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Laser welding was carried out using a co-axial core-ring beam, with independent control of the power to the core
and the ring. The welding process was observed using high-power X-rays and high-speed imaging equipment.
Adjusting the relative powers of the core and the ring beams was found to have profound effects on the shape of
both the capillary created and the weld melt pool. Moderate laser power densities in the ring were found to
increase the top diameter of the weld pool and reduce fluctuations in the welding process. High laser power
densities in the ring led to the creation of a second capillary which largely acted independently of the capillary
generated by the laser power in the core. At high power densities and welding speeds the two capillaries were
almost completely separated in the direction of travel.

1. Introduction

Steel, due to its high weight-to-strength ratio and low cost [1], is
used in the automotive sector in crash-relevant areas [2]. Recent ap-
plications include its use in electric vehicles for battery frame to enhance
safety during crashes [3,4]. The joining of shells and the housings of
battery cells and electronics, by means of laser welding are generally one
of the final steps in the manufacturing processing chain and requires
defect-free welds to avoid damage to internal components manufactured
in previous processing steps [5].

One major defect during the laser welding process of steel is the
detachment of melt droplets (spatter) [6,7], resulting in under-filling,
which reduces the mechanical properties of the resulting weld [8,9].
At high welding velocities, which are desired for economic productivity,
the formation of spatter increases during the laser welding process [10].

The underlying mechanisms of spatter formation are, as described in
[6,7,11], an upward melt flow leading to the detachment of spatter, if
the kinetic energy of the melt particle is at least greater than the surface
tension and the kinetic energy of the spatter. This acceleration is caused
from adverse flow field conditions in the melt pool and friction effects of
exhausted metal vapor from the laser induced capillary [12-14].

To address the flow field conditions, a change in the size of the melt
pool and the melt pool cross sections in aluminium [15] and steel [16]
could be achieved by means of a second laser to reduce the melt flow
velocities aside the capillary [10,17]. To address vapor friction effects,
crucial geometric properties of the capillary like its opening diameter
[18,19] and its inclination angle in relation to the material surface
[11,14,20] could be adjusted to reduce the formation of spatter. Addi-
tionally, the mechanical properties of the material like surface tension of
the liquid are also of major significance, and can be influenced by the
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ambient atmosphere and its pressure [13,21-23].

While previous solutions have proven effective, they often involve a
high degree of complexity and implementation effort, highlighting the
need for simpler and more practical approaches.

As one of the more recent developments in the field of laser material
processing, beam shaping technologies provide significant potential for
optimizing laser welding processes. One way of creating a specific beam
shape or intensity distribution on the sample’s surface is to use two
separate, superimposed laser beams. This approach has been found to
influence the formation of spatter [15,16], but, with regard on setup and
adjustment, are also impractical for industrial use. Another way of
creating superimposed intensity distributions is to use dual-core fibers
[24] which transmit laser beams in a core waveguide and a surrounding
ring waveguide. These systems create a ring-shaped intensity distribu-
tion around a Gaussian or top-hat intensity distribution in the center.
The use of such a core-ring intensity distributions can influence various
aspects of the welding process, e.g. the formation of spatter [25,26]. It
has also been noted that the shape of the capillary changes as the power
ratio between the core and ring fiber output changes [18]. However, the
early versions of this technology in [18,25,26] are limited, as the power
in the core and ring fiber cannot be controlled independently. Multi-core
fiber systems that deliver adjustable amounts of laser power to the
central core and to the surrounding ring component of the fiber [27], are
therefore of major interest and are the subject of this present investi-
gation. In order to use these systems effectively the utilisation of such
beam shaping tools needs to be better understood.

Bespoke core-ring intensity distributions can be used to change the
laser-material interaction in deep-penetration welding processes [28].
For example, a change in the geometry of the melt pool, such as an in-
crease in its width, can influence the melt flow within the melt pool
around the capillary [17].

Previous work using such systems has shown an influence on the
melt pool’s geometry in aluminium with increasing ring power [29] and
demonstrated that the geometry of the capillary and the weld’s cross-
section can be adapted by the core-ring intensity distributions when
welding steel [30].

With regards to metallographic influence, core-ring intensity distri-
butions spread laser power input to a larger area, which reduces lateral
temperature gradients and cooling rates [31]. These changes result in
different solidification conditions that refines the grain structure in
aluminum, influencing cracking susceptibility [32,33]. When applied to
stainless steel grain refinement effects [34] due to the reduction of
temperature gradients could be observed, which lead to an improvement
in weld properties by a reduction of post-weld deformations [35]. Also,
with changes in cooling rates [36], different grain morphologies could
be observed, with changes in tensile properties of the material [37,38].
Depending on laser power and welding speed, different levels of grain
morphologies were achieved resulting in changes in hardness and frac-
ture strength [39]. Beneficial effects on weld bead characteristics, when
using core-ring intensity distributions were observed from as well [30].

