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Abstract

Full-penetration laser welding processes are necessarily associated with significant changes of the geometrical properties of
the keyhole at the beginning of the process when the keyhole expands all the way through the workpiece and finally pierces
the bottom of the sheet. The impact that this transition has on the absorptance was investigated by means of X-ray imaging
to determine the geometry of the keyhole and subsequent raytracing to calculate the distribution of the absorbed irradiance.
The results show a significant drop of the overall absorptance when the bottom of the capillary opens through the rear side of
the workpiece which in practice is noticed by an unstable behavior of the keyhole. Since the drop of the absorptance is less
pronounced for smaller diameters of the keyhole, one may recommend the application of laser beams with small diameters
at least during the initial phase until the keyhole is fully developed and reliably reaches through the bottom surface of the

welded sheet.

Keywords Laser beam welding - Aluminum alloy - Absorptance - Keyhole - Full penetration - Partial penetration -

Raytracing - X-ray analysis

1 Introduction

Full-penetration laser welding is characterized by a weld
seam whose depth equals the material thickness as shown in
Fig. 1b. Two modes of full-penetration welding can be dis-
tinguished: Mode A with a keyhole length less than the thick-
ness of the sheet, as shown on the left in Fig. 1b. And Mode
B, with a keyhole length equal to the thickness of the sheet,
piercing the bottom of the sheet and resulting in a second
opening at its bottom, as shown on the right Fig. 1b [1]. The
fact that the weld seam is visible from both sides also facili-
tates the post-process quality assurance because it can be
visually ascertained whether or not the required penetration
depth was achieved [2]. Compared to the partial-penetra-
tion laser welding shown in Fig. 1a, and to full-penetration
welding in mode A, full-penetration welding with a keyhole
that is opened at its bottom (mode B) is associated with a
more stable keyhole as the additional opening at the bottom
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prevents potential collapses of the tip of the keyhole [3-5].
The full-penetration process starts in the same manner as
the partial-penetration process. The heat input from the laser
beam melts the solid material and local vaporization leads to
the formation of a keyhole whose length increases while its
pressure displaces the surrounding melt. The final length of
the keyhole mainly depends on the power of the laser beam,
its diameter, and the welding speed [6, 7]. In order to attain
full-penetration welding in mode B, as depicted in Fig. 1b,
with a given beam diameter and speed, the laser power has
to be sufficiently high to form a keyhole with a length that
equals the thickness of the welded sheets, resulting in a sec-
ond opening of the keyhole at the rear side of the sheet.

The formation of the additional opening of the keyhole
at the transition to welding in full-penetration mode B coin-
cides with an abrupt reduction of the area which the laser
beam irradiates, as indicated by the red areas in Fig. 1, and
an increase of the area through which emission of radia-
tion from the keyhole occurs, as indicated by the white
areas in Fig. 1, resulting in a significant drop of the overall
absorptance [1, 8, 9]
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Fig. 1 Comparison of partial-
penetration (a) and the two
modes of full-penetration (b)
laser welding

Keyhole

which is given by the ratio between the total power P, that
is absorbed in the processed material and the incident laser
power P;. The absorptance primarily depends on the absorp-
tivity A of the processed material, the wavelength of the laser
radiation, and the geometry of the interaction zone [10, 11].
Changes of the geometry of the keyhole therefore provoke
changes of the absorptance and vice versa. It is known that
the occurrence of these changes often results in instabilities
of the welding process which can lead to the formation of
pores [12—14], spatters [15, 16], and fluctuations of the depth
of the weld seam [14]. It was shown by means of numerical
simulations [17] that this may lead to an unstable process
with alternating opening and closing of the keyhole at the
bottom side of the sheet when the absorbed laser power is
not sufficient for a reliable full-penetration process in mode
B. This is also indicated by the results in [18] where a sto-
chastic opening and closing of a full-penetration hole, i.e.,
a keyhole which is opened at the top and the bottom, was
observed. Knowledge about the change of the absorptance
at the transition from partial- and full-penetration mode A to
full-penetration laser welding with a keyhole that is opened
at its bottom is thus of great importance for the choice of
appropriate process parameters to prevent defects in the
beginning of the weld seam.

