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Abstract: Laser beam welding as a reliable tool for high-precision joining of batteries or microelec-
tronics is more and more the choice for achieving reproducible results in production processes. In
addition to a high automation capability, the precise control of the energy deposition into the material
plays an important role, especially when highly reflective materials, such as copper or aluminum,
must be welded together. Alongside the use of highly brilliant fiber lasers in the near-infrared range
with a focal diameter of a few tens of micrometers, diode lasers in the wavelength range of 445 nm
are increasingly being used. Here, beam diameters of a few hundred micrometers can be achieved.
With a wavelength of 445 nm, the absorptivity in copper can be increased by more than a factor of
10 compared to a near-infrared laser beam sources in solid state at room temperature. This paper
presents the in situ X-ray observation of laser welding processes on CuSné with a laser beam source
with a wavelength of 445 nm using synchrotron radiation at DESY Petra III Beamline P07 EH4 in
Hamburg, Germany. For the experiments, the laser radiation was focused via two separate optics
to focal diameters of 362 um and 609 um. To characterize the dynamics of the vapor capillaries
depending on the different focal diameters df, the parameters were varied with respect to laser power
Py and feed rate v. For the investigations, a synchrotron beam of 2 x 2 mm? in size with a photon
energy of 89 keV was used, and the material samples were analyzed by means of phase-contrast
videography to show the boundaries between solid, liquid, and gaseous material phases. The results
of this paper show the welding depths achieved and how the geometry of the vapor capillary behaves
by changing the focal diameter, laser power and feed rate.

Keywords: laser welding; copper; 445 nm; vapor capillary; process dynamics; synchrotron; DESY

1. Introduction

Laser welding has become increasingly important for the reliable joining of metals, as
customized joining strategies, such as spatial power modulation with high-brilliance lasers
in the near-infrared range, enable a precise local energy input [1]. However, laser welding
of copper poses the challenge that the absorptivity of copper is less than 5% at a wavelength
of about 1 pm [2]. Motivated by achieving a higher material absorption in copper, the
further development and use of blue lasers with a wavelength of 445 nm has been driven
forward [3]. With these systems, the absorptivity at room temperature is about 6 % [1,3]. In
2017, Wang et al. conducted the first experiments on material processing using blue laser
radiation with an output power of 250 W for heat treatment and cladding applications.
Accordingly, the beam focus describes a rectangular profile spanned by a 0.5 mm x-axis
and 1.33 mm y-axis [4]. One year later by other researchers, first welding attempts with
the same wavelength were carried out with a 100 W diode laser and a focal diameter of
100 um on pure copper. In this investigation, through-welds of 50 pm thick sheets and
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overlap joints of two 30 um thick joining partners were achieved [5]. Consequently, lasers
in the blue emission spectrum were brought onto the market with increasing output powers
or processing intensities. Silva et al. showed welds with a 150 W laser at 200 um spot size
for welding of 125 um thick copper and welding of copper foil stacks with an output power
of 500 W at focal diameters of 200 pm and 400 pm. With the larger spot diameter, a stack
thickness of 400 pm was joined at a feed rate of 3 mm/s. With the 200 um focal diameter,
only a total stack thickness of 300 um was investigated, but the feed rate could be increased
by a factor of 20 to 60 mm/s [6]. In the described experiments by [5,6], a very low porosity
was observed due to a stable welding process. The experiments described above already
illustrate that the choice of the focal diameter has a decisive influence on the efficiency of
the process in terms of both process time and melted volume. In 2019, additional through-
welding experiments on 0.5 mm copper sheets were published by Baumann et al. with
a 1.5 kW blue diode laser, a 1000 um beam diameter, and a feed rate of 50 mm/s, while
remaining in the regime of stable heat-conduction welding without spatter occurrence and
pore-free cross sections [7]. An even smaller top-hat focal diameter of 364 pm at the same
output power was achieved by Takenaka et al. by spatially coupling three 500 W blue
diode lasers together. As a result, spatter-free deep penetration welding was achieved with
blue diode lasers [8]. The same deep penetration welding was observed by Sato et al. using
similar parameters [9]. Since this spot size is in the range of the smaller spot diameter,
which is to be investigated in this paper (362 pm), the results will be compared. The bigger
spot diameter in this paper, which is to be investigated, is 609 um. Comparatively, Britten
et al. conducted experiments on the welding depth on 1 mm copper ETP with a spot size of
600 pm. While the bead-on-plate welds were carried out with velocities between 50 and
200 mm/s, the laser power was raised up to 1800 W. The transition from heat-conduction
welding to deep-penetration welding started between 1100 and 1200 W [10]. Additionally,
other sources investigated laser welding of copper with blue diode lasers with similar
experimental setups [11-13].