The literature presented above shows that the link between spatter
and melt and vapour flows has been well investigated. Both, melt and
vapor flows, are strongly connected with the shape of the capillary and
the melt pool. Core-ring beam shapes are influencing the formation of
spatter by influencing both, as they can affect the shape of the capillary
and the shape of the melt pool. The hypothesis of this work is, that the
effect of the ring can be adjusted so that it shapes the weld pool, the
capillary or both. The threshold for influencing the capillary shape
should be connected with a local temperature increase exceeding
evaporation temperature. In order to prove this hypothesis, we holisti-
cally analyse by synchrotron X-ray imaging the capillary shape and
metallographic sections for the melt pool shape. The comparison of
these geometric quantities with the number of produced spatters iden-
tifies the beneficial core-ring distributions that reduces spatter and
provides causal link on how core-ring beam shapes influence the
welding process of stainless steel.
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This study looks into how different core-ring power distributions
affect the geometry of laser generated capillary in AISI304 (DIN
X5CrNil18-10, 1.4301) stainless steel, and thus influence the geometry of
the melt pool and the quality of the eventual weld in terms of spatter
formation at welding speeds of 3 and 12 m/min.

The X-ray images show for the first time the creation of a secondary,
separated capillary from the ring beam at high welding speeds and gain
new insights in the interaction between core-ring beam shapes, capillary
shape and spatter formation. At low welding speeds, the X-ray images
show the beneficial effects of ring beam, which creates a secondary
capillary connected to the capillary created from the core beam, to
significantly reduce spatter formation. With reduced ring beam in-
tensity, additional melting occurs, which affects primarily melt pool
shape and reduces the formation of spatter, for both welding speeds
investigated.

2. Experimental setup

A schematic of the experimental setup used is shown in Fig. 1. The
samples, made of 2 mm thick AISI 304 (DIN X5CrNil8-10, 1.4301)
stainless steel, were cut to a 100 mm by 30 mm format, the sides were
milled and cleaned. The sample was held in a clamping device mounted
on a sled that can move in the x-direction with speeds in excess of 20 m/
min. A moving sample and a stationary laser beam enabled an investi-
gation by means of high-speed X-ray videos of the welding process. A
bead-on-plate welding arrangement was set up, whereby the side surface
of the individual 2 mm thick sheet metal was welded, assuming that this
is a perfect fit-up example of a weld between two sheets.

The laser system consisted of a “Highlight FL. 4000CSM-ARM” fiber
laser from Coherent, that generates a beam with a wavelength of 1070
nm. To deliver the laser power to the processing optics, a fiber with a
concentric ring-core wave-guiding structure consisting of a core with a
diameter df,core of 25 um and a surrounding ring with an inner diameter
df ringin of 100 um and an outer diameter df ing our Of 170 um was used.
The power in the core and ring waveguides of the fiber could be
controlled independently and this made it possible to generate a range of
ring-core intensity distributions on the surface of the sample, as
described in [29]. In this case, the laser power could reach up to 1500 W
in the core, and 2500 W in the ring. Using a 150 mm collimation lens and
a 400 mm focusing lens (Fig. 1 (2)), the optical system produced the
focussing characteristics given in Table 1.

The X-ray imaging system in the beamline PO7 EH4 of PETRA 3 at
Deutsches Elektronen-Synchrotron (DESY) in Hamburg was used to
observe the shape of the capillary during the welding process [40], the
collimated X-ray beam exits the shielding tube see Fig. 1 (3), passes
through the sample and is absorbed by it to varying degrees, depending
on the local thickness and the density of the material. The high brilliance
of the X-ray beam facilitates the observation of phase contrasts in the
material, both at the liquid-gas phase boundary of the capillary, and the
liquid-solid phase boundary of the melt pool [41,42]. A detailed
description of the experimental setup is also shown in [43].

A GaGG:Ce scintillator crystal with a thickness of 1.6 mm was placed
behind the sample to convert the attenuated X-ray beam, with an energy
of 74 keV, into visible light. The illuminated back side of the scintillator
was then recorded by a high-speed camera (i-SPEED 727 from iX Cam-
eras), see Fig. 1 (4), at a framerate of 10 kHz and a spatial resolution of
390 pixel/mm. To protect the electronics of the camera from the X-ray
radiation, a mirror was used to keep the camera out of the X-ray beam
path.

Additionally, to record the generation of spatter during the welding
process, a high-speed camera (0S8 from IDT Vision) fitted with a
Navitar zoom lens and a short pass filter at 950 nm, was used. The
camera was positioned perpendicular to the welding direction and tilted
at 9° relative to the sample’s surface (see Fig. 1 (5)). In order to observe
the rapidly moving, small spatter particles and their trajectory, the
camera’s frame rate was configured at 8 kHz and the spatial resolution
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Fig. 1. Schematic of the experimental setup. 1. Sample and clamping device on sled, moving in the x-direction (into the page). 2. Optical system with collimation lens

fy = 150 mm and focusing lens f; =

400 mm. 3. Synchrotron X-ray beam source. 4. High-speed camera records the shape of the capillary and weld pool (in the

direction of travel) during the welding process visualised by the scintillator via a mirror. 5. High-speed camera system capturing the generation of spatter during the

welding process.