Only a few experimentally [1, 9] and numerically deter-
mined [8] values of the absorptance associated with a reli-
able full-penetration welding have been reported to date. The
change of the absorptance during the transition from par-
tial- to full-penetration welding, which each full-penetration
process must necessarily undergo, was not yet quantified.

The instability of the process at the transition between
partial- and full-penetration mode hampers an accurate
measurement of the change of the absorptance at this
threshold by means of calorimetric experiments. In order
to determine the change of the absorptance by calculating
the beam propagation and the Fresnel absorption inside the
vapor capillary, the geometry of the keyhole needs to be
known at any given state of the process. For the present
study, we therefore have determined the geometries of the
keyholes by means of high-speed X-ray imaging of the run-
ning welding process, from which the 3D geometry of the
keyholes was reconstructed applying simple assumptions
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Mode A: Keyhole Mode B: Keyhole
closed at bottom opened at bottom
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on their symmetry. This allows to calculate the absorptance
and distinctly distinguish between partial-penetration and
full-penetration welding also very close to the transition. To
the best of our knowledge, this is the first attempt to quanti-
tatively analyze the changes of the absorptance at and near
the transition from partial- to full-penetration laser welding.

2 Experimental setup

The experimental setup used for the time-resolved determi-
nation of the shape of the vapor capillary is shown in Fig. 2.
The welded sample (blue) which is held by the clamping
device (light gray) is moved with a constant velocity of
v=6 m/min in negative x-direction below the stationary
laser optics (dark gray). The X-ray beam (light green) is
generated in an X-ray tube (green) and propagates through
the sample in negative y-direction where it is locally attenu-
ated depending on the thickness of the transirradiated mate-
rial. The X-ray radiation emerging from the rear side of the
sample is converted into visible light by a scintillator and

Laser Optics

Camera

Weld Seam

2.5 mm

Clamping Device

Fig.2 Setup for the X-ray imaging of the keyholes during partial- and
full-penetration laser welding. The parts of the clamping device are
shown in a position separated from the welded sample to better illus-
trate the complete arrangement



The International Journal of Advanced Manufacturing Technology (2024) 134:497-509 499

subsequently amplified by an image intensifier. The thus cre-
ated image is recorded by a high-speed camera (purple) with
1000 frames per second and a spatial resolution of 64 pix-
els/mm. The acceleration voltage of the X-ray tube was set
to 60 kV and the power was 90 W. The X-ray facility is
described in detail in [19].

In order to focus on the investigation of the change of the
absorptance at the transition from partial- to full-penetra-
tion welding and to exclude a potential influence of a gap,
all welds were conducted on single sheets. The aluminum
alloy AA6014 was used with a thickness of s;=2.5 mm. As
sketched in Fig. 2, the samples had a length of 100 mm and
a width of 6 mm. The length of the weld seams was 80 mm.
The X-ray tube and the imaging system were positioned such
that the capillary was horizontally (x-axis) centered in the
recorded images and that the bottom edge of the samples
can be clearly identified. The upper 0.5 mm of the sam-
ple and the observed capillaries could not be seen on the
X-ray images due to an aperture in the imaging system. The
laser optics had a magnification of 1:1 and a focal length of
200 mm. Different beam delivery fibers with core diameters
of 100 um, 400 pm, and 600 um were applied in order to
obtain different beam diameters on the workpiece. A TruD-
isk 8001 laser from TRUMPF was used in combination with
the fiber with a core diameter of 100 um and a TruDisk
16002 laser was used in the case of the application of the fib-
ers with the core diameters of 400 um and 600 um. Both disk
lasers operate at a wavelength of 1.03 um. The setup resulted
in diameters of the beam waist of df= 100 pm, df: 400 pm,
and d;=600 um with associated beam propagation factors
of M*=15.25, M?>=61.00, and M>=91.50, respectively. The
laser beam was always focused with its waist on the upper
surface of the sample.

In order to enhance the image contrast and to reduce the
noise, the obtained X-ray videos were post-processed with a
flat field correction and Kalman filtering [20, 21].

