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Abstract

Optical Coherence Tomography (OCT) enables the acquisition of direct information about the geometry of the process
zone during laser beam welding. The measuring principle allows for spatial and temporal highly accurate measurements
that are hardly affected by process emissions or metal vapor/plasma. A novel sensor concept based on OCT was
evaluated for both multi-mode and single-mode laser radiation as well as for fixed and remote optics. The sensor was
attached to a 3D scanner unit allowing for measurements before, in, and after the process zone. Fundamental studies on
aluminum, copper, and galvanized steel were carried out to analyze the effect of the material, the process, and the
measurement parameters. Scan lines before and after the process zone were applied for tracking edges and assessing
the weld seam topography during the process in real-time. Measurements coaxial to the laser beam revealed the
capillary depth for spot sizes down to 55 um.
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1. Introduction

Optical Coherence Tomography (OCT) has unique capabilities regarding a direct process observation
during laser beam welding. Current studies aim at systems that allow a direct quality assurance or process
control on the basis of in situ process data. Despite the high demands on the observation methods resulting
from the high process dynamics and the intense process emissions, OCT enables a direct measurement of
the topology within the process zone. In contrast to conventional methods, which are either based on the
evaluation of indirect quantities, such as secondary emissions, or costly offline tests, the geometrical
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information recorded by OCT allow for a robust interpretation independent of disturbances such as metal
vapor and plasma generated during welding.

In order to use the spatially and temporally high-resolution measurement data for inline quality
evaluation and process control purposes, a fundamental understanding of the highly dynamic effects of the
welding process on the sensor data is necessary. A precise knowledge of the effects and disturbances
affecting the measurement is the basis to fully exploit the potential of this technology for the use in all areas
relevant for laser beam welding.

2. Optical Coherence Tomography

The functional principle of OCT is based on the interferometer design proposed by A. A. Michelson, cp.
Fig. 1 (a). A broadband light source rather than a narrow-band laser beam source is used to generate the
measuring beam. OCT as a procedure is therefore often referred to as Low Coherence Interferometry and
also known as White Light Interferometry. The technique has been utilized since 1972 to perform high-
precision distance measurements (FLOURNOY ET AL. 1972). OCT has been used primarily to capture topographic
images of the eye since a lateral scanning device could be integrated into the beam path in 1991 (HUANG ET
AL. 1991). Demonstrating that a fraction of 1071° of the incident optical power reflected at the measuring
object is sufficient to perform a distance measurement, the work of HUANG ET AL. (1991) supported the
subsequent establishment of OCT in ophthalmology. Further development enabled the evaluation of the
interference in the frequency domain (FD) rather than in the time domain (TD) (CHINN ET AL. 1997), allowing
for drastically reduced acquisition times for topographic scans with higher sensitivities than in the TD (BOER
ET AL. 2003). This made high-precision distance measurements (FRASER 2012) at scan rates of several kilohertz
possible. (BERNARDES AND CUNHA-VAZ 2012)
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Fig. 1. (a) optical concept of Fourier Domain OCT; (b) raw detector signal as a function of the wave number and Fourier transformed
signal in FD OCT (based on DONGES AND NoLL (2015))

With the polychromatic illumination with the electric field in complex form

E; = s(k, w)eikz—ot), (1)
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and the assumption of a constant and wavelength independent splitting ratio of 0.5 of the beam splitter,
the electric fields in the reference and measurement path (cp. Fig. 1 (a)) can be determined according to
DREXLER (2008):

N
Ep = w/12 rre'2keR, Eg = ,/;2 Tsne'27sn (2)
n=1

Here, sis the amplitude of the electric field as a function of the wave number k and the angular
frequency w, z the coordinate in beam propagation direction, and t the time. Multiple reflections n at the
positions zg, with the respective power reflectivity Rg,, = |r5,|? are considered for the general case of
transparent media. The photocurrent I in the detector results from the superposition of the electric fields
from the reference and the measurement path (DREXLER 2008):

Ik, @) = £ 1B, + Egl?) 3

p describes the responsivity of the sensor and (:) is the time average, i.e. the integration over the
response time of the detector (f) = limy_, %f_TTf(t)dt (BERNARDES AND CUNHA-VAZ 2012). With equations 1
and 2, the temporally invariant terms of the detector current can be calculated as follows (DREXLER 2008):
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The spectral power as a function of the wave number S(k) can be further simplified. Assuming that the
spectral characteristics of light sources typically used for FD OCT correspond to a Gaussian shaped spectrum,
the spectral power becomes (DREXLER 2008):

560 = (st @)P?) = ——e 5] s
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Here, k is the central wave number and Ak the spectral bandwidth of the light source spectrum. To obtain
the distance zg, the expression \/Rs(zs) can be quoted for the case of discrete reflections N as the sum
>N JRsn6(zs — Zs,). The result of the inverse Fourier transformation of equation 4 can be seen
exemplarily in Fig. 1 (b).