The beam from the fiber‘s core was focused on the sample’s surface to a
spot diameter of dg spor 65 um. The beam from the fiber’s ring waveguide
was focused to an outer diameter drngous of 446 um and an inner

diameter dyingin of 263 um, as illustrated in Fig. 2b. Fig. 2c shows a
schematic of the beam profile at the focus.

Table 1
Properties and parameters of the laser beam source and the optical system.
Parameter Unit Coherent Highlight
FL 4000CSM-ARM
Laser type - Fiber laser
Wavelength of laser beam 4 nm 1070
Maximum laser power in core Py core w 1500
Maximum laser power in ring Prax,ring w 2500
Fiber core diameter dg ore um 25
Fiber ring inner diameter dying in um 100
Fiber ring outer diameter dy ing out um 170
Focal length of collimation lens fi mm 150
Focal length of focusing lens f¢ mm 400
Focused beam core spot diameter dg, core um 65
Focused beam ring inner diameter dyingin um 263
Focused beam ring outer diameter dying our um 446

Different power distributions were achieved by varying the laser
power in the core and ring fiber for two welding speeds, as listed in
Table 2. The main objective of the experiment was to observe welding
characteristics at ring-core power ratios of 100:0, 50:50, 20:80 and
0:100, whilst keeping the capillary’s penetration depth similar (with an
accuracy of + 0.1 mm) for each speed. In order to increase relevance for
laser welding applicators, identical welding depths were achieved for
the various power distributions by adjusting the laser power. This was
achieved by taking separate X-ray images of power ramps at different
power distributions and welding speeds in order to determine the laser

was set at 800 pixels/mm.

The core and ring beam profiles at the focus position are shown in
Fig. 2, as measured using a Primes “MicroSpotMonitor MSM+" Device.

a)

Intensity in MVW/cm?

power required to achieve the wanted welding depth.

In order to study the Rosenthal and Elongated Capillary regimes as
defined by Fabbro [44], two different welding velocities are compared
in the framework of this work.

Intensity in MW/cm?

Fig. 2. Measured intensity distributions of ring and core beam at the focus position. (a) Intensity distribution of focused core beam (b) Intensity distribution of

focused ring beam (c) Schematic of the beam profile at the focus.
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Table 2
Laser powers for different power distributions and welding speeds (C=Core beam, R = Ring beam).
Power distribution 100:0 50:50 20:80 0:100
and welding speed Vyeiq (core beam only) (ring beam only)
3 m/min, C: 350 W C: 300 W C: 200 W C:0
Scap = 1.3 £ 0.1 mm R: 0 R: 300 W R: 800 W R: 1250 W
12 m/min, C: 400 W C: 390 W C: 300 W (&31]
Scap = 0.85 + 0.1 mm R: 0 R: 390 W R: 1200 W R: 2400 W

For the welding speed vy.iq of 3 m/min the capillary depth s.q, was
approximately 1.3 mm. In the case of the 12 m/min welding speed, the
laser power limit of 2400 W in the ring results in keyhole depths of 0.85
mm (with an accuracy of +£0.1 mm). Table 2 summarises the power
levels used in the core (C) and ring (R) of the fiber at the different
welding speeds. It is clear that the different power ratios required
different total powers to achieve the same weld penetration.

3. Results & discussion
3.1. The effects of different core-ring combinations on capillary shape

3.1.1. Interpretation of the X-ray videos

To compensate for inhomogeneous grey level distribution in the
images, the X-ray recordings were post-processed with a flat field
correction (FFC), using the average image of 20 frames from the X-ray
recording prior to the start of the welding process [45,46].

Fig. 3a shows a time-averaged image of 1000 frames from a flat-field
corrected X-ray video, corresponding to a welded length of 2 mm, during
welding at 3 m/min and a power distribution of 50:50. The raw image
consists of grey values, which correspond to the intensity of the X-ray
radiation on the scintillator. At the location of the vapor-filled capillary,
the X-rays propagate through less absorbent material, resulting in higher
grey values in the images [47], and thus enabling detection of its cross-
section. By averaging the grey values of 1000 frames, noise can be
reduced and an example of the resulting image is shown in Fig. 3a. For
the sake of better visibility of the average dimensions of the melt pool
(which is only faintly visible in the grey image) and the capillary, the
image in Fig. 3b has been colour-coded by the “mpl-plasma” LUT of the
Fiji image processing software [48]. Fig. 3c presents a schematic of a
characteristic capillary.

3.1.2. Welding with the core beam only
Fig. 4a and 4b show the schematic images of the averaged X-ray
recordings for welding with the core beam only. Dimensionally accurate

Phase boundary

Solid-liquid

high

I
X-ray attenuation =

high

schematics of this type will be presented in the following sections for
improved clarity. Fig. 4c shows the time-averaged X-ray videos from
1000 frames for 3 m/min and Fig. 4d for 12 m/min, from which Fig. 4a
and 4b were derived.