3 Analysis of the transition between partial-
and full-penetration welding

The changes of the capillary’s geometry and especially of
its length near the transition from partial-penetration to full-
penetration welding were investigated by linearly ramping
up the laser power P; along the weld seam as shown in
Fig. 3 for the three different beam diameters. The power
was adjusted so that a keyhole which is closed at its bot-
tom was observed in the X-ray images at the beginning of
the process and a keyhole which is opened at its bottom
was present at the end of the process. Apart from the begin-
ning of the process, this resulted in a continuously visible
weld seam at the bottom side of the sheet, which indicates a
transition between the two different full-penetration modes

(mode A and mode B) shown in Fig. 1b. The insets depict
single frames from the X-ray videos at the corresponding
time and laser power. The white dashed lines in the images
were manually added to encircle the light areas and cor-
respond to the estimated outline of the keyholes. The white
dash-dotted line represents the beam axis assuming a dis-
tance of d/2 from the average position of the keyhole front.

The direction of the movement of the samples below
the stationary laser optics is indicated by the white arrow
v in the leftmost inset. All the three shown processes start
with a keyhole which is closed at its bottom (1), either in
full-penetration mode A, as sketched in Fig. 1b, in the case
of welding with dy;=100 pm or with partial-penetration, as
sketched in Fig. 1a, in the case of welding with d;=400 um
and d;=600 um. At slightly increased laser power, the pro-
cess first only temporally changes to full-penetration mode
B with a keyhole which is opened at its bottom, see (3) for
dy=600 um and (2) for both d;=400 um and d,=100 pm.
Despite the further increase of the laser power during the
process, the keyhole temporarily closes again at its bottom
in all cases, as shown with (4) for d;=600 pm; with (3), (4),
and (5) for df= 400 um; and with (3) and (5) for df= 100 um.
This can be explained by the fact that less power is absorbed
when the capillary is open on the lower end and the welding
process may fall back into partial-penetration mode when
the deficiency of the absorbed power is too large. Reliable
full-penetration welding in mode B is only achieved once
the incident laser power is high enough (6) so that after a
change of the absorptance evaporation temperature and a
sufficiently high evaporation pressure are maintained and
the absorbed power is not reduced to below the one that is
needed to pierce through the workpiece.

The image sequences shown in Fig. 3 indicate that the
majority of the keyhole fluctuations are characterized by the
alternating opening and closing of the bottom of the keyhole
during the transition from partial- to full-penetration weld-
ing. The initial transient formation of the keyhole occurs
during the first 0.1 s of the process. The laser power at which
full-penetration mode B is reached for the first time after this
initial phase is referred to as full-penetration threshold Py,
for the remainder of the present report.

In order to determine the specific value of P, the depth
of the keyhole was analyzed during the linear increase of
laser power by means of streak images. These images were
generated by extracting only the pixel column at the posi-
tion of the axis of the laser beam assuming a distance of d,/2
from the average position of the keyhole front, indicated by
the white dash-dotted lines in Fig. 3, from each frame of
the video and lining them up chronologically from left to
right in one picture, as shown in Fig. 4 using an example
with d;=600 um. The temporal evolution of the penetration
depth was visually determined from the streak images by
evaluating the contrast of the grayscale values as indicated
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Fig.3 Applied linearly increased laser power with corresponding X-ray images of the keyholes for three different focal beam diameters d; on the

surface of the workpiece; AA6014, v=6 m/min, s,=2.5 mm

by the dashed blue line and the left ordinate. The red line
and the right vertical axis represent the corresponding laser
power. The semi-transparent blue area in Fig. 4 marks the
duration of the initial transient and often spiking formation
of the keyhole which was excluded for this analysis to obtain
reproducible results. The horizontal red dashed line indicates
the threshold power of Py, =5.9 kW which was determined
in this example, as indicated by the vertical dotted line.
The data points (round circles) in Fig. 5 represent the
average values of P, as determined from three experi-
ments with each of the different beam diameters. The
range between the minimum and maximum determined
values is smaller than the extent of the circles. As the
exact value may be influenced by the slope of the power
ramp, i.e., the selection of P, and P, and the detec-
tion of the fluctuating opening of the keyhole is subject
to some uncertainty, the maximum laser power which
ensures persistent welding with a keyhole which is closed
at its bottom (partial-penetration or welding in full-pen-
etration mode A) is defined as 0.9-P and the minimum
laser power which ensures continuous full-penetration
as 1.1-P, . Consecutive trials with constant laser power,
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Fig.4 Streak image showing the depth of the capillary at the posi-
tion of the axis of the laser beam during welding of AA6014 with
a linear increase of the incident laser power from P_;,=5.5 kW to
P =65 kW, v=6 m/min, d;=600 um, s,=2.5 mm. In this exam-
ple, the threshold to full-penetration welding in mode B was found to
be Py,,=5.9 kW