Building on these publications, the goal of this work is to compare laser welding
of CuSn6 with two different focal diameters at a wavelength of 445 nm and to analyze
the welds with in situ synchrotron experiments. Several publications in the state of the
art describe the visualization of the internal process dynamics in the material using syn-
chrotron radiation [14-16]. The latest studies on in situ phase-contrast videography to
describe the dynamics of the vapor capillary during welding of copper with a wavelength
of 445 nm were published by Heine [17]. The synchrotron images shown, which were
produced in a cooperative effort, describe, at a frame rate of 5 kHz, how the vapor capillary
behaves during processing, up to a maximum power of 1750 W and a maximum speed of
250 mm/s. It is shown that the vapor capillary lengthens at higher speeds in the direction
of the relative movement, and thus, the capillary geometry is strongly dependent on the
feed rate regarding the opening width and opening angle.

Based on the literature and synchrotron experiments conducted to date, this paper
addresses the following research goals in particular:

1.  Investigation of vapor capillary geometry (opening and front angle) and welding
depth during the laser beam welding of CuSn6 with a wavelength of 445 nm and a
maximum output power of 1750 W at focal diameters of 362 pm and 609 pm.

2. Analysis of phase-contrast images obtained by synchrotron radiation using auto-
mated evaluation by machine learning algorithms and determination of the process-
parameter influence on the process dynamics.

By evaluating the data and simultaneously adjusting the process parameters, such as
focal diameter df, laser power P, and feed rate v, the formation of the vapor capillary can
be analyzed and its influence on the quality of the weld seam determined.

2. Materials and Methods

The welding experiments on CuSn6 were performed with a blue diode laser from
Laserline with a wavelength of 445 nm and a maximal output power of 1800 W. The welding
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experiments involved bead-on-plate welds on a specimen geometry with dimensions of
100 mm x 30 mm x 2 mm, in accordance with Figures 1 and 2. To investigate the influence
of two different beam diameters for laser welding of CuSné samples, two different optical
systems were used. The first optics is an in-house built optical system; a spot diameter of
approximately 0.6 mm is achieved here. The original application of the optical system is
dual welding with two laser beams with wavelengths of 445 nm and 1070 nm. However,
the system can also be used to use only one of the two wavelengths. The second optics
(OTS5), which was used in the second setup, was developed and is industrially distributed
by Laserline. Here, a focal diameter of 362 um is achieved. The optical properties of the
two systems are summarized in Table 1. All welding experiments were conducted in the
focal position z = 0. For the determination of the beam diameters, beam caustics, and beam
characteristics, the FocusMonitor (FM+) from the company PRIMES was used.

GaGG:Ce scintillator

high-speed camera

copper sample

Figure 1. Alignment of synchrotron beam, laser beam, copper sample, and high-speed camera to
each other during a synchrotron experiment.

s
] crossjet @

2

=

Figure 2. Experimental setups used at Deutsches Elektronen Synchrotron (DESY) Petra 3 P07; Custom
Optics with dg = 609 um (left); Laserline OTS5 with dp = 362 um (right).
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Table 1. Characteristics of the two experimental setups.