3. State of the art

For monitoring laser processes in general and laser beam welding in particular, optical methods are
typically used due to their non-contact principle and the high accuracy (LEE AND NA 2002). In the following,
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the preliminary studies will be discussed starting with the pre-process zone, continuing with the process
zone up to the post-process zone. Regarding the pre-process zone, two systems have been established: laser
triangulation and direct observation, typically by means of grayscale images, are applied for seam detection
purposes (LUO ET AL. 2012).

MATSUI AND GOKTUG (2002) presented a robot-based arc welding system for seam tracking in thin plate
welding utilizing laser triangulation. The height information acquired by orthogonal scans in the advance of
the process zone could be used to determine the weld trajectory along edges and to adjust the position of
the robot tool. Welding speeds of up to 2 m/min could be achieved using a scan rate of 60 Hz.

LEE ET AL. (2000) developed a system based on optical triangulation to join washer-shaped discs. A
geometrical model and different angles of incidence were used to account for the different welding
situations for inner and outer edge welding. The geometrical model was extended by image-processing
procedures and algorithms capable of tracking the weld seam trajectory. The positioning by means of a two-
axis Cartesian stage allowed for tolerances in the positioning of the laser beam of smaller than 50 um for a
welding speed of 22 mm/s.

LUO ET AL. (2012) utilized laser triangulation combined with a coaxial process observation by a camera. The
camera was used to cover a pre-running range of 30 mm and thus to enhance the robustness of the tracking
algorithm. Different control algorithms were discussed with the intention to process the data as effectively
as possible. Tracking errors of £ 0.1 mm on average could be achieved. DORsCH ET AL. (2015) also used both,
optical observation by a process camera and laser line projectors. The sensor system was mounted to a
scanning optics system, demonstrating the applicability of this approach to remote laser beam welding.

BLECHER ET AL. (2014) performed capillary depth measurements by laser interferometry. They compared
the optical sensor data with metallographic sections for various metal alloys. The good correspondence
between sensor data and cross sections indicates the applicability of the measurement method for real-time
keyhole depth measurements. Thus, also the formation of the keyhole growth during the initiation of deep
welding could be observed and compared to theoretically calculated growth rates.

KOGEL-HOLLACHER ET AL. (2016) developed a system for in-situ measurements of the keyhole depth in laser
processing based on short coherence interferometry. Studies on the measurement accuracy assessed the
effect of the focus diameter of the laser beam, the welding speed, the material and the position of the
measuring spot relative to the processing laser on the measurement result. An accuracy of less than £ 10 um
could be achieved for typical process regimes.

FETZER ET AL. (2017) compared high-speed X-ray images with inline capillary depth measurements recorded
by OCT. The X-ray images could be used to extract the capillary depth and to calibrate a noise reduction filter
for the OCT measurements. The acquisition rate of the OCT system was 70 kHz and that of the X-ray system
approx. 1 kHz. Based on the OCT measurements, the influence of a sinusoidal modulation with varying
frequencies of the laser power on the capillary depth could be evaluated.

RODRIGUEZ-GONZALVEZ ET AL. (2017) used laser scanning and macro photogrammetry to assess the
topography of weld seam surfaces. The measurements were applied after the joining process and allowed
the quality of welds to be evaluated in tungsten inert gas welding. The methods developed for the 3D
reconstruction were capable of resolving the weld seam surfaces with submillimeter precision.

KOGEL-HOLLACHER ET AL. (2017) discussed ultrafast as well as inline measurements for micro and macro laser
processing. A chromatic line sensor was applied to measure the topography of surfaces. The measuring
principle allowed for measurements to be taken even on polished, sloped surfaces with up to 400,000 points
per second at submicron resolution. OCT was employed for in situ measurements during laser processing.
Scans at 70 kHz could be taken from the surface independent of the surface processing by means of
ultrashort laser pulses.
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WEBSTER ET AL. (2014) applied OCT to monitor the machining depth in remote processing. The
measurements could be exploited to develop an automatic sculpting process of 3D structures. The approach
was then further enhanced to enable a closed-loop feedback control for an automated laser processing. The
machining depth measured at 230 kHz could be evaluated with an axial resolution of about 7 um (JI ET AL.
2015).