The core-only weld at 3 m/min was carried out with 350 W of power
in the core beam and 0 W in the ring (Fig. 4a). The 12 m/min core-only
weld was carried out at the slightly higher power of 400 W (Fig. 4b). The
profile of the laser beam on the sample has been added at scale to the
figures.

With a focussed spot diameter of 67 um on the surface of the sample a
narrow, almost straight capillary was formed at both welding speeds,
with a slight curvature in the direction of travel in its lower portion. At a
welding speed of 3 m/min, shown in Fig. 4a, the width of the capillary
(in the direction of travel) varied from 40 um at the top of the weld, to
zero at the bottom and its depth was 1.3 mm. The limited optical reso-
lution and contrast of the captured images allow for the identification of
the location of the tip of the capillary with an accuracy of + 0.1 mm. The
lag between the top front face and the bottom (as a result of the cur-
vature) was 28 um. At a welding speed of 12 m/min (Fig. 4b), the
diameter of the capillary varied from 56 um at the top of the weld to zero
at the bottom and its depth was 0.85 mm. The lag between the top front
face and the bottom was 51 um.

3.1.3. 50:50 Core:Ring power distribution

Fig. 5 shows the average shape of the capillaries created at 3 m/min
and 12 m/min with the 50:50 power distribution (300 W core, 300 W
ring).

In the case of welding at a speed of 3 m/min, the capillary’s depth
was 1.3 mm + 0.1 mm, and its width was 49 um at the top of the
capillary and zero at the bottom. The lag between the top front and
bottom was 36 um. The change of the melt pool’s geometry, compared to
Fig. 4a, can clearly be seen. The lower half of the melt pool looks similar
to that in Fig. 4a, but the melt is extended in the direction of travel to-
wards the top. This increase of the melt pool’s length can be attributed to
the additional ring power on the sample’s surface, which heats up the

c)
N ;(i/capillary
A
Scap
A\ 4
——
Wlag
&
y X AlSI1304

s}
3

X-ray attenuation

Fig. 3. X-ray imaging. (a) Time-averaged image of an X-ray video sequence from 400 frames with increased contrast for improved visibility of capillary (b) Recolored
image for improved visibility of the melt with different zones identified (c) Schematic with characteristic dimensions.
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Fig. 4. Schematic representation of the average image from 1000 frames of X-ray video recording when welding with the core beam only (a) 3 m/min and (b) 12 m/
min. Original average grayscale image from 1000 frames of X-ray video sequence with increased contrast for (¢) 3 m/min and (d) 12 m/min.
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Fig. 5. Schematic representation of the average image from 1000 frames of X-ray video recording when welding with a 50:50 core-ring power distribution at (a) 3 m/
min and (b) 12 m/min. Original average grayscale image from 1000 frames of X-ray video sequence with increased contrast for (¢) 3 m/min and (d) 12 m/min.

area around the core spot. The ring beam is insufficiently intense to
evaporate its own capillary, but melts extra material in the top half of
the weld by conduction from the surface. This additional input of energy
also reduces the amount of energy required by the core to penetrate to
the same depth as the core-only weld from 350 W to 300 W. In the case
of the weld at a speed of 12 m/min, the capillary’s dimensions were:
depth 0.85 mm, top width 48 um, lag 56 um (the measurements of the
capillary for all cases are summarised in Table 3 below). Fig. 5¢c shows
the raw, time-averaged X-ray videos from 1000 frames for 3 m/min and

Fig. 5d for 12 m/min.

3.1.4. 20:80 Core:Ring power distribution

To produce the welds shown in Fig. 6, the power in the core was
decreased and the power in the ring was increased to produce a 20:80
power distribution (200 W core, 800 W ring). With this distribution the
intensity of the ring-shaped beam was capable of evaporating its own
capillary.

In the case of welding at 3 m/min, the additional capillary is wider
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Table 3
Capillary dimensions — depth, top width (in the direction of travel), lag.
Power distribution (C:R) and welding speed vyeq 100:0 50:50 20:80 0:100
3 m/min Capillary depth 54, in mm 1.3+0.1 1.3+0.1 1.3+0.1 1.3+0.1
Top width wegpitiary in pm 40 49 250 590
Lag wigg in pm 18 36 20 362
12 m/min Capillary depth 5.4, in mm 0.85+0.1 0.85+0.1 0.85+ 0.1 0.85+0.1
Top width wegpitiary in pm 56 48 346 900
Lag wigg in pm 51 56 46 428

(250 um at the top) and shallower (610 um) than the capillary generated
by the core beam, and is located behind the latter, see Fig. 6a. The
narrow, straight capillary created by the core beam is still visible in the
leading, lower half of the combined vapor capillary and, in this area,
looks similar to those in Fig. 4 and Fig. 5. Once again, the additional
energy from the ring beam has reduced the power in the core beam
necessary to achieve the penetration depth of 1.3 mm.

In the case of welding at 12 m/min, shown in Fig. 6b, a phenomenon
occurs which might not have been expected. The two capillaries are
almost completely separated in the direction of travel. Once this has
been noted, the beginnings of this separation can also be seen in the
result obtained at 3 m/min presented in Fig. 6a. As we shall discuss later
in this paper, the independence of the two capillaries is also evident in
the cross sections of the weld seams. This separation effect is also visible
in the time-averaged X-ray images from 1000 frames for 3 m/min as
shown in Fig. 6¢ and for 12 m/min as shown in Fig. 6d.