Laser Beam Characteristic Setup 1 Setup 2
Laser beam source Laserline LDMblue 1800-30
Max. output power, Prmax 1800 W
Wavelength, A 445 nm
Optical system Custom Optics Laserline OTS 5
Focal diameter, dg 609 um 362 um
Rayleigh length, zg 2.68 mm 1.13 mm
Beam quality, M2 233.98 203.1
Beam parameter product 38 mm-mrad 33 mm-mrad

Beside the laser beam sources and optical systems to focus the laser beam, the experi-
mental setup for the investigations was based on the usage of the high-energy beamline
P07 (EH4) of Petra 3 at Deutsches Elektronen Synchrotron (DESY) in Hamburg, Germany,
which is operated by Helmholtz-Zentrum Hereon. To observe the welding process, X-ray
radiation was transmitted through the copper sample and converted into visible light by a
GaGG:Ce (Gadolinium Aluminium Gallium Garnet (Ce)) scintillator, as shown in Figure 1.

Using an ixCamera iSpeed 727, the glow of the scintillator, which was exposed
to the X-ray radiation, was recorded. The pictures were taken with a resolution of
1600 x 900 pixels and a frame rate of 5 kHz. The corresponding parameters and properties
of the synchrotron imaging setup are given in Table 2.

Table 2. Parameters and properties of the synchrotron imaging setup.

Parameter Unit P07 Petra III
Operation mode - High Beta
Photon energy keV 89
Synchrotron beam area mm? 2x2
Scintillator material - GaGG:Ce
Scintillator size mm? 11 x 11
Scintillator thickness um 1200

The experimental setup included, in both setups, a Jenny Science high-speed axis
(LINAX Lxs 520F60) to apply the welding speed and a cross-jet to protect the optics from
process spatters due to the relatively small working distances of less than 85 mm. To
determine the maximum available laser power, a Primes Cube M was used to calibrate the
laser power output with an accuracy of £3%. The actual experimental setup is shown in
Figure 2. To facilitate commissioning on site and to be able to easily swap between the two
systems, the setups were mounted together on the fixture.

The synchrotron images obtained after the welding tests were then processed by
shading and post-processing the individual images. This allows the melt pool, vapor
capillary, bubble, and pore formation, as well as effects on the material surface, such as
melt ejections, to be visualized in more detail. These process characteristics are shown in
Figure 3.

In the context of this publication, the focus of the investigations will be on the geometry
of the vapor capillary in addition to the transition from heat conduction welding to deep
penetration welding. In addition to the wavelength as a variable for the power absorbed in
the material, the angle of incidence of the laser radiation in the vapor capillary also plays a
decisive role for the absorption. Studies have already been carried out using synchrotron
radiation as an analysis tool for the incident angle o when welding with 515 nm and
1030 nm wavelengths [14]. Accordingly, the formation of the front angle and the vapor
capillary depth when varying laser power and feed rate with a laser of 445 nm will be
examined. The evaluation is supported by a trained neuronal network to automatically
extract the desired process information from the image data.
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Figure 3. Phase contrast image of deep penetration welding and geometrical description of the
vapor capillary.

3. Results and Discussions

First, experiments on power ramping with different beam diameters on CuSné6 are
examined to determine the vapor capillary depth and front angle while varying laser power
P, and feed rate v, as this material is used in many electromobility applications. In the
second part, welds are examined, in which the laser power P, and the feed rate v are kept
constant over the entire welding distance. By using mean value images, an impression of
the fluctuation of the vapor capillary, if present, is to be gained.

3.1. Laser Power Ramping

Figure 4 shows the top view of a weld on CuSn6 with a focal diameter of 362 um. The
letters in the figure describe a continuous weld seam with a feed direction from the left
side in Figure 4a to the end crater on the right in Figure 4d. At a constant welding speed of
100 mm/s, the power was increased linearly from 500 W to 1750 W with a power increase
of 25 W/mm. After the process was started, a mirror-like surface quality was achieved in
the area of heat conduction welding. At a power of 825 W, corresponding to an intensity
of 6.3 x 10° W/cm?, the synchrotron data show that a small vapor capillary emerged,
marking the start of the transition to deep penetration welding. At this point, the weld
seam surface in Figure 4 also undergoes an initial change, which announces the change of
welding regimes. After this threshold was reached, the vapor capillary depth increased
with increasing power, transforming from a lens-shaped geometry into a more and more
cone-shaped keyhole. Due to the increasing fluctuation of the vapor capillary towards
higher laser powers, the surface roughness of the weld seam surface also increased.

