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Abstract

This paper provides a fundamental understanding of “false friend” formation, i.e., hidden defects associated with lack of
fusion, using an experimental setup that allowed an insight into the processing zone based on high-speed synchrotron X-ray
imaging. The setup enabled the welding of a lap joint of AISI 304 high-alloy steel sheets (X5CrNil8-10/1.4301), with the
ability to adjust different gap heights between top and bottom sheet (up to 0.20 mm) and to acquire high-speed X-ray images
at 100 kHz simultaneously with the welding process. On this basis, a time-resolved description of the “false friend” forma-
tion can be provided by visualizing the interaction between keyhole and melt pool during laser welding and solidification
processes within the gap area. The bridgeability of the gap was limited due to the gap height and insufficient melt supply
leading to the solidification of the bridge. The distance between the solidified bridge and the keyhole increased with time,
while the keyhole and melt pool dynamics initiated the formation of new melt bridges whose stability was defined by melt
flow conditions, surface tension, and gap heights. The alternating formation and solidification of melt bridges resulted in
entrapped areas of lacking fusion within the weld, i.e., “false friends.” Finally, based on the results of this study, a model
concept is presented that concludes the main mechanisms of “false friend” formation.

Keywords Laser beam welding - X-ray imaging - Synchrotron - Lap joint - High-alloy steel - False friend - Lack of fusion -
Weld defect - In situ

1 Introduction relevance of laser beam welding for numerous applications,

such as in the automotive industry [2], domestic appliances

Laser beam welding enables high processing speeds due to
its non-contact energy input, high power density, and high
degree of automation [1]. This leads to a high industrial
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[3], and energy sector [4]. For many of these applications,
such as bipolar plates for fuel cells [5], high-alloy steels
are employed on the one hand due to their properties, e.g.,
corrosion resistance [6]. On the other hand, lap joints are
often used because of their ability to bridge manufacturing
tolerances, thereby reducing the need and cost for fixtures
and part preparation [7].

When welding lap joints, particular attention must be
paid to the formation of hidden defects associated with lack
of fusion, known as “false friends” [8]. As a result, both
the mechanical properties of the weld and the tightness or
electrical conductivity can be negatively affected which is
highly relevant for different applications, e.g., fuel cells
[9]. These defects are hidden within the weld and cannot
be visually detected from the surface or root position [10].
“False friends” usually occur at the interface between the
two sheets and represent a separation of the fusion zone [11]
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Fig. 1 Welding with gap in overlap joint: schematic cross-section of a
regular weld seam and a weld with a “false friend”
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Fig.2 Melt flow for gap bridging based on [11]

(see Fig. 1). Consequently, the weld between top and bottom
sheets are separated in certain areas [11]. The gap height,
when the melt is no longer able to bridge the gap, has been
identified as the critical factor in the occurrence of “false
friends” [12]. The ability of melt to bridge the gap is pre-
sumed to be affected by viscosity and surface tension, cohe-
sive and weight forces, melt flow conditions, sheet thickness,
gap height, and welding speed leading to two melt pools that
are expected to coalesce behind the keyhole [11].

Figure 2 shows the model concept of [11] for differ-
ent time steps (¢; to ¢5) and exemplary volume elements
without taking turbulences into consideration for forming
a melt bridge trailing to welding direction. The volume ele-
ments from top and bottom sheet are transported backwards
and form a common melt pool trailing to the keyhole.
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When a certain gap height H is exceeded, the melt is no
longer able to bridge the gap, and melt ejections or spatters
are required to re-establish a melt bridge, as discussed by
[11]. This aspect is particularly interesting because “false
friends” usually do not represent a continuous separation
of the two sheets in the lap joint but are trapped in the weld
and occur repeatedly as shown in [13] (see Fig. 1). Such
effects, i.e., melt ejections and spatters, are mainly caused
due to the interaction of metal vapor from the keyhole with
the melt pool [14]. The underlying phenomena take place
inside the material and are therefore not directly observa-
ble. The use of high-energy, brilliant synchrotron radiation
enables high temporal and spatial resolution of the X-ray
imaging [15, 16] providing the opportunity to gain insight
into the behavior of the keyhole and its interaction with the
melt pool. These capabilities have been proven for laser
welding of different materials at high acquisition rates, e.g.,
copper up to 20 kHz [17], aluminum up to approx. 28 kHz
[18], or titanium alloys between 40 kHz [19] up to approx.
1 MHz [20]. In addition to the characteristics and energy of
the synchrotron radiation, the irradiated sample thickness,
the density, and the addressed size of the region of interest
have a significant impact on the achievable frame rates.

