different mode lasers using OCT. The OCT measure-
ment using single-beam laser welding was compared to ARM
laser welding. Different ARM laser power arrangements were
conducted on bead-on-plate welding of Al alloy to analyze the
influence of the ring beam on OCT measurement. Furthermore,
Al alloy and Cu were used for bead-on-plate welding, and over-
lap welding was conducted to investigate the effect of different
materials of ARM laser welding on the OCT measurement.
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2. Experimental Setup

Figure 2 illustrates the experimental setup of the welding depth
measurement system, which is composed of a laser welding sys-
tem and an SD-OCT system. Figure 2(a) shows the laser welding
system. The welding head had a collimation lens with a focal
length of 100 mm and a focusing lens with a focal length of
200 mm. A single-beam multimode laser and an ARM laser were
used. Figure 2(b) shows the simulation beam profiles of the mul-
timode laser with 1080 nm wavelength and 6 kW maximum
power. The multimode laser was delivered by a fiber with
200 pm core diameter, resulting in 400 pm focus diameter.
Figure 2(c) shows the simulation beam profiles of the ARM laser
with 1080 nm wavelength and 6 kW maximum power. The
ARM laser was configured to output a maximum power of
4 kW in the core beam and a maximum power of 2 kW in
the ring beam. Both beams were delivered via a special fiber
of 50 pm in core diameter and 150 pm in ring diameter, resulting
in a focus diameter of 100 pm in the core and 300 pm in the ring.
The power density of the core beam is higher than that of the
ring beam, meaning that penetration ability mainly comes from
the core beam.

Figure 2(d) shows the SD-OCT system. The 40 mW SLD had
an 850 nm central wavelength and 45 nm bandwidth. The emit-
ted light was divided by a 75:25 coupler into the sample and
reference beams. The beam in the sample arm, with an output
power of 30 mW, was focused into a spot with a diameter of
54 pm. The interference spectrogram was captured by a spec-
trometer, which had a maximum measuring range of 3 mm
and a sampling rate of 80 kHz.

Welding depth measurement using SD-OCT can be applied
to laser deep-penetration welding of metal materials (e.g., steel,
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Fig. 2. (a) Laser welding system; (b) beam profiles of the multimode laser; (c] beam profiles of the ARM laser; (d) SD-OCT system.

Table 1. Compositions of Mild Steel Q235, Al Alloy 6061, and Cu T2.

Materials Chemical Compositions

0235 Mn C Si P Cu S Ni Cr Fe
Mass fraction (%) 05 018 0.25 0.016 0.01 0.018 0.01 0.01 Bal.
6061 Si Cu Fe Mg Mn Cr In Ni Al
Mass fraction (%) 06 0.28 07 10 015 02 0.25 0.05 Bal.
T2 p Ni Si Fe In S Ag Pb Cu
Mass fraction (%) 0.07 0.02 0.04 0.08 0.09 0.09 01 0.005 Bal.

Al, Cu). Mild steel Q235, Al alloy 6061, and Cu T2 were used.
Table 1 shows the chemical compositions. Argon was applied as
the shielding gas with a flow rate of 25 L/min.

3. Results and Discussion

The OCT measurement during single-beam laser welding was
investigated. The OCT data for bead-on-plate welding of steel
and Al were analyzed. Figure 3(a) shows the OCT data for sin-
gle-beam laser welding of mild steel Q235 with 3 m/min welding
speed and 800 W laser power. Since the laser was turned on at
0.03 s and turned off at 0.38 s, the keyhole was measured with a
constant welding depth of approximately 0.9 mm from the

concentrated OCT data. The keyhole generated in the steel weld-
ing process is stable and rarely collapses.

In contrast with welding steel, there is a major difference in
the OCT data for welding Al. Figure 3(b) shows the OCT data
for single-beam laser welding of Al alloy 6061 with 3 m/min
welding speed and 1750 W laser power. The measurement
points are scattered over a very broad range. The keyhole in sin-
gle-beam laser welding of Al is unstable and collapses frequently.
This indicates the greater keyhole instability in the Al welding
process than in the steel welding process.

The ARM laser was introduced to generate a stable keyhole in
welding Al. To analyze the influence of the ring beam on OCT
measurement, pure core and ring/core setups were compared.
The process parameters and transverse cross section are shown
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Fig.3. OCT data for single-beam laser welding of (a) mild steel Q235 with 800 W laser power and (b) Al alloy 6061 with 1750 W laser power at 3 m/min welding speed.
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Fig. 4. Top, the OCT data for ARM laser welding of Al alloy 6061 at 5 m/min welding speed with (a), (c) pure core setup and (b), (d) ring/core setup. Bottom, the
micrograph of the corresponding seam surface.
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Table 2. Process Parameters and Transverse Cross Section.

