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(57) Abrégé/Abstract:

The invention relates to a method for measuring the welding-in depth, in particular when welding, drilling or removing material by
means of a working laser beam (36), in which a measuring light beam (28) of a sensor system (10) is coupled into a machining
beam path (30) of the working laser beam (36) in a laser machining head (26) and is concentrated or focused by a focusing optical
unit (42) of the machining beam path (30) to a measuring light spot on a surface of a workpiece (44). The measuring light beam
(28) reflected at the surface of the workpiece is then returned to a measuring and evaluating unit (12) of the sensor system (10), in
order to obtain information about the distance of the surface of the workpiece (44) from the laser machining head (26). In order to
obtain a surface profile of the workpiece in the region of the vapour capillary (54), from which the position of the vapour capillary
(54) in relation to the point of incidence of the working laser beam can be determined, the position of the measuring light spot on
the surface of the workpiece (44) is guided both in the welding direction and transversely thereto over the vapour capillary (54). The
measuring light spot is then moved into the determined position of the vapour capillary (54) for measuring the welding-in depth
during the laser machining.
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(57) Abstract: The invention relates to a method for measuring the welding-in depth, in particular when welding, drilling or removing
material by means of a working laser beam (36), in which a measuring light beam (28) of a sensor system (10) is coupled into a
machining beam path (30) of the working laser beam (36) in a laser machining head (26) and is concentrated or focused by a focusing
optical unit (42) of the machining beam path (30) to a measuring light spot on a surface of a workpiece (44). The measuring light beam
(28) reflected at the surface of the workpiece is then returned to a measuring and evaluating unit (12) of the sensor system (10), in order
to obtain information about the distance of the surface of the workpiece (44) from the laser machining head (26). In order to obtain a
surface profile of the workpiece in the region of the vapour capillary (54), from which the position of the vapour capillary (54) in relation

[Fortsetzung auf der ndichsten Seite]
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3)

to the point of incidence of the working laser beam can be determined, the position of the measuring light spot on the surtace of the
workpiece (44) is guided both in the welding direction and transversely thereto over the vapour capillary (54). The measuring light spot
is then moved into the determined position of the vapour capillary (54) for measuring the welding-in depth during the laser machining.

(57) Zusammenfassung: Die FErfindung betriftt ein Verfahren zur Messung der Einschweiltiefe, insbesondere beim Schweillen, Boh-
ren oder Abtragen mittels eines Arbeitslaserstrahls (36), bei dem ein Messlichtstrahl (28) eines Sensorsystems (10) in einen Bearbei-
tungsstrahlengang (30) des Arbeitslaserstrahls (36) in einem Laserbearbeitungskopf (26) eingekoppelt und von einer Fokussieroptik
(42) des Bearbeitungsstrahlengangs (30) in einen Messlichttleck auf einer Oberfldche eines Werkstiicks (44) gebiindelt oder fokussiert
wird. Der an der Oberfldche des Werkstiicks reflektierte Messlichtstrahl (28) wird dann zu einer Mess- und Auswerteeinheit (12) des
Sensorsystems (10) zuriickgefiihrt, um Information iiber den Abstand der Obertlache des Werkstiicks (44) vom Laserbearbeitungskopf
(26) zu erhalten. Um ein Obertliachenprotil des Werkstiicks im Bereich der Damptkapillare (54) zu erhalten, aus dem die Position der
Dampftkapillare (54) relativ zum Auftreffpunkt des Arbeitslaserstrahls ermittelt werden kann, wird die Position des Messlichtflecks
auf der Oberfliache des Werkstiicks (44) sowohl in Schweilirichtung als auch quer dazu {iber die Damptkapillare (54) gefiihrt. Der
Messlichtfleck wird dann zur Messung der Einschweilitiefe bei der Laserbearbeitung in die ermittelte Position der Dampfkapillare (54)
bewegt.
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METHOD FOR OPTICALLY MEASURING THE WELD PENETRATION DEPTH

The invention relates to a method for optically measuring the weld penetration depth, par-
ticularly in welding, drilling or machining processes carried out by means of laser beams.