It can be stated that systematic knowledge that consist-
ently describes the formation of “false friends” and their cor-
relation to the aforementioned factors is not yet fully under-
stood, i.e., formation and stability of bridging the gap by the
melt pool and the effect of interactions between keyhole and
melt pool. However, there is some insight into melt bridge
behavior in the area of capillary bridges, i.e., the formation
of a liquid film between two bodies retained by surface ten-
sion [21]. It is known that the dimensionless bond number
(see Eq. 1) can be utilized for describing the stability of
the capillary bridge considering density difference to the
surrounding atmosphere p, gravitational acceleration g, and
melt bridge Radius R and surface tension o [22]. The consid-
erations usually require equilibrium conditions [22] which,
of course, do not apply in the welding process. Nevertheless,
the applicability of Young’s equation, among others, which
is subject to comparable restrictions, shows a good informa-
tive value for the wetting behavior in joining processes [23].
The material properties can be assumed to be constant for
simplicity, as is already known from various dimensionless
numbers utilized to describe laser welding processes [24,
25]. Therefore, the bond number may allow a simplified but
still coupled consideration of the melt bridge geometry in
terms of its radius (see R in Fig. 2) and the surface tension o
of the melt as it can be interpreted physically as the ratio of
volumetric force to surface tension force.
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This paper addresses the formation of “false friends” in
laser beam welding based on a simplified specimen geom-
etry utilizing high-speed synchrotron X-ray imaging. The
setup enables the observation of phenomena inside the
material, i.e., keyhole and melt pool interaction, with high
temporal and spatial resolution. Therefore, small sample
thicknesses are be addressed for welding while avoiding
significant heat accumulation in order to achieve high acqui-
sition rates of 100 kHz. The selective adjustment of differ-
ent gap heights enforces the occurrence of false friends and
allows the parallel recording of the associated phenomena.
The interaction between the keyhole and the melt pool, the
behavior, and the melt bridges, as well as the solidification
processes within the gap allow an in-depth description of the
present mechanisms leading to “false friends.”

2 Materials and methods
2.1 Laser welding setup

The welding process was performed using an IPG YLM-
450/4500-QCW fiber laser and a stationary IPG D30 laser
welding head. The laser beam source was used in cw-mode
for a continuous power output. The beam power was meas-
ured by COHERENT PowerMax Pro-HP showing that an
output power of 380 W was used for carrying out the welds
in cw-mode. Table 1 summarizes the relevant parameters of
the laser welding setup.

2.2 High-speed synchrotron X-ray imaging

The high recording frequency of the synchrotron X-ray
imaging allowed the systematic study of the formation of
“false friends” depending on keyhole and melt pool behav-
ior. For this purpose, a top sheet with a constant thickness
of 0.5 mm was clamped to a bottom sheet (see Fig. 3).
The top sheet was wire cut from a rolled plate of 0.5 mm
thickness to minimize the effect of the cutting process on
distortion present before the welding process. The rolling

Table 1 Laser welding parameters

Parameter Symbol Unit and quantity
Laser beam power (cw-mode) P 380 W
Wavelength A 1,070 nm

Focal diameter d; approx. 60 ym
Fiber diameter - 50 um
Collimation length - 85 mm

Focal length - 100 mm

Focal position Zy Top sheet surface
Welding speed Vw 8 memin~!

speed camera Jase

high- Photron SA-Z

mirror \

scintilator IS | §l——— =

0.5 mmE

nominal 9aP height

0.05t002™M

4 '/,’i',{ear'ﬁﬁo" system

Fig. 3 Setup for high-speed synchrotron X-ray imaging

direction was aligned with the welding direction for the
experiment. A rolled plate of a thickness of 1 mm was used
as bottom sheet while the rolling direction was oriented
perpendicular to the upper sample. A targeted manipula-
tion of the gap size was chosen because it is known to be
a key parameter for “false friend” formation. A stepwise
adjustment of gap heights up to 0.2 mm in 0.05 mm steps
was realized by milling the contour of the bottom sheet.
The actual gap height can vary from the nominal gap height
due to distortion, so for certain aspects of the analysis, a
measurement was performed in the high-speed images. The
movement of the sample is visualized by v, in Fig. 3 while
vy represents the resulting welding direction.

The small sample width of t=1 mm enabled a high record-
ing rate of 100,000 Hz during the welding experiment of the
AISI 304 (X5CrNil8-10/1.4301) high-alloy steel to visualize
keyhole and melt pool behavior whereby the laser beam was
aligned to the specimen center (t/2). Therefore, a small focal
diameter was necessary to avoid heat accumulation which is
why the fiber laser setup described in Section 2.1 was used
for the study. The laser welding head was stationary and the
sample was moved by a linear motion system allowing to keep
the region of interest including the keyhole and melt pool at
the same position over time. It should be noted that a con-
stant penetration depth of approx. 300 um into the bottom
sheet was addressed in the zero-gap configuration. In order
to address fundamental aspects on “false friend” formation, a
partial penetration weld was carried out to limit the effect of
thermal distortion during welding, i.e., to keep the focal posi-
tion close to the surface of the top sheet and to stay inside the
field of view of the synchrotron imaging setup. The material
properties necessary for the calculation of the bond number
Bo were taken from [26]. Values were kept constant at a tem-
perature of 1700 °C which is above the liquidus temperature
of AISI 304 [27]. The density of the surrounding atmosphere
was neglected due to the high difference to the melt density.