which are described in the following section, confirmed
that the determined powers result in the corresponding
keyhole behavior.

The segments in Fig. 5 represent the different regimes
during laser beam welding. The lowest segment in Fig. 5
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Fig.5 Power-dependent welding regimes when welding 2.5-mm-
thick AA6014 sheets with different beam diameters d. The circles
correspond to the threshold power Py, as averaged from three experi-
ments

(diagonal hatching) represents heat-conduction welding with-
out a keyhole. The faded upper range of this segment repre-
sents the range within which the deep-penetration threshold is
estimated. Its upper limit is described by the power (of the top-
hat shaped beam) at the deep-penetration threshold for welding
of a semi-infinite body without heat accumulation [22]

: - ' Pe
=g, -y 02T 1075, 2
n df " 2 4+ 5 )

Fig.6 Single frames at different
times ¢ from an X-ray video of
laser welding of AA6014 with
P; =Py, =5.9kW, v=6 m/min,
df= 600 um, and s,=2.5 mm

\;,_ -’
t=480ms’

which was calculated for the given process parameters,
d.vp-c .
where Pe=222% s the Peclet number,

A, =200 W/(m - Ig) the heat conductivity of the welded
material [23], p=2700kg/m’® its density [23],
¢, =896 J/(kg - K) its heat capacity [23], T,=2586 K its
evaporation temperature [24], A =0.12 [25] its absorptivity,
and 7;,=293 K is the ambient temperature. The adjacent
segment (horizontal hatching) ranges from Py, to 0.9-Py,
and represents the regime of persistent welding with a key-
hole which is closed at its bottom, including partial-penetra-
tion and full-penetration mode A. The upper segment (verti-
cal hatching) represents the regime of continuous
full-penetration welding in mode B with P, > =1.1-Py,.

4 Change of absorptance

In order to analyze the change of the absorptance that occurs
at the transition from partial to full penetration, the tran-
sient behavior of the keyhole was captured during welding
with P; =0.9-P,., P; =Py, and P, =1.1-Py,.. The trials with
P;=0.9-Pg, and P, =1.1-P, confirmed that reliable weld-
ing with a keyhole which is closed or opened at its bottom
was achieved with the corresponding laser power. Figure 6
shows X-ray images of the keyhole at different moments in
time during welding with a constant power of P; = P, and
dy=600 um.

The direction of the movement of the sample below the
stationary laser optics is indicated by the white arrow v. The
welding process is seen to alternate between full-penetration
mode A (t=30 ms, t=330 ms, =480 ms) and full-penetra-
tion mode B (t=180 ms, t=630 ms, =780 ms). This unsta-
ble process is common in the transitional power range near
P, and evidences that a surplus of laser power is required
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in order to achieve reliable full-penetration welding. The
new findings from the X-ray videos agree well with previ-
ous results obtained by top-view records [18], which show
that the full-penetration hole appears more frequently with
increasing laser power, i.e., the fraction of time increases
during which the keyhole is open at the bottom. The time
between consecutive openings of the keyhole at the bottom
of the welded sheet was observed to be in the order of sev-
eral 10 ms.

For a quantitative evaluation, each experiment with
the constant laser powers P; =0.9¢P,., P; =P, and
P;=1.1eP, was repeated three times. In order to extract
representative geometries of the keyholes, the frames of the
corresponding high-speed X-ray videos for each trial were
averaged over the time range starting at 100 ms after the
beginning of the process and ending 100 ms before the end
of the process, during which a constant temperature distribu-
tion can be assumed. As two states of the keyhole could be
distinguished for P, = Py, as shown in Fig. 6, two separate
images were generated for the corresponding experiments:
An average image considering only the frames where the
keyhole was closed at the bottom and an average image con-
sidering only the frames in which the keyhole was opened
at the bottom.