In order to optically measure the weld penetration depth, it is known to utilize optical dis-
tance measurement sensors that operate according to the principle of optical short-coherence
interferometry, in which the measurement light is split into a measurement light beam,
which is also simply referred to as measurement beam below, and a reference light beam,
which is also simply referred to as reference beam below. The measurement and reference
light beams reflected from a measurement arm and a reference arm are superimposed with
one another in order to determine the desired distance information from the path differences
between the measurement arm and the reference arm.

In this case, the field of application covers machining processes that require the precise and
automated positioning of the measurement light beam at a position in the region of the in-
teraction zone between the working laser beam and the workpiece, particularly at the vapor
capillary or so-called keyhole produced by the working laser beam in its point of incidence,
e.g. in laser welding processes with in-line monitoring of the weld penetration depth to be
controlied.

Known technical solutions for precisely positioning the optical measurement light beam in
laser welding processes utilize camera-based methods for determining the measurement
beam position relative to the working laser beam. These methods are based on an indirect
determination of the position of the measurement light beam on the workpiece surface,
which is required for measuring the weld penetration depth.

However, the optimal position of the measurement light beam relative to the processing
beam for a reliable measurement of the weld penetration depth is dependent on different
process parameters - such as the advance speed and the material of the weld metal - and
therefore cannot be determined with sufficient accuracy by means of indirect position de-
termination methods.

DE 101 55 203 A1 describes a laser machining device with an observation unit that is real-
ized in the form of a short-coherence interferometer for acquiring surface measurement da-
ta. For example, the depth of focus can also be monitored and controlled with a measure-
ment at the machining point. However, it is not described how the measuring point, i.e. the
point of incidence of the measurement beam, has to be aligned relative to the machining
point in order to obtain a reliable and accurate measurement of the depth of focus or keyhole
depth.
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DE 10 2015 012 565 B3 concerns a device and a method for increasing the accuracy of an OCT
measurement system for laser material machining and describes the positioning of a measurement
beam generated by an optical coherence tomograph relative to the position of the laser beam
during the machining process with the aid of a spatially resolving sensor such as a camera. In this
case, a relative offset between the processing beam and the measurement beam is determined
from the spatially resolved information provided by the sensor with consideration of a
measurement beam position on a workpiece. However, the positioning of the measurement beam
relative to the vapor capillary, i.e. relative to the keyhole, is not described.

DE 102013 015 656 B4 concerns a method for measuring the weld penetration depth, in which
two measurement beams are guided through processing optics. A first measurement beam is
directed at the base of the keyhole in order to measure the distance from the keyhole bottom and
a second measurement beam is directed at the surface of the component in order to measure the
distance from the component surface. The weld penetration depth can be determined from these
two distances. However, it is not described how the measurement beam is aligned at the position
of the keyhole.

As described above, all known methods are based on an indirect determination of the position of
the measurement beam on the workpiece in order to measure the weld penetration depth.
However, this does not make it possible to determine the exact position relative to the vapor
capillary, i.e. relative to the keyhole, because it is difficult to measure the exact position of the
keyhole in the processing region, i.e. in the region of incidence of the working laser beam, with
imaging methods.

Based on these circumstances, the invention aims to make available a method for optically
measuring the weld penetration depth, by means of which the measurement light beam can be
precisely positioned at the position of the keyhole in order to thereby realize a reliable
measurement of the weld penetration depth in laser machining processes.

In accordance with one aspect, there is provided a method for measuring the weld penetration
depth in welding, drilling or machining processes carried out by means of a working laser beam,
the method comprising

- coupling a measurement light beam of a sensor system into a processing beam path of the
working laser beam in a laser machining head, and bundling or focusing the measurement light
beam into a measurement light spot on the surface of a workpiece by means of focusing optics of
the processing beam path,;

- reflecting the measurement light beam on the surface of the workpiece and returning the
reflected measurement light beam to a measurement and evaluation unit of the sensor system in

Date Regue/Date Received 2021-03-22
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order to obtain information on the distance of the surface of the workpiece from the laser
machining head;

- guiding the position of the measurement light spot on the surface of the workpiece over
the vapor capillary in the welding direction and transverse to the welding direction, in order to
obtain a surface profile of the workpiece in the region of the vapor capillary;

- determining the position of the vapor capillary relative to the point of incidence of the
working laser beam from the surface profile of the workpiece in the region of the vapor capillary;
and

- moving the measurement light spot into the determined position of the vapor capillary in
order to measure the weld penetration depth during the laser machining process,

wherein the position of the vapor capillary relative to the point of incidence of the working laser
beam is determined for predefined process parameters of a machining process during a test
machining run and stored as the measurement spot position for this machining process.