@ Springer



2560

Welding in the World (2023) 67:2557-2570

The synchrotron experiments were carried out at the Euro-
pean Synchrotron Radiation Facility (ESRF) at beamline
ID19. A X-ray energy <60 keV with a beam size of 4 x4 mm?>
was used for the in situ high-speed recordings. A scintillator
manufactured by Crytur (Ce-doped Lu;Al;0,,) with a thick-
ness of 250 um was coupled to a Photron SA-Z high-speed
camera (distance to sample 4.5 m, frame rate 100,000 Hz,
resolution: 512 x 328 pixel?). It should be noted that the gap
height affects the brightness and contrast of the image pro-
duced, as the attenuation of the X-ray intensity at the scintil-
lator depends on the amount of material in between. In order
to increase the image quality, the high dynamic range (HDR)
option of the software Photron Fastcam Viewer 4 was applied
to the images and a piecewise linear grey level transforma-
tion was utilized to enhance contrast and details of keyhole
and melt pool. Figure 4 shows the processing carried out for
a sample frame including the corresponding histograms. It
should be noted that the phase contrast allowed imaging of
the keyhole and the outer melt pool contour, but the solid-lig-
uid transition within the sheets cannot be visualized. Finally,
to increase the contrast at the edges, an unsharp mask was
applied (radius: 1 pixel, mask weight 0.5).

3 Results and discussion
3.1 Exsitu inspection of weld seams
To get an overview of the macroscopic appearance of the

weld, the “false friends” are first observed ex situ. Figure 5
shows a side view of the specimens after welding with

Original image

High Dynamic Range

different nominal gap heights. The photographs illustrate
a section of the area with a gap and the resulting joint, i.e.,
it is also apparent whether the melt was able to bridge the
gap. In all cases it was ensured that the penetration depth of
the weld was sufficient to form a joint between both sheets
— a more detailed view is provided in Section 3.2 by the
synchrotron experiments. It should be noted that the lateral
faces of the top and bottom sheets appear different due to
the wire cut surface of the top sheet compared to the surface
after rolling for the bottom sheet even if both are made of
the same material (AISI 304).

A continuous weld was reached for nominal gap heights
of 0.05 mm and 0.10 mm in the area shown in Fig. 5. A
further increase in gap height led to the formation of “false
friends,” i.e., the weld was repeatedly interrupted, while
a bridge between the top and bottom sheets periodically
occurred in the experiment. The bridge was shorter in length
as the gap height increased, which can be observed by the
comparison of the nominal gap height of 0.15 to 0.20 mm.
The average bridge length of the complete sample was
645 um +232 pm for a nominal gap height of 0.15 mm and
347 um + 80 um for a nominal gap height of 0.20 mm dem-
onstrating the effect of the gap. The deviation of the respec-
tive values may be due to the distortion that occurs during
welding and the resulting deviations between the nominal
gap height and the actual value of the gap during the experi-
ment. The actual gap is considered in the following analysis
of the synchrotron experiments for this reason.

Therefore, the “false friend” obviously occurred
between the bridges, i.e., in the area with a lack of fusion
between both sheets. The top view of the weld did not show
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Fig.4 Processing of high-speed X-ray images for a sample frame and related histogram
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Fig.5 Side-view of specimens for different nominal gap heights from 0.05 to 0.2 mm with corresponding weld seam top view in selected cases

significant underfill or other features that would directly
indicate the presence of a weld seam defect like a “false
friend” as shown in in Fig. 5 for the different gap heights
of 0.10 mm and 0.20 mm. In order to understand the occur-
rence of discontinuities between melt bridges and the associ-
ated formation of “false friends,” in situ observations were
carried out during the welding process.

3.2 Insitu study of weld seams
3.2.1 Formation of “false friends”

The formation of the melt bridge is described coming from
the zero-gap configuration in the experiment. It can be
assumed that the gap will not increase so suddenly for real
parts, but rather gradually, e.g., due to distortion or insuf-
ficient clamping. In this respect, the experiment represents
the worst-case scenario since a maximum gap dimension
must be bridged immediately and entirely.