Figure 7 shows several examples of these averaged
images to illustrate different regimes of the welding process
with d;=600 pm.

The 3D geometry of the keyholes was reconstructed
from the temporally averaged grayscale images for each
trial as described in [1, 14, 26] using the attenuation
coefficient u=0.125 mm™' for the X-ray probe beam
as determined in [26]. In order to account for the upper
0.5 mm of the capillary which could not be observed in
the recorded images, the upper 0.2 mm of the capillary
reconstructed from its visible part was stretched by a
factor of 3.5 in negative z-direction. This procedure is
illustrated in the top row in Fig. 8, which compares the

reconstructed geometry without correction (black out-
line) and the adapted capillary geometry (representation
of the surface) to account for its real length. The black
dashed horizontal line represents the lower boundary of
the region which was elongated. The geometry below the
black dashed line was kept unaltered and corresponds to
the measured shape of the capillary. An overview of all
reconstructed and adapted keyholes is given by Fig. 12 in
the Appendix.

The distribution of the irradiance absorbed at the inner
surface of these reconstructed keyholes was calculated by
means of raytracing with the algorithm described in [27].
The bundle of the rays incident at the upper opening of the
reconstructed keyhole was defined according to the speci-
fications of the used laser beams, which always exhibited
a top-hat shaped intensity distribution in the focal plane.
It was assumed that the distance between the front of the
keyhole and the beam axis equals d,/2. The propagation of
500,000 randomly polarized rays was calculated consider-
ing up to 25 specular reflections of each ray on the sur-
face of the reconstructed keyholes. The complex refractive
index n,=4.5—-1i-9.0 of liquid aluminum at 7=2500 °C
[28] was used to calculate the Fresnel absorption at each
reflection of the rays on the walls of the keyhole.

The total power P, that is absorbed within the keyholes
was calculated as the sum of the powers absorbed at each
reflection of a ray. From this, the total absorptance 7, was
calculated according to Eq. (1) for each reconstructed
keyhole. Subsequently, the absorptance for each set of
parameters was calculated as the arithmetic mean of the
absorptance in the three corresponding keyholes.

In order to derive the absorptance during welding at
the threshold with P; =P, the absorptances for both
observed states of the keyhole were calculated separately.
With these values, a weighted arithmetic mean of the
absorptance was calculated according to the duration that
each mode was present during welding the complete seam.

P

1.0 1.1

closed bottom closed bottom

opened bottom opened bottom

4
S<o_-" 1 mm

Fig.7 Averaged X-ray images of the vapor capillary during laser
welding of AA6014 in the different process regimes. Persistent par-
tial-penetration/full-penetration mode A (left), transitional regime
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(two pictures in the center), continuous full-penetration mode B
(right). With Py, .=5.9 kW, v=6 m/min, d;=600 pm, and s,=2.5 mm
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4.1 Determination of the change
of the absorptance

The table in the top of Fig. 8 shows representative exam-
ples of reconstructed keyholes for each welding mode for
d;=600 um. The distribution of the absorbed irradiance is
shown by the color-coded surface as given by the logarithmic
scale shown on the right of Fig. 8 and the total absorptance
n, of the corresponding keyhole is denoted below each of
the depicted geometries. The heights of the bars in the chart

in the lower part of Fig. 8 represent the total absorptances
which were each averaged over the three trials, correspond-
ing to each set of parameters. The diagonally hatched bars
represent the absorptance of the keyholes which are closed
at their bottom and the fully colored bars represent the
absorptance of keyholes that are opened at the bottom. For
welding at the threshold with P; =P, , the two bars rep-
resenting the corresponding average absorptance during
each mode are superimposed and the squared data points
denote the weighted mean of the absorptance according to

transition

Py
df /Pthr 0.9

1.0 1.1

closed bottom

closed bottom

opened bottom opened bottom
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Fig.8 Geometries of the keyholes and calculated absorptances for
three different laser powers P; and three different beam diameters
d;. Top: reconstructed keyholes for welding with d;=600 pm, as
observed in the recorded images (black outline) and with adapted
length (colored surface), with calculated distribution of the absorbed
irradiance (color coded) and total absorptances #,. Bottom: total
absorptances as determined by raytracing; diagonally hatched bars