In accordance with another aspect, there is provided a device for measuring the weld penetration
depth, particularly in welding, drilling or machining processes carried out by means of a working
laser beam, comprising:

- a laser machining head, through which a processing beam path with focusing optics for
focusing the working laser beam on a workpiece extends,

- a sensor system for generating a measurement light beam , which can be coupled into the
processing beam path in the laser machining head and bundled or focused in a measurement light
spot on a surface of the workpiece by means of the focusing optics of the processing beam path,
and

- an actuator system with a deflection unit for the measurement light beam,

- wherein the sensor system and the actuator system are configured for carrying out a
method for measuring the weld penetration depth.

In order to measure the weld penetration depth, particularly in welding, drilling or machining
processes carried out by means of a working laser beam, the invention accordingly proposes that
a measurement light beam of a sensor system, particularly an OCT-based sensor system, is
coupled into a processing beam path of the working laser beam in a laser machining head. The
measurement light beam is bundled or focused on the surface of a workpiece by focusing optics
of the processing beam path in order to form a measurement light spot on the workpiece surface.
The measurement light beam reflected in the measurement light spot on the surface of the
workpiece is returned to a measurement and evaluation unit of the sensor system in order to obtain

information on the distance of the surface of the workpiece

Date Regue/Date Received 2021-03-22
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from any reference position, particularly from the laser machining head. In order to obtain a
surface profile of the workpiece in the region of the vapor capillary, the position of the
measurement light spot on the surface of the workpiece is guided over the vapor capillary in
the welding direction, as well as transverse thereto. The position of the vapor capillary rela-
tive to the point of incidence of the working laser beam is determined from the surface pro-
file of the workpiece in the region of the vapor capillary. During a subsequent laser machin-
ing process, the measurement light spot for measuring the weld penetration depth is moved
into the determined position of the vapor capillary such that the measurement light beam is
precisely aligned at the vapor capillary, i.e., the keyhole, and a reliable and exact measure-
ment of the keyhole depth and thercfore the weld penetration depth is ensured.

According to an advantageous embodiment, it is proposed that the lowest point of the vapor
capillary is determined as the position of the vapor capillary relative to the point of inci-
dence of the working laser beam. This additionally improves the accuracy of the measure-
ment of the weld penetration depth because the depth of the vapor capillary, i.e. the keyhole,
essentially corresponds to the depth of the weld pool in the interaction zone between the
working laser beam and the workpiece.

It is advantageously proposed that the measurement light spot is guided over the vapor ca-
pillary on linear paths, wherein the surface profile is determined from the measurement data
along the linear paths by means of curve fitting. A particularly simple and fast determina-
tion is thereby achieved.

The surface profile is particularly determined from the measurement data along the linear
path transverse to the welding direction by means of curve fitting according to a Gaussian
distribution whereas the surface profile is determined from the measurement data along the
linear path in the welding direction by means of curve fitting according to a Maxwell-
Boltzmann distribution.

An alternative embodiment of the invention is characterized in that the measurement light
spot is guided over the vapor capillary on spiral-shaped paths and order to subsequently
determine the optimal measurement spot position from the distance measurement data.

It is basically also possible to determine the weld penetration depth along a weld seam from
the surface profiles during the welding process. However, this would lead to discontinuous
monitoring of the weld penetration depth along the weld seam. According to the invention,
it is therefore proposed that the position of the vapor capillary relative to the point of inci-
dence of the working laser beam is determined for predefined process parameters of a ma-
chining process during a test machining run and stored as the measurement spot position for
this machining process. In machining processes that are classified based on the process pa-
rameters, for which the measurement spot position was determined, the weld penetration
depth can therefore be monitored quasi-continuously and, if applicable, readjusted. Due to
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the readjustment of the weld penetration depth, the present invention therefore not only
makes it possible to carry out high-quality laser machining processes, particularly weld-
ments, but also to reliably document the weld penetration depth over the entire weld seam
for quality control and quality assurance purposes.