Figure 6 shows an image sequence from welding in a
zero-gap configuration and its transition to welding with
a gap including the formation of “false friends” (see Sec-
tion 2.2). The exemplary image sequence is taken from a
weld with a nominal gap height of 0.15 mm. It should be
noted that the phenomena shown could also be reproduced
for other gap heights. A time stamp has been assigned to
each frame representing the time difference from the first
frame displayed in zero-gap situation. The time interval
was based on significant events during the process, rather
than being chosen to be constant. In addition, a label (let-
ters A-V) has been assigned to each frame to make it easier
to relate each frame to the explanation in the text.

e A (t=0 ms): The welding process is shown in a zero-
gap configuration. The zero-gap can be seen between
the top and bottom sheets, while the keyhole appears to
be formed unimpeded between the two joining partners.
A common melt pool is formed between both sheets
and the front and rear walls of the keyhole are well
visualized. The highly dynamic behavior of the key-
hole is also evident in the following images and will
be described in more detail when a direct impact on
the phenomena in the gap is given. The melt pool can
be seen from the wave formation on the top sheet sur-
face. However, the phase contrast is not high enough to
reveal the differences between the solid AISI 304 and
the liquid melt pool.

e B-E (=0.6...3.6 ms): The keyhole front bursts the gap
and melt is ejected in the welding direction (B). The
common melt pool forms a melt bridge behind the key-
hole due to the surface tension (C-D). It was observed
that the stochastic instabilities introduced by the burst
are of minor importance compared to the trailing melt
pool volume for the formation of a stable melt bridge
trailing to the keyhole. The keyhole is divided into two
keyholes, named keyhole 1 in the top sheet and keyhole
2 in the bottom sheet (D-E).

e F-G (t=4.7...9.5 ms): Solidification of the melt bridge
begins at the trailing end and is well visualized in the
X-ray images due to a chevron structure dividing liquid
and solid phase (G). In addition, the distance between
the keyhole (indicated by a dashed line in the centreline
of the laser beam) and the melt bridge is increasing over
time (F-G). Bridging the gap requires an equivalent vol-
ume of molten material. Since the melt volume is limited,
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Fig.6 Image sequence of gap bridging and false friend formation (nominal gap height=0.15 mm)

the melt bridge cannot be fed equally and the distance
between the keyhole and the melt bridge increases. A
detailed description of this behavior is given for different
gap heights in Section 3.2.2.

H-K (1=9.56...9.6 ms): Keyhole and melt pool dynam-
ics cause the keyhole to close at the transition to the gap
in the top sheet. At the same time, the keyhole in the
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bottom sheet has already collapsed and is no longer vis-
ible (H). The abrupt opening of the bottom of keyhole
1 in the top sheet (I) leads to melt pool waves (J), which
also occur with a delay in the bottom sheet due to the
new formation of keyhole 2. Both waves meet (K) form-
ing a melt pool bridge. The short timescales of these
effects should be noted, as there is only about 0.04 ms
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between the collapse of keyhole 1 (H) and the formation
of the molten pool wave (K). It should be noted that these
mechanisms may vary for different welding speeds or
keyhole regimes, but the formation of melt pool waves
at the rear wall of the keyhole is described in the state of
the art [28], i.e., such massive instabilities as keyhole col-
lapse may not necessarily required to form melt bridges.

e LN (r=9.64...9.68 ms): The melt bridge follows the
melt flow in the backward direction (L) and quickly
begins to detach (M). The remaining waves in top and
bottom sheets are transported by the melt flow to the
melt bridge, i.e., feeding is continued (N). However,
the distance between the keyhole and the melt bridge
continues to increase, indicating that the feed rate of the
melt bridge is insufficient compared to the volume to be
bridged, while the remaining amount of liquid material
in the melt bridge continues to decrease, as indicated by
the chevron structure.

e O-S(¢=10.96...12.37 ms): Newly formed melt bridges
resulting from keyhole and melt pool instabilities are
transported backwards and remain unstable, i.e., are
detached (O-P). Even if the feed through the bottom
melt pool has already been prevented by solidification,
the flow channel in the top sheet remains and leads to
the corresponding dissolution of the new melt bridge.
The asymmetry in solidification and the resulting clo-
sure of the flow channels for feeding can be explained
by different temperature gradients due to the surround-
ing volume and different energy input in the upper and
lower sheet, which can already be seen from the welding
depths (P). The end of solidification of the existing melt
bridge is well indicated by the melt pool wave (Q) gener-
ated by the backward-oriented flow of the melt pool, and
reflected at the solidification front, i.e., flowing back in
the welding direction afterwards (R). A newly formed
melt pool bridge (Q) continues to follow this backward
flow, which can be recognized by the decreasing dis-
tance between the solid and liquid melt bridges (R-S)
but is no longer detached, as the feeding of the former
bridge is obstructed by the solidified channel. In addi-
tion, the build-up wave reflected at the end of the melt
pool was unable to disrupt the melt bridge, indicating its
stability (Q-S).

e T-V (r=12.74...15.23 ms): The stable melt bridge is
then completely molten and fed by the reconnected melt
pool due to back-oriented flow. The radius R formed by
surface tension in the projection plane is clearly visible
and remains quite stable over time (T, U). Solidification
starts again in the part furthest away from the keyhole
and continues in the welding direction (U). Melt bridges
that form in the meantime remain unstable (V) until the
feed is discontinued, i.e., the melt bridge is completely
solidified, and the mechanism starts again from the

beginning. It should be noted that the melt pool in the
“false friend” area of the top sheet is not significantly
lowered, thus hindering visual detection.