4. Objectives and approach

The great potential of Optical Coherence Tomography by a direct in situ process observation for laser-
based machining processes can make a significant contribution to the applicability of laser beam welding for
a broad range of industries. For this, however, a precise knowledge of the influencing factors on the sensor
system is required. Therefore, fundamental investigations of the influencing factors were performed to
qualify the measurement method for a robust use in all zones relevant for laser beam welding. Inline as well
as offline tests were performed to assess the effect of process emissions on the accuracy and validity and to
evaluate the applicability of OCT for edge tracking, welding depth and topographic measurements.

5. Experimental setup

The tests were carried out using a system based on FD OCT for coaxial distance measurements. Fig. 2
shows the integration of the sensor system into the remote welding system as well as the working space of

the remote scanner system.
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Fig. 2. (a) optical setup of the welding optics equipped with the FD OCT sensor system; (b) characteristic points within the working
volume of the scanning optics (based on STADTER ET AL. (2019))
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The sensor of the type Precitec IDM provided an acquisition rate of 70 kHz. The spot size of the measuring
beam was about 50 um in the focal plane. The measuring beam passed through the same optical path as the
processing beam and could be deflected separately by an independent auxiliary scanner. The analyses of the
welding depth were performed with a fixed optics system using multimode and singlemode laser radiation.
Details on the respective optical parameters can be found in SCHMOELLER ET AL. (2019) and STADTER ET AL.
(2019). With a view to automotive applications, the medium-strength, curable aluminum alloy AA6082
(thickness 4 mm), the galvanized steel HCT780X+Z100 MB (0.75 mm) and the oxygen-free copper alloy
C10200 (3 mm) were used in the experiments. The measurements were validated by a Keyence VR 3100 3D
macroscope, equipped with a micro and a macro camera.

6. Results

Starting with fundamental investigations on the signal characteristics, the effects of fundamental
influencing factors on the measurement are discussed. This allows the OCT measurements to be
systematically investigated in all areas relevant to laser beam welding.

6.1. Fundamental signal characteristics

With view to the quality of the distance measurements, the inverse Fourier transformed signal provides
information about the signal quality. Fig. 3 shows the spectra in the frequency domain depending on the
material and the distance of the measurement beam to the focal plane. Based on a Gaussian fit, the signal-
to-noise ratio (SNR) as the ratio of the peak height and the background noise can be used as a measure of
the signal quality.
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Fig. 3. (a) Fourier transformed spectra depending on the material (a) and the distance to the focal plane (b) (measuring position P1,
based on STADTER ET AL. (2019))

The best signal quality can be achieved with aluminum. A decrease in peak height and an increase in
background noise result in a slight drop in the SNR for steel. Measurements on copper showed a significantly
reduced signal quality of about a quarter of that of aluminum. Regarding the distance to the focal plane d, a
steep drop in the SNR could be seen with increasing distance, mainly caused by a rise in background noise.
The resulting drop in SNR lies in the exponential falloff in sensitivity (DREXLER 2008) due to a finite spectral
resolution of the spectrometer and sampling effects in the Fourier transformation (DREXLER AND FUJIMOTO
2015). A more detailed discussion of the influencing factors can be found in STADTER ET AL. (2019).
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6.2. Pre-process zone — edge tracking

The capability of the sensor system for tracking purposes was evaluated exemplarily for fillet welds with
varying plate thicknesses, welding speeds and materials. An essential factor for the reliability of the tracking
system is the quality of the surface recordings. The robustness of the OCT-based approach can be seen in the
SNR of topographic scans shown in Fig. 4 (a). Systematic effects could be observed with the increase in the
angle of incidence from position P1 to P3 and the varying distance to the focal plane from the top (t) and
bottom (b) plate. For all configurations, the SNR was far above the critical value of about 30, below which the
measurement is considered invalid as the distance can no longer be clearly identified. The lowest SNR could
be observed on the top plate of the aluminum samples at maximum scanner deflection, but with an average
of about 100 it was far above the critical threshold of 30.
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Fig. 4. (a) SNR depending on the position and the material; (b) validation of the real-time seam tracking (HCT 780X, P2, P, =
1.4 -2.4 kW, line distance 700 um, point distance 50 um; based on STADTER ET AL. (2019))

The accuracy and the robustness with regard to process emissions during welding were evaluated by
inline tracking trials on galvanized steel in measurement position 2 (cp. Fig. 2 (b)). The sample topography
was recorded by subsequent measurements using a 3D macroscope, see Fig. 4 (b). Two welding speeds were
analyzed. Absolutely no deviation from the nominal trajectory could be detected for a welding speed of 2.5
m/min. Increasing the welding speed to 5 m/min did not affect the accuracy of the tracking approach, only
the detailed section at the weld seam start showed a lateral deviation. This originated from the
measurement time for the initial search of the edge position before the laser had been switched on, which in
this case was not sufficient to align the laser spot on the edge in time. Apart from that, the laser spot then
precisely followed the target trajectory.