An advantageous enhancement of the invention is characterized in that the respective posi-
tions of the vapor capillary relative to the point of incidence of the working laser beam are
determined for predefined process parameters of different machining processes during test
machining runs and stored as the measurement spot positions for these machining processes.

According to the invention, the ideal measurement beam position for different processes is
therefore determined and subsequently stored, e.g. directly in the sensor system. In this way,
a system can successively produce weldments with different process parameters, wherein
the predetermined positions are respectively adjusted by means of a corresponding actuator
system.

With respect to machining processes, in which the advance direction changes during the
course of the machining process, an advantageous enhancement of the invention proposes
that the measurement spot positions stored for the corresponding process parameters are
adapted to the respective advance direction. In a welding process, in which the advance di-
rection changes along the course of the weld seam, a corresponding actuator system can
therefore adapt the predetermined and stored ideal positions for the measurement light beam
to the advance direction for the measurement of the weld penetration depth.

The inventive method is advantageously carried out with a device for measuring the weld
penetration depth, particularly in welding, drilling or machining processes carried out by
means of laser beams, wherein said device comprises: a laser machining head, through
which a processing beam path with focusing optics for focusing the working laser beam on
a workpiece extends, a sensor system for generating a measurement light beam, which can
be coupled into the processing beam path in the laser machining head and bundled or fo-
cused in a measurement light spot on a surface of the workpiece by means of the focusing
optics of the processing beam path, and an actuator system with a deflection unit for the
measurement light beam. The sensor system and the actuator system are configured in such
a way that they can carry out an inventive method for measuring the weld penetration depth.

Examples of the invention are described in greater detail below with reference to the draw-
ings. In these drawings:

Figure 1 shows a simplified schematic representation of a device for measuring the
weld penetration depth according to the present invention;
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Figure 2 shows a simplified schematic representation of a laser machining hand with
an optical system for coupling in the measurement light beam of a sensor system for the
measurement of the weld penetration depth;

Figure 3 shows a schematic sectional view of a workpiece in order to illustrate a vapor
capillary (keyhole) during the welding process;

Figure 4 shows a schematic top view of the surface of a workpiece in the region of an
interaction zone between the working laser beam and the workpiece in order to illustrate
linear scanning lines for determining a surface profile;

Figure 5a shows distance measurement data of a welding run on a linear path transverse
to the welding direction;

Figure 5b shows distance measurement data of a welding run on a linear path in the
welding direction; and

Figure 6 shows a schematic top view of the surface of a workpiece in the region of an
interaction zone between the working laser beam and the workpiece in order to illustrate
spiral-shaped scanning lines for determining a surface profile.

Corresponding components and elements are identified by the same reference symbols in
the different figures.

According to Figure 1, the device for measuring the weld penetration depth comprises a
sensor system 10 that is based on the principle of optical coherence tomography, in which
the coherence properties of light are utilized with the aid of an interferometer. The sensor
system 10 comprises a measurement and evaluation unit 12 with a broadband light source
(superluminescent diode, SLD; SweptSource light source (spectrally variable light source)
or the like), the measurement light of which is coupled into an optical waveguide 14. The
measurement light is split into a reference arm 18 and a measurement arm 20, which com-
prises an optical waveguide 22 and a measurement light beam path 24 extending through the
laser machining head 26, in a beam splitter 16 that preferably features an optical fiber cou-
pler. The measurement light beam path 24 comprises an optical system for coupling the
measurement light beam 28 into a processing beam path 30 in the laser machining head 26.
According to Figure 2, in particular, the optical system for coupling the measurement light
beam 28 into the processing beam path 30 comprises collimating optics, 32, which collimate
the measurement light beam 28 exiting the optical waveguide 22 such that it can be coupled
into the processing beam path 30 in the laser machining head 26 by means of a partially
transparent mirror 34 and superimposed with the working laser beam 36. The working laser
beam 36, which is fed to the laser machining head 26, for example, via a corresponding op-
tical waveguide 38, is collimated by collimating optics 40 and deflected to focusing optics
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42 by means of the partially transparent mirror 34, wherein said focusing optics bundle or
focus the working laser beam 36 on the surface of a workpiece 44 together with the meas-
urement light beam 28. A protective glass 46 is arranged between the focusing optics 42 and
the workpiece 44 in order to protect the focusing optics 42 against spatters and the like from
the interaction zone between the working laser beam 36 and the workpiece 44.