Based on these findings, two key effects could be identi-
fied to describe the “false friends.” First, inadequate feeding
of an existing melt bridge from the top and bottom melt
pools and second, the formation and stability of newly form-
ing melt bridges. After describing these processes through
an example, the following sections discuss the two key
effects in more detail with respect to the effect of the volume
to be bridged, the solidification processes, and the stability
of the melt bridge.

3.2.2 Formation and feeding of melt bridges

First, we will take a closer look at feeding an existing melt
pool bridge from the melt pool. In Section 3.1, it was already
shown from the ex situ observations that the gap has a signifi-
cant influence on the formation of “false friends.” In addition,
the first in situ observations in Section 3.2.1 suggested that
feeding is insufficient if the distance between the melt bridge
and the laser beam or keyhole increases with time. In order to
understand these processes better, the distance between key-
hole and melt bridge was determined for different gap dimen-
sions. The distance B was measured from the centreline of the
laser beam to the maximum radius at the center of the stable
melt bridge in time steps of 0.5 ms. Two aspects should be
noted: Firstly, that temporary forming melt bridges are not
considered for the measurements, as they will detach under
the influence of melt flow and eventually contribute to the
feeding of the stable melt bridge (see Section 3.2.1). Secondly,
the time =0 does not correspond to the start of welding, but
to the beginning of the exemplary time interval evaluated for
the distance between the keyhole and the melt bridge.

Figure 7a shows the distance B between the melt bridge
to the laser beam over time for different nominal gap heights
of 0.10 mm, 0.15 mm, and 0.20 mm. The field of view in the
synchrotron experiment resulted in a maximum measurable
distance of approx. 1200 um between the laser centreline and
the melt bridge. Due to the fact that the melt bridge is already
completely solidified when the maximum field of view is
reached (hatched area), distances beyond were extrapolated
based on the welding speed of 8 m/min. The measured gap
heights are provided in associated graphs because they are
changing over time due to thermal distortion and the clamping
situation. In this case, the gap height is decreasing over time
because the chosen time interval of 50 ms (related weld seam
length: approx. 6.7 mm) was oriented towards the clamping
element while the gap height before was already increased by
thermal distortion. The method was chosen to represent the
changing conditions while maintaining comparability under
different nominal gap heights.
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height 0.10 mm, ¢ gap height T over time for a nominal gap of 0.20 mm

Starting with a nominal gap height of 0.10 mm, it is
apparent that the distance B is increasing up to 600 pm and
then dropping to 300 um which is indicating the presence
of a “false friend” as seen in the image sequence before.
The distance then increases slightly (up to a time of approx.
20 ms) due to the need to feed the gap. Subsequently, the
distance B continues to decrease due to the overall reduced
gap height H. When H reaches approx. 80 um, the bridge is
directly behind the keyhole (approx. 40 ms). As a result, no
further “false friends” are formed. It should be noted that
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the appearance of the “false friend” is again related to the
solidification of the flow channel toward the melt bridge.
Therefore, Fig. 7b shows an image sequence with time
points corresponding to the plots in Fig. 7a. A large distance
B between the melt bridge and the laser beam centreline
can be seen at initial time depicted (r=6.57 ms). The melt
bridge has already solidified to a large extent. As the time
increases new melt bridges are formed, but they continue to
detach due to the melt flow as the solidification within the
melt bridge is not yet completed (t=6.65...6.73 ms), i.e.,
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the distance B is still measured to the existing stable bridge.
When the solidification front reaches the end of the existing
stable melt bridge, a newly formed bridge remains stable.
This new bridge moves with the melt flow against the weld-
ing direction (=6.83...6.93 ms). The last detectable move-
ment in the transition area from the preceding bridge to the
top sheet is seen when the new melt bridge reaches its end
position (¢=7.06 ms). The bridge continues to be stable, and
the distance B follows the gap height over time, exemplarily
shown for t=11.74 ms and r=34.47 ms.