The vapor capillary depth data evaluated by the neural network for the two focal
diameters and feed rates of 100 mm/s and 250 mm/s are shown in Figure 5.

Due to fluctuations in the process and an evaluation-side standard deviation, point
clouds of the welding depth were extracted from the shaded synchrotron images. The
data were fitted by using an adjacent-averaging method, in which 20 adjacent points were
considered for each value. With the same parameters as in Figure 4 (OTS 5, v = 100 mm/s),
a steep increase in the vapor capillary depth z, can be observed at a power of 825 W, at
which point the transition from heat conduction to deep penetration welding takes place.
Towards a higher feed rate of 250 mm /s, the start of the transformation shifts to 950 W,
and an intensity of 7.2 x 10> W/cm? is needed. Despite a 2.5-fold feed rate v, a factor
of 1.14 higher intensity is required for the transition to deep penetration welding. The
slight difference can be attributed to heat build-up in the material. A comparison of the
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two graphs shows that there is a higher vapor capillary depth fluctuation at a lower feed
rate of 100 mm/s compared to 250 mm/s. This is due to the fact that the opening width
of the vapor capillary increases towards higher velocities (compare Figure 6), the front
angle becomes flatter, and the metal vapor can escape from the capillary. The opening
of the capillary is also shown by Fetzer et al. [18]. With narrow vapor capillary channels,
local temperature and pressure hotspots form, which lead to increased fluctuation of the
vapor capillary. Comparing different beam diameters at the same feed rate of 100 mm/s in
Figure 5, the transition to deep penetration welding takes place at a power of 1215 W for
the bigger 609 um spot diameter. Although more power is required here, the transition to
deep penetration welding already takes place at an intensity of 3.3 x 10° W/cm?, which
corresponds to a reduction by a factor of 1.9. This is probably since the larger beam
diameter allows more radiation to initially enter the capillary, as the vapor capillary has a
larger opening and flatter front angle, similar to higher feed rates (compare Figure 6), in
combination with heat accumulation. Again, the fluctuation of the vapor capillary depth
is less than with a small focal diameter and low velocities. The front angle in the deep
penetration welding regime, which is described in Figure 3, over the laser power for the
four investigated parameters is shown in Figure 7.

500 W Heat conduction welding Transition to heat conduction welding 825 W

Deep penetration welding 1750 W

Figure 4. Top view of a continuous weld seam from image (a—d) on CuSné with power ramping from
500 W to 1750 W and a feed rate of 100 mm/s; dg = 362 um (setup 2).

The diagram shows that the lowest front angle can be achieved when the smallest focal
diameter, in combination with the lowest velocity, is selected. A small front angle means that
anarrow vapor capillary is formed, and the energy can be transported deep into the material
due to multiple reflections at the capillary walls. The relationship between absorption and
reflection in dependency of the angle of incidence was described by Kaufmann et al. [15].
The front angle increases towards higher speeds or the larger spot diameter. Due to the
higher speed, the laser beam is relatively further in front of the capillary. As a result, less
radiation is absorbed in the vapor capillary, less vaporization occurs, the opening pressure
is reduced, and the capillary becomes flatter. However, the flatter capillary results in higher
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absorption according to Fresnel. These points lead to a cycle until equilibrium is achieved.
By combining the data from Figures 5 and 7, the vapor capillary depth z, can be plotted
over the front angle « (see Figure 8).
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Figure 5. Vapor capillary depth z; during power ramping from 500 W to 1750 W determined by the

evaluation of the high-speed images by neural networks.
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Figure 6. Superimposed mean value images of a constant deep penetration welding process with
varying focal diameters dp, laser powers P and feed rates v.