In order to guide the measurement light beam 28 and therefore the measurement light spot
produced on the surface of the workpiece 44 by the measurement light beam 28 over the
workpiece surface in the welding direction, as well as transverse to the welding direction, an
actuator system with a deflection unit 48 is provided and capable of moving the measure-
ment light beam 28 over the surface of the workpiece in two intersecting directions, e.g. in
the x-direction and the y-direction, in order to scan a surface contour of the workpiece 44
and to measure a corresponding surface profile. The deflection unit 44 may be realized in
the form of a galvano scanner that has two essentially perpendicular scanning directions
with reflective optics or with transmissive optics, e.g. prisms. The deflection unit 48 could
optionally also be realized in the form of a device with optics that can be displaced in two
directions. The deflection unit 48 is controlled by a control unit 50 in such a way that it
moves the measurement light beam 28 over the surface of the workpiece 44 during a test or
measurement welding run in order to measure a surface profile or deflects the measurement
light beam 38 and therefore the measurement light spot at the keyhole position determined
for the process parameters of a welding process during a production welding process. The
control unit 50 may be realized in the form of an autonomous unit, which is connected to the
sensor system 10, particularly to its measurement and evaluation unit 12, as schematically
indicated with the inputs and outputs A of the measurement and evaluation unit 12 and the
control unit 50, or integrated into the sensor system 10.

According to Figures 3 and 4, the interaction zone between the working laser beam 36 and
the workpiece 44 comprises a region of liquid molten mass 52, i.e. a weld pool, which sur-
rounds a vapor capillary 54 located in the region of incidence 56 of the working laser beam
36 on the workpiece 44. Figure 3 shows that, with the exception of a correction value, the
depth of the vapor capillary 54 essentially corresponds to the depth of the weld pool. The
solidified molten mass 58 of the finished weld seam is then located behind the interaction
zone between the laser beam 36 and the workpiece 44 referred to the advanced direction
(advanced direction V in Figure 3; x-direction in Figure 4).

In order to determine the position of the vapor capillary 54 relative to the region of inci-
dence 56 of the working laser beam 36 for a certain laser machining process, which can be
classified based on its process parameters such as advance speed, laser output, focal position
of the working laser beam 36 in the z-direction, i.e. in the direction perpendicular to the
workpiece surface, material of the weld metal, i.e. the workpiece 44, and/or seam geometry,
the position of the measurement light beam 28, i.e. of the measurement light spot produced
thereby on the workpiece 44 during the welding process, is moved over the vapor capillary
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54, 1i.e. over the keyhole, on a linear path 60, 62 in the welding direction, as well as perpendicular
to the welding direction, with the aid of the deflection unit 48 during a test or measurement
welding run.

During this process, distance data is recorded along the scanning paths with the aid of the sensor
system 10. To this end, the measurement light beam 28 coupled into the processing beam path
30 is bundled or focused into a measurement light spot on the surface of the workpiece 44 by the
focusing optics 42 and guided over the surface of the workpiece 44 along the chosen scanning
paths by the deflection unit 48. The measurement light beam 28 reflected on the surface of the
workpiece 44 is superimposed with the reference light beam from the reference arm 18 in the
beam splitter 16, which comprises an optical fiber coupler, and returned to the measurement and
evaluation unit 20, wherein the measurement and evaluation unit obtains information on the
distance of the surface of the workpiece 44 from any reference position above the workpiece 44,
for example from the position of the laser machining head 26 or the position of the focusing
optics 42 therein, from the information on the path differences in the reference arm 18 and the
measurement arm 20. In order to determine the optimal position of the measurement light spot
during the measurement of the weld penetration depth, the course of the surface contour of the
workpiece 44 in the region of the interaction zone between the working laser beam 36 and the
workpiece 44 along the paths, 60, 62 is determined from the distance data distributions, which
are illustrated in the form of point clouds along the respective paths in Figures 5a and 5b, by
means of corresponding curve fitting.