1.0 1.1

P
L/P thr

for keyholes which are closed at the bottom and fully colored bars
for keyholes which are opened at the bottom, squared data points
for weighted mean at P; =P, and circular data points as deter-
mined with Gouffé’s analytical model [10, 11]. Py ,=5.9 kW for
d=600 pm, Py, =3.6 kW for d;=400 um, and Py,,=2.0 kW for
d=100 pm, AA6014, 5,=2.5 mm
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the duration that each mode was present. The length of the
error bars represents the range between the minimum and
maximum determined absorptance for each set of parame-
ters. The corresponding data and images of the reconstructed
keyholes are given by Fig. 12 in the Appendix. The circular
data points represent analytically calculated absorptances for
P; =0.9 - Py,, which are described in detail further below.

The data shows that the absorptance is highest for the
small beam diameter d;=100 um (on the sample’s surface)
for all welding modes and that the absorptance decreases
with increasing beam diameter. A significant decrease of
absorptance during the transition from partial to full penetra-
tion (from P; = 0.9 - Py to P, = 1.1 - P;,) and high fluc-
tuations at the threshold, as shown by the large difference
between the diagonally hatched and the fully colored bars at
P, =1.0- Py,, are observed for all three values of dj.

For comparison with the raytracing results, the
absorptance during full-penetration mode A was addition-
ally calculated by means of the slightly corrected analytical
model [10] that was originally introduced by Gouffé [11].
This model is limited to the calculation of the absorptance
of keyholes which are closed at the bottom. The analytical
model calculates the absorptance

1+(1—A)(O”ﬂ—%)

total

(©)
)

na=A
A Oop

Otop
A(l—— -

Olola]

total

based on the material’s absorptivity A and the geometric fea-
tures of the keyhole, where o, is the area of the keyhole’s
opening, O, is the complete surface area of the keyhole
consisting of the opening o,,, and the keyhole walls at the
side and bottom, and Q is the solid angle corresponding to
the field of view of the keyhole’s opening as seen from the
center of the irradiated surface at the bottom of the keyhole.
In most applications of the model, the keyhole is assumed to
have the shape of a cylinder, due to usually missing informa-
tion on the actual geometry. For the comparison presented
here, the analytical model is applied to experimentally
determined geometries and o,,, and O, were determined
directly from the reconstructed 3D geometries of the key-
holes. The solid angle Q2 was approximated by

Q w0,/ 4

where s is the depth of the keyhole. Assuming an absorp-
tivity of A=0.12 [25], this yields the values represented
by the circular data points in the bottom left of Fig. 8. For
d;=600 um and d;= 100 pm, the analytical model yields an
absorptance which is approximately 0.1 lower than the one
obtained by raytracing. For d;=400 um, only a minor devia-
tion between both methods is observed. Possible reasons for
the deviations between the results of the two approaches are
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an uncertainty regarding the absorptivity and the complex
refractive index for liquid aluminum at evaporation tempera-
ture and the different assumptions made in the model and
the raytracing algorithm. One major difference is that diffuse
reflection is assumed after the initial reflection in Gouffé’s
model, whereas the raytracing algorithm considers specular
reflection. The second difference is that in Gouffé’s model it
is assumed that the incident laser radiation initially irradiates
a part of the capillary which is far away from the opening,
whereas in the raytracing algorithm it irradiates the wall of
the capillary to a significant extent already in the upper part
near the opening.

With the values of the absorptance determined from the
raytracing calculations, the relative drop in absorptance that
occurs during the transition from partial- to full-penetration
welding was calculated by

nA(ll : Pthr)

on, =1-— .
A 14 (0.9 - Pyy,)

&)

The results are shown in Fig. 9, where the height of the
bars represents the relative decrease 67, for each of the three
considered diameters d, of the beam waist. The error bars
indicate the minimum and maximum values resulting from
the minimum and maximum values of nA(l.l -Plhr) and
14(0.9 - Py,) as given by the error bars in Fig. 8.