In comparison, at the nominal gap height of 0.15 mm, the
distance B from the melt bridge to the laser beam increases
significantly from the time of observation onwards (t=0 ms)
and reaches values up to 708 um. This behavior is repetitive
and can be observed about 7 times in the 50 ms interval. This
indicates that the melt bridge feed is insufficient to fill the
gap and the mechanisms described in Section 3.2.1 for the
formation of “false friends” occur repeatedly. The gap height
H also decreases over time due to welding in the clamp-
ing direction, which also affects the decreasing distances B
between the laser beam and the melt bridge. For a gap height
of 0.20 mm, the behavior becomes even more pronounced,
i.e., the distances B between the melt bridge and the laser
beam become even larger and reach over 1700 pm for the
largest gap dimension in the time interval considered. Again,
the distance B tends to follow the gap height H, i.e., as the
gap gets smaller, the distance decreases. The large distances
B already indicate that at very large gap heights there is
insufficient feeding from the melt pool into the bridge. This
is consistent with the observations in Section 3.1 as the
shortest bridge length was determined for the largest nomi-
nal gap height. Larger gap heights also hinder the formation
of new melt bridges. This can be seen when considering
the maximum gap height T to be bridged in the rear area of
the melt pool (see Fig. 7c). The evaluated images and time
points correspond to Fig. 7b. The values of the gap height
T fluctuate periodically, which is contrary to the progres-
sion of the corresponding gap height H leading to the laser
beam. Since the gap height T varies significantly over time
compared to the steady change in gap height H, it cannot be
attributed to distortion or shrinkage of the solidified weld.

Figure 8 shows an image sequence with time points cor-
responding to Fig. 7c. The initial situation at r = 3.41 ms
depicts the partially solidified melt bridge and a clearly
visible keyholes in top and bottom sheet for a quite large
gap height of approx. 220 um. Extending the previous con-
siderations, a significant mass transfer between the melt
pools in the top and bottom sheet can be observed. On
the one hand, due to melt pool instabilities, i.e., waves
and spatters, which would have led to the formation of a
melt pool bridge in the case of smaller gaps (=3.46 ms,
t=4.71 ms). On the other hand, if melt pool bridges are
formed, they remain unstable and detach after a very short

time (r=3.78 ms). Both aspects together lead to a signifi-
cant increase in melt pool volume in the bottom sheet as
clearly detectable for t=5.78 ms. It should be noted that in
some cases small melt pool waves or spatter may form thin
bridges which are unstable due to the small total volume
or due to the flow dynamics in the overflow melt pool of
the lower sheet.

The enlarged melt pool will begin to solidify as the time
increases, resulting in a reduction of the gap height T in
this area (=7.02 ms). Due to the small dimensions in the
edge region, the onset of solidification can be followed
primarily by the movement of the melt pool (=7.02 ms).
Over time, the solid-liquid transition can be clearly seen
from the solidification front (=12.12 ms). Material con-
tinues to accumulate in this area as a result of melt pool
movement and subsequent solidification. Dynamic events
in the welding process continue to cause material transfer
from the upper to the lower melt pool. Instabilities, such as
the closing of keyhole 1 in the top sheet and the correlated
collapse of keyhole 2 in the bottom sheet (r=12.12 ms)
followed and its abrupt re-opening of keyhole 1, result in a
significant melt pool wave (t=12.13 ms). The re-formation
of keyhole 2 in the bottom sheet also leads to the formation
of a melt pool wave, supported by the melt displacement
induced by the extensive keyhole bulging (r=12.15 ms).
The collision of the two waves creates a new melt pool
bridge, which moves in the direction of the reduced gap
due to the backward-oriented flow. The occurring inertia
forces when reaching the end position at high velocities
do not result in the separation of the bridge even when
a significant deformation can be observed (r=12.47 ms).
The reduced gap T at the solidification front allows the
bridge to stay in place due to the surface tension. This
behavior demonstrates that the drag forces are smaller than
the cohesion forces due to surface tension in this case. The
bridge stabilizes in its position and is fed from the melt
pool (#=13.30 ms). The large gap height and progress-
ing solidification cause the bridge to quickly freeze again
and the mechanisms described are repeated at intermittent
intervals. The results clearly indicate the effect of the gap
height and surface tension on the formation and stability
of melt bridges; hence, this aspect will be discussed in the
following section.

3.2.3 Stability of newly formed melt bridges

The melt flow affects the formation of melt bridges, i.e., if
a previously formed melt bridge is still being fed, the melt
bridge will detach (see Sections 3.2.1 and 3.2.2). After solid-
ification of the flow channels into the melt bridge, which
in many cases is identical to complete solidification of the
bridged zone, a new melt bridge can form. This procedure
is then dominated by the cohesion forces, i.e., the surface
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Fig. 8 Image sequence for gradual change in gap height due to solidification of the bottom sheet melt pool (nominal gap height: 0.20 mm)

tension, compared to the drag forces (see 3.2.2). Under these
conditions, the stability of the melt bridge can be described by
the bond number Bo (see Eq. 1) and the actual gap height T.