The surface profile of the workpiece 44 along the path 62, which in the region of the vapor
capillary 54 represents its depth profile perpendicular to the advance direction V, is symmetrical
in this case. In order to determine the position of the lowest point of the vapor capillary 54, which
represents the ideal position for the measurement light spot or the point of incidence of the
measurement light beam 28 on the workpiece 44, a symmetric curve is set through the distance
data for the curve fitting. The curve fitting can be advantageously carried out by means of a
Gaussian distribution.

1
oV2r

o ~3(@=1)/0)?

fO) =

In this case, y is the position of the measurement light spot on the workpiece in the y-direction,
i.e. perpendicular to the advance direction V (see Figure 3), wherein p represents the expectancy
value and 62 represents the variance of the distribution.

According to Figure 5b, depth profile of the vapor capillary 54 in the advance direction is
asymmetric and approximately corresponds to a Maxwell-Boltzmann distribution.

Date Regue/Date Received 2020-06-17
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In this case, x represents the position of the measurement beam 28 on the workpiece surface in
the advance direction and k1 and k2 are parameters of the distribution. The maximum of the
distribution can be determined from the parameters.

Consequently, the position of the lowest point of the vapor capillary 54 relative to the region of
incidence 56 of the working laser beam 36 is known such that the measurement light beam 28
can be precisely directed into the keyhole, i.e. into the vapor capillary 54, during the subsequent
machining of workpieces 44 in a laser machining process, which is carried out with the same
process parameters as the measurement welding run, in order to thereby achieve a reliable and
precise measurement of the weld penetration depth.

The position of the keyhole 54 relative to the region of incidence 56 of the working laser beam
36 is advantageously stored together with the associated process parameters. This procedure, i.e.
the determination of the position of the vapor capillary 54, always takes place if the laser
machining head 26 should carry out a welding process with process parameters, for which no
optimal position of the measurement light spot relative to the vapor capillary 54 has been
determined yet. In this case, the position of the keyhole is each time stored together with the
respective process parameters such that the positions of the keyholes are over the course of time
known for a plurality of different laser machining processes and a test welding run is only
required during a change-over from one laser machining process to another laser machining
process if the latter laser machining process has never been carried out before by the laser
machining head.

Depending on the scanner optics used in the deflection unit 48, it may be necessary to carry out
the determination of the position of the vapor capillary repeatedly, namely even if this was
already done with the given welding parameters and stored. External interference effects such as
temperature changes particularly can lead to a drift or variation of the scanning position of the
deflection unit 48, i.e. the position of the measurement light spot, such that the measurement light
beam 28 is no longer incident in the vapor capillary 54. Due to this drift, it may be necessary to
determine the position of the vapor capillary 54 repeatedly within certain time intervals, e.g. once
a day or once a week.

The positions of the vapor capillary for the different laser machining processes are
advantageously stored in a memory that is integrated into the control unit 50 or in a memory in
the sensor system 10. The control unit 50 may also form an integral component of the sensor
system 10; consequently, a system can successively produce weldments with different process
parameters, wherein the measurement light spot, i.e., the measurement light beam 28, is
respectively adjusted to the predetermined positions of the vapor capillary 54 by means of the
deflection unit 48.

Date Regue/Date Received 2020-06-17
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If the advance direction along the course of the weld seam changes during a welding pro-
cess, i.e. if the advance direction deviates from the original advance direction, which is as-
sumed to be the x-direction, the predetermined and stored ideal positions for the measure-
ment light spot are adapted to the changed advance direction.