The separation of the two capillaries means that there is a liquid zone
between the two, which can be seen very clearly in Fig. 6b and 6d.
Because of its position between two capillaries, this liquid zone is sub-
jected to the evaporation pressure and the upwards thrust of ejected
vapour on both its leading and trailing faces. As will be seen later, if the
liquid zone extends upwards, close to the workpiece surface (as in
Fig. 6b and 6d), this double thrust results in the generation of a
considerable amount of spatter.

3.1.5. Ring-shaped laser beam only
The average shapes of the capillaries created by the ring alone (1250

a)

W) can be seen in Fig. 7. At the sample’s surface the size of the capil-
lary’s opening (590 um in the direction of travel) was increased signif-
icantly compared to those of previously presented samples. It is also
clear that the front and back walls of the capillary are curved and the
whole capillary is tilted in the direction of movement. These trends are
even more pronounced in the case of the welding at a speed of 12 m/min
(capillary’s opening 900 pum in the direction of travel). Fig. 7c shows the
time-averaged X-ray videos from 1000 frames for 3 m/min and Fig. 7d
for 12 m/min.

In the case of the 3 m/min, and to a lesser extent at 12 m/min, the
shape of the melt pool at the bottom differs significantly from the shapes
shown in the previous Figures. In the previous beam configurations,
there was very little melt directly behind the bottom of the capillary and
almost none below it. In the 3 m/min case the broader, higher power
heat source has resulted in a noticeable amount of melting taking place
in the vertical direction after the passage of the capillary. A possible
explanation for this is suggested by the geometry of the capillary, which
would support a considerable amount of beam reflection off the front
face of the capillary onto the rear wall. This heating of the rear wall
could then lead to further melting of the workpiece behind the capillary.

The 12 m/min ring-only case (Fig. 7b) is the only example amongst
these results where the capillary is considerably longer (in the direction
of welding) than the laser beam. This phenomenon has been explained
in detail in [49]. This lateral extension of the capillary is due to the
existence of high (supercritical) melt flow rates around the sides of the
capillary. Very high flow rates are to be expected in the 12 m/min ring-
only case because both the weld and capillary are unusually broad in

b)
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Fig. 6. Schematic representation (top) of average image from 1000 frames of X-ray video recording when welding with a 20:80 core-ring power distribution at (a) 3
m/min (b) 12 m/min. Original average grayscale image from 1000 frames of X-ray video sequence with increased contrast for (¢) 3 m/min and (d) 12 m/min.
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Fig. 7. Schematic representation of the average image from 1000 frames of X-ray video recording when welding with the ring-shaped beam only at (a) 3 m/min (b)
12 m/min. Original average grayscale image from 1000 frames of X-ray video sequence with increased contrast for (¢) 3 m/min and (d) 12 m/min.

cross-section (i.e. perpendicular to the weld direction). A broad weld
involves a large volume of melt, and a broad capillary constricts the
channels through which that liquid must flow.

3.2. Effect of different core-ring combinations on cross section of welded
seam

To investigate the influence of different core-ring intensity distri-
butions on the resulting weld, lateral cross sections of the welded seams
were made. Sections were taken 10 mm from the beginning of the welds
and these were polished and adler-etched [50] to visualize the weld. The
prepared cross-sections were examined with a digital stereo-microscope
with a “AxioCam MRc5” from Zeiss at 50x magnification.

Fig. 8 presents the cross sections of the seams produced at 3 m/min
and the measurements taken from the images are given in Table 4. It
should be noted that the melt pool widths are measured perpendicular to
the welding direction, whereas capillary widths are measured parallel to
the welding direction. When welding with power only in the core beam,
the seam had a narrow, triangular cross section, see Fig. 8a. At the
sample’s surface, the width of the melt pool wy,; was measured to be
373 um and the melt pool reached to a depth of s = 1430 um into the
sample, resulting in an aspect ratio /Wy of 3.83. The cross-sectional
area Anep; of the seam was 0.3 mm?.

With a 50:50 power distribution, see Fig. 8b, the weld pool broadens
in the upper part with a width of 488 pum on the top, the lower half,

which reaches to a depth of 1433 pm still exhibits the narrow shape
obtained with the core beam only. This gives an aspect ratio of 2.94 with
a total area Ay of 0.366 mm?. The increase of width and area are the
result of the additional ring beam and the increase in total incident laser
power.

When increasing the laser power in the ring further to a 20:80 core-
ring power distribution, the weld seam changes from a simple triangular
cross section, see Fig. 8c. On top the melt pool’s width increased to 704
um while the melt pool depth was 1407 pm, reducing the aspect ratio to
2. Furthermore, the cross-sectional area Ap,; of the seam increased
significantly to 0.712 mm2. The most important point about this cross
section is that it gives an indication that two separate capillaries pro-
duced two distinguishable solidification structures. The lowest 25 % of
the seam is typical of the lowest region of a weld with only a core beam,
see Fig. 8a. Above this zone the solidification pattern is more typical of
one related to a much broader capillary, in this case the one created by
the ring-shaped beam, which lags behind the capillary generated by the
core beam. (As will be seen later, this ‘double capillary/double weld’
phenomenon is even more pronounced at the higher welding speed of
12 m/min).