Figure 9a shows the gap height T and the correlating
bond number Bo for stable (O) and unstable (@) melt
bridges. Stable melt bridges mean that no detachment has
occurred after their formation, whereas unstable bridges
have separated. Forming melt bridges were considered
for all different nominal gap heights where false friends
occurred. The dimensions gap height T and radius R of
the melt bridge are taken from single frames at different
times over the entire weld, i.e., the quasi-stationary condi-
tions of the bond number Bo as used in other cases can-
not be achieved here. It should be noted that firstly, for
stable bridges, a quasi-stationary state is established, well
recognizable by the residual radius of the melt bridges
even after solidification and is therefore not considered
critical. Unstable bridges show a more pronounced fluctua-
tion of the dimensions, but in many cases, there is a time
interval between formation and collapse which is clearly
defined by the surface tension due to its appearance. In
this case, measurements are obtained. These aspects will
be discussed below using appropriate sequences of images.

In general, the relationship is that of an exponential func-
tion passing through the origin where four ranges occur.

@ Springer

Range I extend from the origin of the graph to the forma-
tion of stable melt bridges from approximately up to bond
number Bo of approx. 95. The origin of the graph is taken
into account because for a gap of zero height, the radius and
therefore the bond number Bo would also be zero. Figure 9b
(I — zero gap) shows a corresponding image with zero gap
and a single keyhole and a leading melt pool. In addition,
continuous melt bridges, i.e., after the transition from the
zero gap to the nominal gap (see 3.2.1), have not been con-
sidered. The gap leads to a separation of the keyhole in top
and bottom sheet and the gap is bridged trailing to the key-
hole. The gap heights and radii would fit along the dashed
line of the curve, but there are no new bridges forming to
consider (see Fig. 9b, I — continuous melt bridge).

Range II covers the interval where stable melt bridges are
formed and bond numbers Bo between approx. 95 and 260.
It is important to note that these Bo and corresponding gap
heights allow new bridges to be formed in a stable manner
— but at the same time, deficient feeding of previous bridges
causes them to be formed. Therefore, “false friends" are
created from this area onwards. Figure 9b (Il — Bo=212)
shows a stable melt bridge formed in this range with the
neighboring “false friend” and the measured radius R.

Range III marks a transitional interval where stable and
unstable bridges occur parallelly (Bo=260...480). The
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unstable bridges in this area are predominantly characterized
by large gap heights leading to the laser beam. In this case,
bridging requires mass transfer from the upper to the lower melt
pool and the subsequent solidification which reduces the actual
gap height T (see 3.2.2). If bridges are formed due to smaller
melt pool waves or spatter, these are mostly very thin and unsta-
ble. If larger waves create bridges, then these are mostly stable.
Variations in the radii for comparable gap heights result in dif-
ferent bond numbers Bo, which might be explained by different
temperature-time profiles, e.g., the occurrence of melt bridges
depends on instabilities in the melt pool and keyhole which are
not strictly periodic or melt accumulation in the bottom sheet
leads to changing temperature gradients. Therefore, the melt
temperature may vary and result in different surface tension
values, which are assumed to be constant in this paper.

In range IV, for bond numbers above approx. 480, no
stable bridges are formed. Figure 9b (IV — Bo =545)

shows the formation of a melt bridge where a radius R
can be determined in a time frame where the surface
tension appears to be dominant (=0 ms). However, the
melt bridge is starting to detach with increasing times
(t=0.06...0.07 ms). It can be assumed that the gravita-
tional force acting on a melt bridge rises with increasing
melt bridge mass and thus with increasing gap height. At
the same time, mass transfer between the top and bottom
sheet is observed, based on the asymmetric detachment
of large, unstable melt bridges. However, additional phe-
nomena that cannot be observed in this study, such as
changes in the inner melt pool flow with increasing gap
height, can also influence fluctuations and thus bridge
detachment. This behavior should be kept in mind when
discussing the radii measured at individual frames, i.e.,
conditions are not stable in these cases. However, the
data match up well and indicate the largest gap that can
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be bridged on a temporary basis 7),,,. This value is taken
into account accordingly in the fit of the curve.

It should be noted that the borders between Bond num-
bers Bo and gap heights are not distinctive and determined
for this specific setup. However, it seems to provide valid
descriptions of the fundamental effects for the “false friend”
formation. Further investigations can address different focal
diameters, sheet thicknesses or welding speeds to provide
additional information on the generally validity of the
descriptions given. In addition, the effect of surface tension
can be considered by using shielding gases to protect the melt
pool from atmospheric oxygen to provide further information
on melt bridge stability in the context of bond number Bo.

3.2.4 Model concept for “false friend” formation

The findings on the relevant phenomena for the formation of
“false friends” can be summarized in a model concept, consist-
ing of four phases (see Fig. 10). Phase I represents an existing
bridge consisting of liquid material fed by the melt pool. The
origin of this melt pool bridge is irrelevant, i.e., it can be caused
by the transition of the welding process from a zero gap to a gap
from a common melt pool, or by the formation of a melt bridge
between two separate melt pools in the top and bottom sheets.