The diagram illustrates that a small front angle « leads to more energy being reflected
deep into the material, and a greater welding depth z, can be achieved. However, depend-
ing on the setup, the same vapor capillary depths z, can also be achieved with different
front angles «. At a constant feed rate of 100 mm/s, for example, a vapor capillary depth z,
of around 500 pm can be achieved if a front angle o of 19.7° is achieved with a focal diame-
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ter of 362 um or a front angle o of 29.3° with a focal diameter of 609 um. Although more
power is required to achieve the same welding depth when using a larger spot diameter,
the larger front angle means that the metal vapor can escape better, resulting in the vapor
capillary stabilizing and fewer process fluctuations.

dg =362 pm (v = 100 mnv/s)
de = 362 pm (v = 250 mm/s)
de =609 pm (v = 100 mnm/s)
de = 609 pm (v = 250 mm/s)

20 pt adjacent-averaging: d= = 362 um (v = 100 mm/s)
20 pt adjacent-averaging: d: = 362 pm (v = 250 mm/s),
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20 pt adjacent-averaging: d- = 609 pm (v = 250 mm/s),
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Figure 7. Vapor capillary front angle o during power ramping from 500 W to 1750 W in deep
penetration mode determined by the evaluation of the high-speed images by neural networks.
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Figure 8. Correlation of vapor capillary depth z, and front angle « during power ramping from
500 W to 1750 W based on the results of Figures 5 and 7.

3.2. Welding with Constant Laser Power Py and Feed Rate v

By superimposing all images of a single welding experiment with constant laser power
Py, and feed rate v, so-called mean value images can be generated. This allows the sharpness
of the vapor capillary edges in the images to visualize how strongly the processes fluctuate
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and to determine the main position and geometry of the vapor capillary. Furthermore, the
averaged image describes the position and geometry of the vapor capillary in the process.
Figure 6 shows average images of the processes with constant laser powers Py, feed rates v,
and beam diameters dg.

At a feed rate v of 100 mm/s and a spot diameter of 362 um, a small front angle « is
given, which causes the radiation to be reflected deep into the vapor capillary. The resulting
high process dynamics induced by hot spots in the narrow capillary blur the edges of the
vapor capillary in the mean value images. If the focal diameter of 609 pm is considered, a
stable deep penetration welding process occurs later, while at lower laser power, the melt
pool in heat conduction welding can be observed. The edges of the mean value image are
sharp, which indicates a stable vapor capillary. Looking at the higher speed of 250 mm/s,
it is noticeable that no vapor capillary is formed up to 1750 W using a larger spot diameter
of 609 um. With an intensity of 4.7 x 10° W/cm?2, only a melt pool is formed. With the
smaller focus diameter of 362 um, deep penetration welding is also achieved at a feed
rate of 250 mm/s. The mean value image shows relatively sharp edges in the area of the
vapor capillary, which means that a stable vapor capillary can be assumed. Furthermore,
when looking at the front angle o, it is noticeable that the vapor capillary length in feed
direction is drawn wider due to the higher feed rate. This again has the advantage during
the welding process that the metal vapor can escape better from the capillary channel.

Since both the vapor capillary depth and width can be influenced by changing the
focal diameter dg and the feed rate v, the area of the vapor capillary A, extracted by the
neuronal network is also shown in Figure 9 in addition to the vapor capillary depth z,.

0.8 ; ‘ 1600
- 4 - d- =362 ym (v = 100 mm's) 4
— 1| & - & =362 pm (v = 250 mm's) T | _ 1400 "
: -®-d = = £ ) ///\‘?, 2 -
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- - N .- N G
. R = 1000 — == L
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E 0.4 e o 800 -
= P i L
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Figure 9. Vapor capillary depths z, and areas A, during deep penetration welding with varying
focal diameters dp, laser powers P, and feed rates v.