Fig. 8d shows the cross section of the weld seam created with the
ring-only configuration. The depth of the seam was increased in this case
compared to the other samples, see Table 4, even though the capillary’s
penetration depth was lower. As discussed in section 3.1.5, this increase
in the melt depth was probably the result of continued melting after the

Fig. 8. Cross section of the welded samples with different core-ring intensity distributions at a welding speed of 3 m/min. (a) Core-only (b) 50:50 power distribution

(c) 20:80 power distribution (d) Ring-only.
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Table 4

Weld seam characteristics when welding at 3 m/min with different core-ring power distributions.
Power distribution 100:0 50:50 20:80 0:100

C: 350 W C: 300 W C: 200 W C:o0
at 3 m/min R: 0 R: 300 W R: 800 W R: 1250 W
Melt pool width Wy, in pm 373 488 704 961
Melt pool depth s in ym 1430 1433 1407 1640
Aspect ratio s/Wpeir 3.83 2.94 2 1.7
Area Apey; in mm? 0.3 0.37 0.71 1.1
Joining efficiency Jeg 204 119 70.35 65.6
Vweld ®5/Praser in mm>/Wes

Melting efficiency Mg 0.043 0.031 0.036 0.044

Viveld ®Amele/Praser in mm>/(Wes)

passage of the capillary. The aspect ratio in this case was 2.

Please note that for this cross section, the proximity of the right-hand
side of the weld pool to the edge of the sample (see Fig. 8d) has led to a
certain amount of heat accumulation, which has increased the width of
the melt on that side.

The results of the measurements and the analysis of the cross-
sections are summarized in Table 4. The Joining efficiency J.4 referred
to in the table is a measure of what area of join would be created per unit
of total laser energy used between two components if these were not
bead-on-plate welds. The melting efficiency My is a measure of the
volume of melt created per unit of total incident laser energy used.

The same investigations of the cross-sections of the welded samples
were made for the welding speed of 12 m/min and the results are shown
in Fig. 9. When welding with power in the core beam only, a narrow,
triangular cross section is observed, see Fig. 9a, which is very similar to,
but not as deep as, the cross section observed at 3 m/min in Fig. 8a. The
width of the seam was measured to be 276 pm and the depth was 850
um, resulting in an aspect ratio of 3.08. The irregular looking sides of the
seam cross section suggest an unstable liquid flow and instability of the
capillary, which will be the subject of further research by the present
authors.

It is clear from Fig. 9b that, when using the 50:50 power distribution,
the weld pool width broadens towards the top, resulting in a measured
width at the top of the melt pool of 447 um. Thus, the influence of the
additional ring beam on the geometry of the melt pool is clearly visible.
This increase in the melt pool’s width can give rise to a decrease in the
gradients of the melt flow velocity around the capillary near the sam-
ple’s surface. The liquid in front of the capillary flows through the
channels between the side walls of the capillary and the sides of the melt
pool, towards the back of the melt pool [17]. The maximum melt flow
velocity at any vertical position in the melt pool depends on the local
width of the channel and the welding velocity [51]. In this case, as a first
approximation, an increase in melt pool width at the sample’s surface by
the factor of 1.62, with a similar capillary shape (compare Fig. 9a and
9b), would reduce the maximum melt flow velocity by approximately
27 %, according to [17]. The depth of the melt pool was measured to be
930 um, giving an aspect ratio of 2.08.

Fig. 9c shows that, when using the 20:80 power distribution, the melt
pool broadened to 615 um at the sample’s surface. The melt pool depth
was measured to be 845 um. This depth could be reached due to the core

beam creating the lower melt profile, which looks similar to those seen
in Fig. 9a and 9b. In this case the ‘double capillary/double weld’ phe-
nomenon discussed above is very pronounced. This is an important
result as, without the insight obtained with the aid of X ray video
monitoring, it might have been assumed that the core and the ring laser
beams act one within the other to produce a combined capillary in a
common melt pool. In fact, particularly at high speeds, it can be seen
that the core beam creates its melt pool before the capillary generated by
the ring beam comes into play.

The ring-only laser welding process at 12 m/min (see Fig. 9d)
generated a broad (791 um wide, 924 ym deep) weld seam as would be
expected from the size of the capillary. As with the result obtained at 3
m/min for the ring-only configuration, there is evidence of secondary
absorption of the reflected beam by the rear wall of the capillary, giving
rise to some secondary melt generation after the laser itself has passed
by.

Melting efficiency and joining efficiency

Table 3 and Table 4 reveal similar trends in the melting and joining
efficiencies achieved by the various power combinations.