Instead of determining the position of the vapor capillary 54, i.e. the position of the lowest
point of the vapor capillary 54, with the aid of distance data that was obtained along two
intersecting linear paths 60 and 62, it is also possible to guide the measurement light spot on
a spiral-shaped path 64 in the interaction zone between the working laser beam 36 and the
workpiece 44 in order to determine the position of the vapor capillary 54 relative to the re-
gion of incidence 56 of the working laser beam 36. In this case, the approximate position of
the vapor capillary 54 can be initially determined along a relatively wide spiral-shaped path
64 from a three-dimensional, funnel-shaped surface or depth profile in order to subsequently
determine the surface or depth profile in a second measurement step by means of a narrow
spiral-shaped path around the region of incidence 56 of the working laser beam 36, wherein
the exact position of the vapor capillary 54 can then be determined from this surface or
depth profile.

It would furthermore also be conceivable to measure the surface of the workpiece 44 in the
interaction zone between the working laser beam 36 and the workpiece 44 linearly, wherein
the lines or paths are respectively displaced over the workpiece perpendicular to their longi-
tudinal extent in order to determine the exact position of the keyhole from the thusly meas-
ured surface or depth profile.
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PATENT CLAIMS

1. A method for measuring the weld penetration depth in welding, drilling or
machining processes carried out by means of a working laser beam, the method
comprising:

- coupling a measurement light beam of a sensor system into a processing beam path
of the working laser beam in a laser machining head, and bundling or focusing the
measurement light beam into a measurement light spot on the surface of a workpiece by
means of focusing optics of the processing beam path;

- reflecting the measurement light beam on the surface of the workpiece and
returning the reflected measurement light beam to a measurement and evaluation unit of
the sensor system in order to obtain information on the distance of the surface of the
workpiece from the laser machining head,

- guiding the position of the measurement light spot on the surface of the workpiece
over the vapor capillary in the welding direction and transverse to the welding direction, in
order to obtain a surface profile of the workpiece in the region of the vapor capillary;

- determining the position of the vapor capillary relative to the point of incidence of
the working laser beam from the surface profile of the workpiece in the region of the vapor
capillary; and

- moving the measurement light spot into the determined position of the vapor
capillary in order to measure the weld penetration depth during the laser machining
process,

wherein the position of the vapor capillary relative to the point of incidence of the working
laser beam is determined for predefined process parameters of a machining process during
a test machining run and stored as the measurement spot position for this machining
process.

2. The method according to claim 1, wherein the lowest point of the vapor capillary is
determined as the position of the vapor capillary relative to the point of incidence of the

working laser beam.

3. The method according to claim 1 or 2, wherein the measurement light spot is guided
over the vapor capillary on linear paths.

Date Regue/Date Received 2020-12-02
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4. The method according to claim 3, wherein the surface profile is determined from
the measurement data along the linear paths by means of curve fitting.

5. The method according to claim 4, wherein the surface profile is determined from
the measurement data along the linear path transverse to the welding direction by means of
curve fitting according to a Gaussian distribution.

6. The method according to claim 4 or 5, wherein the surface profile is determined
from the measurement data along the linear path in the welding direction by means of curve
fitting according to a Maxwell-Boltzmann distribution.

7. The method according to claim 1 or 2, wherein the measurement light spot is guided
over the vapor capillary on spiral-shaped paths.

8. The method according to claim 1, wherein the respective positions of the vapor
capillary relative to the point of incidence of the working laser beam are determined for
predefined process parameters of different machining processes during test machining runs
and stored as the measurement spot positions for these machining processes.

9. The method according to any one of claims 1 to 8, wherein the measurement spot
position stored for the corresponding process parameters is adapted to the respective
advance direction for a machining process, in which the advance direction changes during
the course of the machining process.

10. A device for measuring the weld penetration depth in welding, drilling or machining
processes carried out by means of a working laser beam, comprising:

- a laser machining head , through which a processing beam path with focusing optics
for focusing the working laser beam on a workpiece extends,

- a sensor system for generating a measurement light beam , which can be coupled
into the processing beam path in the laser machining head and bundled or focused in a
measurement light spot on a surface of the workpiece by means of the focusing optics of
the processing beam path, and

- an actuator system with a deflection unit for the measurement light beam,

- wherein the sensor system and the actuator system are configured for carrying out
a method for measuring the weld penetration depth according to any one of claims 1 to 9.

Date Regue/Date Received 2020-12-02
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