6.3. Process zone — capillary depth measurement

In situ measurements of the welding depth in bead on plate welds were performed using a fixed optics
system equipped with a sensor of the type Precitec IDM. A beam splitter allowed to deflect a fraction of the
measuring radiation coaxial to the laser beam with a lateral deviation of approx. 5 mm. This facilitated the
measurement not only of the capillary depth but also of the distance between the optics and the surface of
the material to be welded. Tolerances of the robot-based positioning of the optics could be compensated by
calculating the difference between the distance values of the surface and the keyhole.
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Fig. 5 (a) illustrates the influence of the welding depth on the signal characteristics. A significant loss in
signal density that can be obtained from the capillary can be observed with increasing welding depths. The
fluctuations in the measured welding depth indicate an increase of the melt pool dynamics. For large welding
depths, the measured depth does not follow the real welding depth exactly, indicating that melt pool
dynamics significantly contribute to the formation of the weld seam geometry.
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Fig. 5. (a) influence of the welding depth on the signal characteristics; (b) averaged deviation between measured and real welding depth
as a function of the measured depth (AA6082; based on SCHMOELLER ET AL. (2019))

Metallographic longitudinal sections were taken to validate the OCT measurements and to assess the
deviation to the real welding depth. The deviation averaged over 3 individual tests is shown in Fig. 5 (b). A
good correlation for medium depths could be found, whereas the deviation increased for higher welding
depths. Also, the uncertainty of the measurement increased as the standard deviation rose with the welding
depth. The standard deviation and the decreasing signal density at large welding depths result from the high
process dynamics and underline the need for suitable evaluation strategies to interpret the sensor data
validly. A statistical discussion of the influence of the material, the angle of incidence of the processing laser
beam, the weld depth and the beam characteristics on the sensor data is given by SCHMOELLER ET AL. (2019).

6.4. Post-process zone — quality assurance

Topographic scans in the post-process zone were carried out to assess the quality of the weld seam
surface. The measurements were applied inline and offline to evaluate the accuracy of the measuring system
considering interferences from process emissions. Fig. 6 (a) shows the topography of a weld seam section
recorded by OCT and 3D macroscopy, respectively. The OCT-based topographic scan contains a very precise
representation of the structure of the weld seam surface. A more detailed discussion of the data structure
can be found in STADTER ET AL. (2019). Comparing the measurements applied by OCT and macroscopy, a good
correlation can be seen. A numerical comparison of the individual pixel distance values can be found in the
probability density function in Fig. 6 (b) for aluminum and galvanized steel.
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Fig. 6. (a) Topography measured by OCT and macroscope (AA 6082); (b) probability density function of the deviation between OCT and
macroscope measurement (line distance 20 um, point distance 20 um, scan speed 0.1 m/min; based on STADTER ET AL. (2019))

A standard deviation of 35 um could be achieved on aluminum and even 15 um for the measurements on
steel. Improvements in the setup of the measurement system will further enhance the accuracy, though the
accuracy is already by far sufficient to reliably detect seam characteristics typical for laser beam welding
(STADTER ET AL. 2019). The tests on aluminum were also conducted during welding to assess the influence of
process emissions. While the offline measurements were carried out at low scanning speeds, the inline
measurements were taken at welding speed of 3 m/min. Despite the significantly higher scanning speed and
the perturbations from the process, only a marginal drop in measurement accuracy could be noted, from a
standard deviation of 35 um in the offline tests to 41 um in the inline tests.

7. Conclusions and outlook

A sensor system based on low coherence tomography allowed for topographical measurements in and
around the process zone in laser beam welding. Systematic studies were carried out to assess the influence
of fundamental parameters and effects on the sensor signal. The accuracy and limits of the system were
investigated with a view to a broad range of applications. It could be shown that the OCT system can be used
for inline edge tracking, in situ measurements of the capillary depth and recordings of the weld seam
topography for quality assurance purposes.

The great potential of the sensor technology can make a significant contribution to laser processes finding
large-scale industrial application where limitations still exist today with regard to process control and
monitoring options. Further research activities will address approaches of data evaluation to enable a
universal and valid interpretation of the sensor data and to facilitate the use of the technology for industrial
applications.
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