The single power source combinations (100 % core or 100 % ring)
have higher melting efficiencies than the mixed combinations (50:50 or
80:20). This is because the ring power input in the two mixed combi-
nations is not intense enough to generate an almost instantaneous
capillary in the material, and therefore all, or most, of the ring laser
beam hits the surface of the (molten or solid) workpiece at approxi-
mately normal incidence (compare Fig. 5 and Fig. 6 with Fig. 7). This
interaction results in a single absorption/reflection event and a large
proportion of the ring-shaped beam’s power is reflected away from the
welding zone in this area. This is in contrast to what happens inside a
capillary, where there are multiple reflections of the beam, which is
therefore absorbed more effectively. The increase in beam absorption in
a capillary results in higher melting efficiencies.

Joining efficiency is a function of maximum melt depth, welding
speed and laser power, and is of primary interest to welding production
engineers. In all the cases reviewed here the core-only weld had the
highest joining efficiency. This is clearly because, if the majority of the
laser power is involved in creating a deep, narrow capillary, the weld
depth per Watt of laser beam power will be maximised. However, weld
quality is also a prime concern of welding production engineers. In the
case of these experiments there were differences between the magnitude

o

Fig. 9. Cross section of the welded sample with different core-ring intensity distributions at a welding speed of 12 m/min. (a) Core-only (b) 50:50 power distribution

(c) 20:80 power distribution (d) Ring-only.
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Fig. 10. Generation of spatter as maximum grey value images from 2000 frames at a welding speed of 3 m/min. (a) Core-only (b) 50:50 power distribution (c) 20:80

power distribution (d) Ring-only.

of the fluctuations in penetration depth between the welding processes,
with the core-only welds at 12 m/min being the least stable. This
complex matter of weld process stability for core-only and 50:50 core-
ring power distributions has been the subject of additional work by
the present authors [52].

3.3. Effect of different core-ring combinations on spatter generation

One indicator of welding quality and efficiency is the level of spatter
generation from the process. Spatter particles are made up of small
liquid droplets ejected from the melt pool next to the capillary entrance
(see Fig. 10) and this material ejection has a negative effect on weld
quality. High-speed imaging was therefore used for this investigation to
monitor the spatter produced for each set of welding parameters. The
settings and orientation of the high-speed camera were as described in
Fig. 1. To visualize the overall generation of spatter, the maximum pixel
values of each image were overlayed. The overlayed video sequence
corresponds to a welding distance of 10 mm, which equates to 2000
frames at a speed of 3/min, and 400 frames at a speed of 12 m/min. The
videos were taken after the process achieved steady state conditions.

Fig. 10 shows the overlayed image for a welding speed of 3 m/min
with the relevant core-ring power configurations from Table 2. The
welding direction was towards the right in these photos (i.e. the material
was moving towards the left). Fig. 11 shows similar images for the 12 m/
min welding process. In Fig. 10c and 10d and Fig. 11c and 11d the
overall optical brightness of the vapour plume above the welds caused
considerable over-exposure of the images. However, several spatter-
related observations can be drawn from these images.

i. Spatter generation (per unit length of weld) increases with
welding speed over the parameter range employed here. This is
probably the result of increased melt velocities in within the weld
pool [7].

ii. Core-ring power combinations which result in double, or greatly
extended capillaries lead to the generation of large amounts of
vapour. This is probably due to the significantly increased
evaporating surface.

iii. A comparison of the core-only and the 50:50 distribution in-
dicates that the addition of a ring source which extends the melt
without creating an additional capillary, can reduce spatter.

iv. The 20:80 results suggest that the creation of a secondary capil-
lary generated by the ring broadens the capillary zone in the di-
rection of welding, which can suppress spatter at low speeds. At
higher speeds however, the two capillaries can separate, and a
large amount of spatter is generated. A probable source of much
of this spatter is the liquid zone separating the two capillaries (see
Fig. 6).

v. The ring-only results indicate that, under the parameters used
here, a large amount of vapour is generated, and a reduction of
spatter formation compared to the core-only configuration.

The recordings were analysed and the number of spatter were
counted automatically from a particle tracking software Trackpy [53],
identifying and counting individual spatter from image sequences.
Three sections of each recording were selected for evaluation, each
corresponding to a welding distance of 10 mm; the number of images
was adjusted accordingly.

Fig. 12 shows the amount of spatter ejected per mm of welding
distance. The bar plots represent the average number of spatters
observed in the three sections, while the error bars indicate the
maximum and minimum values.

At a welding speed of 3 m/min (50 mm/s), most spatter are gener-
ated with the core-only with an average of 19.1 spatter per mm, fol-
lowed by the ring-only power distribution. The fewest spatter were

24
3 m/min
20 | =12 m/min
16
s — Max
12 r Avg — ]:—
— Min

Spatter in 1/mm
o]

4 |

T
. I =
Core only 50:50 Core:Ring  20:80 Core:Ring Ring only

Core-Ring Intensity configurations

Fig. 12. Spatter per mm welding distance for different core-ring intensity
distributions and welding speeds. The individual bar height represents the
average value, and the error bars represent the maximum and minimum values
of spatter per mm from three sections of the recordings.