The error bars describe the minimum and maximum values determined by the neural
network after the process is settled. At a feed rate v of 100 mm/s and a focal diameter dp of
362 um, the welding depth increased linearly by approximately 0.82 um/W. At a feed rate
v of 250 mm /s, this increase is reduced to 0.47 um/W. If the focal diameter df is varied
instead of the feed rate, welding depth increases by 0.73 pm/W in the range of 1500 W
to 1750 W. At the largest focal diameter dr and the highest feed rate v, there is no vapor
capillary formation, as was seen in the mean value images. The vapor capillary areas Ay
also follow an approximately linear curve at the three power levels. As an example, with
a spot diameter of 362 um and a feed rate of 100 mm/s, the area of the vapor capillary
increases more than twice as much as at a feed rate of 250 mm/s. Here, due to the lower
distance energy, less energy can be used locally to build up the capillary. Although the
width of the vapor capillary opening increases towards high feed rates v, the front angle «
is larger and the depth of the vapor capillary is considerably smaller. Whether the vapor
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capillary depths z, and the area A, really follow a linear progression must be determined
by further experiments towards higher outputs.

4. Conclusions

In this work, X-ray phase contrast observations of the laser beam welding process of
CuSn6 using a 445 nm blue diode laser and two different focal diameters were performed.
By means of synchrotron images, the transition from heat conduction welding to deep
penetration welding could be observed.

For this purpose, experiments were carried out with power ramps from 500 W to
1750 W at focal diameters of 362 um and 609 um and at feed rates of 100 mm/s and
250 mm/s. To describe the process dynamics, the vapor capillary was then described
in terms of its depth z, and front angle «. The following conclusions are drawn for
the experiments:

e For a welding speed of 100 mm/s and a focal diameter of 362 um, the transition from
heat conduction welding to deep penetration welding takes place at an intensity of
about 6.3 x 10° W/cm?;

e Increasing the intensity on a basis of the laser power during deep penetration welding
with a focal diameter dp of 362 um and a small front angle « leads to an increase of the
vapor capillary, corresponding turbulences, pulsations at the bottom of the capillary,
and pores;

e Fewer pores are observed during synchrotron trials with higher welding speeds
(250 mm/s) due to a higher front angle « inducing a beneficial vapor evaporation, and
expulsions leave at the top instead of building pores;

e  When using a larger focal diameter d, more laser power Py, is required to achieve the
threshold intensity, but the larger spot diameter results in a wider capillary opening
with a larger front angle o being beneficial for the stabilization of the vapor capillary.

Additionally, welding tests with only constant parameters were carried out to further
describe the vapor capillary stability and geometry. All process images of one parameter
each were used to generate mean value images. The sharpness of the edges and the
contrasts displayed allow conclusions to be drawn about the fluctuations, position, and
geometry of the vapor capillary. Finally, a parameter space is presented that describes the
vapor capillary depth z, and area of the capillary Ay in dependency of the beam diameter
dr, the feed rate v and the laser power Pr.

In sum, laser welding of CuSné enables a stable deep penetration welding process
with welding depths > 1 mm with the correct setting of the beam diameter dg, feed rate v,
and laser power Pp. This results in a front angle « as a result of the parameter selection.
The targeted enlargement of the vapor capillary opening by increasing the focus diameter
or the feed rate enables less fluctuation to be achieved, as pressure hotspots are minimized
by better evaporation from the vapor capillary. With increasing laser power, the use of blue
laser radiation has the potential to scale these effects and to reduce the formation of weld
seam defects due to vapor capillary fluctuations at even greater welding depths.

Accordingly, further investigations should be carried out in the future regarding
varying focal diameters dr and increasing feed rates v in order to analyze their influence
on the front angle o in more detail. The aim is to produce a customized capillary geometry
with the greatest possible welding depths, resulting in a defect-free weld seam with low
surface roughness. At the time of these investigations, the experiments had to be limited to
a maximum laser power of 1800 W. By using beam sources and optics with an output power
of about 4 kW and a minimum spot size of 300 um, which are currently being developed,
the experiments will be continued.
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