The results show a significant decrease of absorptance
for all the three considered values d,. This decrease is less
pronounced for the small beam diameter d;= 100 pm and
increases with increasing beam diameter. It is assumed
that the extent of the relative decrease is associated with
the aspect ratio s, /d;. At low aspect ratios, the share of the
bottom area in the total irradiated area is high, resulting
in a large drop in the absorptance after piercing through
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Fig.9 Relative decrease 61, of the absorptance during the transition
from partial- to full-penetration welding with s,=2.5 mm, AA6014,
v=6 m/min
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the bottom of the sheet. At high aspect ratios, the share of
the bottom area in the total area and therefore the relative
decrease of absorptance during the transition is reduced.

4.2 Discussion of the absorptance at powers
exceeding the full-penetration threshold

A surplus of laser power is commonly applied to ensure reli-
able laser welding in the full-penetration mode by avoiding
the instabilities that otherwise occur at powers close to the
threshold value. In an industrial context, it is often not practi-
cal to determine the minimal laser power which ensures reli-
able full-penetration welding. Additionally, a high tolerance
to variations of the process environment and the material
properties is particularly important, which is why laser pow-
ers are commonly applied that significantly exceed the value
of 1.1 - Py, that was considered above. In order to describe
the absorptance during industrial full-penetration laser weld-
ing applications, it is therefore expedient to also consider the
influence of an increasing laser power well beyond 1.1 - Py,
In order to determine the dependence of the absorptance for
full-penetration welding with increased power, the keyholes
during welding with P, = 1.2 - P, . and P, = 1.3 - P, were
also reconstructed and the absorptance was determined by
means of raytracing as described above. Figure 10 shows all
reconstructed keyholes which are opened at its top and its
bottom for welding with d;=600 um. The distribution of the
absorbed irradiance is shown by the color-coded surface as
given by the logarithmic scale shown on the right of Fig. 10.

The comparison of the reconstructed geometries in
Fig. 10 shows that no significant change of the keyhole
geometry occurs for P; > Py, within the investigated range
of laser powers. Consequently, as indicated by the com-
parison of the color-coded areas in Fig. 10, no significant
changes of the distribution of the absorbed irradiance occur
with increasing laser power for P, > P, .. This was also
observed for welding with the other focal beam diameters
of d;=100 pm and d,;=400 um. The corresponding data and

Py =Py

PL = 1. 1 * PthT
=] = 1

PL=1'2'PthT PL=1'3'Pth1' -
y g
. . g

=
[
10000 8

g

— 19000 B

k=

100 §

1 mm 2
—_ ..2

images of the reconstructed keyholes are given in Fig. 12 in
the Appendix.

The absorptances during welding with a keyhole which is
opened at its top and bottom for the different laser powers (aver-
age over three trials) are represented by the diamond-shaped
data points in Fig. 11. The corresponding error bars represent
the minimum and maximum values determined in three trials.
Each of the dashed-dotted lines in Fig. 11 represents the mean
absorptance of all experimentally determined keyholes which
are opened at the bottom for the corresponding d;. The varia-
tion as indicated by the scatter band was derived by averaging
only the minimum and maximum values of the respective deter-
mined absorptances as represented by the error bars of the data

14 ¢ =+ 1, (mean)
. @  Ndr=600um (Measured)
12 Fk ’ }7.4,#:400;1111 (measured)
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Fig. 11 Absorptance in keyholes which are opened at its top and bot-
tom during welding of AA6014 with P; > P, . Experimental results
(data points) and corresponding mean values (dashed-dotted lines)

Fig. 10 Reconstructed geometries of the keyholes with calculated distribution of the absorbed irradiance (color coded) for different laser powers

P, > Py, with d;=600 pm, Py, =5.9 kW, AA6014, and 5,=2.5 mm
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points in Fig. 11. Additionally, the coefficients of determination
R? are given to indicate the variation of the measured absorpt-
ances (data points) from the corresponding constant course of
the absorptance (dashed-dotted line).

The values of R? close to 1 indicate that the absorptance
is constant and independent of the irradiated laser power
for P; > Py, within the investigated range of incident laser
powers.