Fig. 11. Generation of spatter as maximum grey value images from 500 frames at a welding speed of 12 m/min. (a) Core-only (b) 50:50 power distribution (c) 20:80

power distribution (d) Ring-only.
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Table 5
Weld seam characteristics and efficiencies for different core-ring power distributions at 12 m/min welding speed.
Power distribution (C:R) 100:0 50:50 20:80 0:100
C: 400 W C: 390 W C: 300 W C:0
at 12 m/min R: 0 R: 390 W R: 1200 W R: 2400 W
Melt pool width Wy, in pm 276 447 615 791
Melt pool depth s in pm 850 930 846 924
Aspect ratio s/Wpeir 3.08 2.08 1.37 1.17
Area Ap in mm? 0.109 0.133 0.284 0.579
Joining efficiency Jeg 426 238 112 78
Vweld 95/PLaser in mm®/(Wes)
Melting efficiency Mg 0.055 0.034 0.038 0.048

Vweld ®Amele/Praser in mm>/(Wes)

generated at a power distribution of 20:80 C:R with an average of 0.5
spatter per mm over a distance of 30 mm.

At a welding speed of 12 m/min (200 mm/s), most spatter are
generated with the core-only power distribution, with an average of
14.1 spatter per mm. Fewest spatter were generated at a power distri-
bution of ring-only, with an average of 0.3 spatter per mm over a dis-
tance of 30 mm. At a power distribution of 50:50C:R an average of 3.6
spatter per mm were counted, similar to an average of 3.9 spatter per
mm with the 20:80C:R power distribution.

Reduction of spatter from pre-heating effects from ring beam, as at
the 50:50C:R power distribution, help reduce fluctuation in laser ab-
sorption rates, hence preventing strong vapor exhaustions which re-
duces to spatter formation [54].

At slow feed rates, a ring beam at 20:80 increases the capillary
aperture significantly. As a result, vapor from the previous narrow
capillary generated by the core beam interacts less with the capillary
back at the top. This reduces friction effects and decreases spatter.

At high feed rates, a ring beam at 20:80 provides no benefits. In this
case, the capillaries are separated and do not act together, leaving a
narrow capillary. Consequently, vapor friction effects remain. However,
there is still a reduction in spatter due to preheating effects as with
50:50C:R. The least number of spatter were counted in the configuration
with ring only power configuration, only here the rear wall of the
capillary is inclined, see Fig. 7. This tilt reduces vapor friction effects on
the capillary back wall as described in [11,20]. However, high laser
power requirements and low joining efficiency, see Table 5, make this
process inefficient from a productivity point of view.

4. Conclusions

From the results presented here one can draw the following
conclusions:

Independently controlled core-ring laser combinations offer a
powerful tool in weld process control.

In cases where the ring laser energy density is too low to create a
capillary, the ring-shaped laser beam acts as a pre- and post- heating
assist to the core beam. (The level of melting associated with this the pre-
and post- heating is dependent upon the energy density and the process
speed.) Under these conditions the two laser beams can act together in
creating a weld which has a broader melt pool towards the top of the
weld. This reduces spatter formation for both low and high welding
speeds.

If sufficiently high-power densities in the ring beam are employed,
the ring beam and the core beam can form individual capillaries which
are progressively separated from each other in the direction of welding
as speeds are increased, and which can effectively act independently
from each other. The resulting weld can show evidence of this ‘double
weld’ effect. At low welding speeds the capillaries act together and
vapor friction effects at the capillary back are reduced, as a result,
spatter formation is supressed. At high welding speeds, the capillaries
from the core and ring beam separate, and a further reduction in vapour
friction effects on the capillary rear wall cannot be achieved. However,

10

the advantages of preheating remain, which contribute to a reduction in
spatter formation.

The separation of the capillaries created from the ring and core beam
at high welding speeds and laser power in the ring, could be shown for
the first-time using synchrotron X-ray imaging.

When welding at high welding speeds with the ring-only beam
configuration, the back wall of the capillary tilts, affecting vapour fric-
tion effect and reduces spatter formation at the expense of high laser
power and low joining efficiency.

Welding with combined core-ring laser beams demands significantly
more power than a single focused beam for the same weld depth and
speed, whereas optimizing core-ring dimensions and power distribution
can enhance efficiency, stability, and reduce spatter formation.

4.1. Outlook

Future work will expand on these findings through detailed metal-
lographic analyses to quantify grain sizes within the weld and heat-
affected zones, thereby enabling a deeper understanding of micro-
structural development under different beam profiles. In addition, ten-
sile tests will be performed on welded samples to directly correlate
mechanical performance with the measured microstructural features
and capillary geometries. These complementary investigations will
provide a more comprehensive framework for linking laser beam in-
tensity distribution to weld integrity, thereby providing information for
the design of process parameters for high-performance steel welding.

Future work will cover the analytical description of the formation of
the secondary capillary, in order to determine a parameter-based
threshold, as well as the influence of capillary geometry on the vapor
flow and how it affects spatter formation.
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