Phase II shows that, depending on the gap height, the
feeding of the melt bridge is limited because there is not
enough melt volume available to form a permanent bridge.
This means that the distance B between the laser beam and
the melt bridge increases over time. It can be assumed that
the solidification front and the increasing distance therefore
result in a continuous reduction of the flow channel cross-
section for feeding, which also increases the fluid drag due
to the cooling and the related increase in viscosity [29]
as seen for comparable materials based on different posi-
tions in the melt pool [30]. When the flow channel solidi-
fies, feeding is eventually terminated. This process can be
asymmetric between the top and bottom sheets depending
on melt pool geometries, but no stable melt bridges are
formed due to melt pool dynamics as long as a flow chan-
nel is present. It should be noted that the penetration depth

of the weld seam is comparable due to the presence of the
keyhole in the bottom sheet.

Phase III begins after the flow channels have solidified.
Depending on the actual gap height T trailing to the keyhole,
may influenced by material transfer between both melt pools
and its solidification in the gap area, new melt bridges can
form due to process instabilities caused by keyholes and
melt pool. Bridges form behind the keyhole and are moving
backwards until the end of the melt pool is reached. The
stability of the bridges is described as a function of the bond
number Bo and the actual gap height T, i.e., the cohesion
force based on surface tension is the leading mechanism for
keeping newly formed bridges stable under these conditions.

In phase IV, the melt bridge begins to solidify while feed-
ing continues through the upper and lower melt pools. The
“false friend” is created between the previous and the new,
now solidifying, melt bridge. The feed depends on the gap
height, and if the gap is too large, the phase I state will be
reached again over time.

Finally, the effect of conduction mode and deep penetration
welding on the formation of “false friends” is briefly discussed.
It should be noted that the occurrence of “false friends” needs
the ability to bridge a gap while the melt pools in the top and
bottom sheets are separated. Conduction mode welding of lap
joints requires the presence of heat conduction between both
sheets. If a certain gap occurs, the melt pool in the top sheet will
remain due to absorption of the laser beam at its surface, while
the amount of melt in the bottom sheet will decrease until it is
completely solidified due to insufficient heat and mass transfer.
In addition, dynamic events in conduction mode welding are
limited because of the absence of a keyhole. Thus, occurring
gaps cannot be bridged again and both sheets continuously sepa-
rate due to the lack of fusion without forming “false friends.” In
deep penetration welding of lap joints, the presence of a keyhole
in each of the top and bottom sheets results in the formation of
two separate melt pools over a large gap height, i.e., no contact
between both sheets is required for sufficient energy input in
the bottom sheet. These two separate keyholes and melt pools
lead to dynamic events, such as waves and spatters, which are
required to form new melt bridges and result in the entrapment

Phase | Phase Il Phase lll Phase IV
| | | |
laser beam v i v i v .
melt pool i — : — bridge in : —t : —
] [ end position beginning
> \*I\keyhole 1 feeding flow ; melt pool 1 \ // solidification
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Fig. 10 Model concept for “false friend” formation
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of areas of lack of fusion in the interface, thus forming “false
friends”.

4 Conclusion

The article provides a detailed description to the formation
of “false friends” in laser beam welding based on high-speed
synchrotron x-ray imaging. The studies were performed on
AISI 304 high-alloy steel using a fiber laser with a focal
diameter of 60 um and a welding speed of 8 m/min. The
configuration, combined with a sheet width of 1 mm for
X-ray imaging, allowed to obtain high acquisition rates.
An acquisition rate of 100 kHz enabled the time-dependent
visualization of keyhole behavior, melt pool fluctuations,
and gap solidification processes. For the first time, the phe-
nomena of “false friend”” formation have been the subject of
holistic observation and description.

Based on ex situ observations on the occurrence of “false
friends” in relation to different gap heights, in situ experi-
ments were performed. In this way, the feeding of the melt
bridge via the melt pool, the central influence of the solidi-
fication of the feed channel on the stability of newly formed
melt bridges, and their correlation with surface tension and
gap height could be determined. In addition, the signifi-
cant impact of process instabilities on the formation of new
melt bridges, such as keyhole closure or collapse, has been
shown. Finally, the results were holistically described by a
model concept.

Further investigations on the side of the laser beam pro-
cess will include different focal diameters, sheet thicknesses
or welding speeds to provide additional information on the
generally validity of the descriptions given. Additional
insights on the side of the materials will address the effect
of surface tension by using shielding gases, e.g., to protect
the melt pool from atmospheric oxygen. The novel insights
into the phenomena of “false friend” formation can also
support the development of new monitoring techniques for
detecting such hidden defects, e.g., based on acoustic pro-
cess emissions.
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