5 Implications on process stability
5.1 Beginning of the process

As shown in Fig. 6, the spontaneous drop of the absorptance
impedes a stable welding process at the threshold. A reliable
application of the full-penetration welding process therefore
requires either a sophisticated closed-loop control as dem-
onstrated in [18] or a surplus of laser power. At the begin-
ning of the process, however, passing through this regime is
unavoidable. X-ray records of the full-penetration welding
show that the fluctuations of the capillary’s geometry during
the beginning of the process result in an excessive forma-
tion of pores [1, 29-31]. During the further progress of the
process, a reliable full-penetration process is achieved with
an increased stability of the geometry of the keyhole.
During partial-penetration welding, it was shown that
keyholes, in which fluctuations in geometry result in strong
variations in the locally absorbed irradiance and in strong
variations in the absorptance, are associated with an unsta-
ble process and the formation of pores. Keyholes in which
fluctuations in the geometry have only minor effects on the
absorbed irradiance and the absorptance are associated with
a stable process [14, 32]. With regard to the transition from
partial to full penetration, it can be concluded that a larger
drop of absorptance leads to higher fluctuations in the process.
As shown with Fig. 9, the drop of the absorptance is more
pronounced in the case of large beam diameters d;>400 um.
Unfortunately, remote laser welding in car body manufactur-
ing requires optical components with long focal distances
which result in comparably large diameters of the beam waist
in the order of typically 600 pm. Hence, lasers with higher
beam quality are required to reduce the beam diameter on
the sample’s surface to potentially reduce fluctuations of
the geometry of the keyhole during the initial state of full-
penetration welding processes. In the case of butt welds, the
application of small focal diameters may cause conflicts, as
often large keyhole diameters are used in order to achieve a
wide melt pool to ensure a sufficient connection between the
sheets and to enable a tolerance to misalignments. In this case,
based on the new findings presented here, the application of
beam oscillation is recommended, to maintain a small keyhole
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diameter while archiving a wide melt pool through transversal
movement of the keyhole [12, 33, 34].

5.2 During the process

A surplus of laser power exceeding the power at the thresh-
old Py, is required after the initial phase for a reliable appli-
cation of the full-penetration welding process. If reliable
full-penetration welding is ensured, the independence of the
absorptance from the incident laser power above the full-pen-
etration threshold results in differences of the characteristics
of the process compared to partial-penetration welding.

During stable partial-penetration welding, the laser power,
the keyhole geometry, and the absorbed laser power are directly
related to each other. Consequently, changes in of these values
also lead to changes in the other values and may result in a self-
reinforcing, non-linear effect. E.g., a reduced incident laser power
may lead to a reduced keyhole length and therefore a reduced
aspect ratio which results in a decrease of the absorptance. Con-
sequently, the absorbed laser power decreases to a greater extent
than the reduction of the incident laser power. In the case of full-
penetration welding, however, the new findings presented here
show that the same change in laser power has only a linear effect
on the absorbed laser power due to the constant absorptance as
long as it is ensured that the laser power exceeds the value of
the full-penetration threshold. This implies that full-penetration
welding is more robust to fluctuations of the laser power and the
keyhole geometry than partial-penetration welding.

The effect that a variation of the incident laser power at
P; > Py, and therefore of the absorbed laser power has on
the process result was not part of the presented investigations
and requires further studies. Possible effects might be varia-
tions in the width of the melt pool and in the overheating of
the melt or in the process efficiency due to different losses
by spatter and vapor ejection.

6 Conclusion

The transition of the welding mode from partial to full penetra-
tion results in a significant decrease of the absorptance due to the
formation of the second opening of the keyhole at its bottom. This
drop of absorptance is more pronounced for larger focal diameters
and is reflected by an unstable behavior of the keyhole, which was
identified at the threshold between the two welding modes. There-
fore, for a reliable application of the full-penetration welding pro-
cess, a surplus of laser power is required. During the initial state
of the formation of the keyhole in full-penetration laser welding
with the inherent occurrence of instabilities, one can recommend
the application of laser beams with small focal diameters. The
influence of the transition on the formation of spatters and on the
surface quality will be subject to future research.
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