Setup Pure Core Ring/Core
Welding speed 5 m/min 5 m/min
Focus position 0 mm 0 mm
Core power 800 W 800 W
Ring power ow 800 W
Actual weld width 0.88 mm 1.09 mm
Actual weld depth 0.77 mm 0.92 mm

Transverse cross section

in Table 2. The actual weld width and depth in the ring/core
setup are greater than those in the pure core setup.

The plots of the OCT data for ARM laser welding of Al alloy
6061 are shown in Fig. 4(a) with the pure core setup and in
Fig. 4(b) with the ring/core setup. In both cases, the depths mea-
sured in ARM laser welding are more concentrated than those
measured in single-beam laser welding. A stable keyhole in the
Al welding is generated by the ARM laser. The measurement
points at 0 mm during the welding process result from the auto-
correlation noise due to the weak multiple reflections within
one arm!'®l,

The dynamic changes of the keyhole dimensions lead to scat-
tered points in the OCT data, which do not reveal the correct
welding depth. To extract the actual welding depth, a well-
known nonlinear statistical filtering technique named the

Position /mm
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percentile filter was applied, which required the input parame-
ters: percentile p and window length L. According to Ref. [11],
it is beneficial to eliminate the noise points before applying the
percentile filter. A histogram is the simplest noise removal
method. An error of less than 5% can be obtained with a window
length above 200 and a percentile between 95 and 98.

Figures 4(c) and 4(d) show the cleaned OCT data after elimi-
nating the noise using the histogram method. The extracted
welding depth with p =95 and L =400 is marked by red. The
welding depth in the ring/core setup is smoother than that in
the pure core setup. The bottom shows the micrographs of
the seam surface. The ring/core setup has lower spatter and a
better-quality seam surface compared to the pure core setup.
This confirms that the ring beam can be used to improve keyhole
stability and ensure good surface quality.

To investigate different materials on the OCT measurement,
Al and Cu were used. The OCT data are shown in Fig. 5(a) for
bead-on-plate welding of Al alloy 6061 with 800 W core power
and 800 W ring power and in Fig. 5(b) for bead-on-plate welding
of Cu T2 with 1600 W core power and 1600 W ring power. The
bottom shows the transverse cross sections and the process
parameters. To achieve a constant welding depth of approxi-
mately 1 mm, the laser power of welding Cu is twice that of weld-
ing Al The measurement points for Al show smooth welding
process, while small-scale fluctuations occur in the Cu welding.
The extracted welding depth marked by red in the Al welding is
smoother than that in the Cu welding. The distribution differ-
ence between Al and Cu can be attributed to the material-depen-
dent geometry of the keyhole because the keyhole of Al welding
shows a conical geometry, while Cu welding tends to form a
bottle-shaped geometry that generates different reflection
patterns“g].

Dissimilar metal laser welding involves mixing of two
materials with different thermal and mechanical properties.
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Fig. 5. Top, OCT data for bead-on-plate welding of (a) Al alloy 6061 and (b) Cu T2; (c) OCT data for overlap welding of Al alloy 6061 and Cu T2. Bottom, the

corresponding transverse cross section and process parameters.
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Figure 5(c) shows the OCT data for overlap welding of Al alloy
6061 and Cu T2 with 1000 W core power and 1000 W ring
power. The measurement points during the welding process
are scarce but concentrated, which confirms that a stable key-
hole occurs in the overlap welding.

4. Conclusion

This work investigated the welding depth measurement for dif-
ferent mode lasers using OCT. For the single-beam welding
process with a multimode laser, the results showed highly scat-
tered OCT data for welding Al, which was caused by the keyhole
instability. Subsequently, ARM laser was applied to generate a
stable keyhole, and OCT measurements with different ARM
laser power arrangements were investigated. Concentrated
OCT data for welding Al could be obtained, and smoother
welding depth could be observed with greater ring power.
Furthermore, the influence of the material on the OCT measure-
ment was analyzed. Bead-on-plate welding of Al and Cu was
compared, and overlap welding of Al and Cu was conducted.
The effectiveness of improving keyhole stability using ARM
laser could be confirmed, and the welding depth was determined
by OCT.

Future research will focus on the OCT measurement with dif-
ferent ARM laser power arrangements at different welding
speeds and the correlation between keyhole status and inner
or surface formation.
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