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Abstract

The X-ray phase contrast imaging is a powerful method to understand the fundamental behavior of the melt and keyhole
during the laser beam welding process. In this paper, the keyhole-induced vapor capillary formation in the melt pool is
investigated by using an adjustable laser beam source. For this purpose, the aluminum A 1050 specimen with a thickness of 0.5
mm is molten only with the heat conduction welding regime by using the ring-mode laser beam. Once the specimen is molten
through, the core multi-mode laser beam is then applied to vaporize the melt and a transition to keyhole welding regime
occurs. Therefore, the core multi-mode laser beam with an intensity value of 33.3 MW/cm? is investigated. The correlation
between the keyhole-induced vapor capillary and the melt behavior is further investigated in this paper which was recorded
with a high sampling rate of 19 kHz. In addition, a theoretical calculation about the keyhole depth is discussed in this paper.

Keywords X-ray phase contrast observation - Laser-spot welding - Transition of welding regime - Keyhole-induced vapor

capillary - Melt dynamic

1 Introduction

The laser beam welding process of a material with limited
thickness gains its importance due to the increasing
demand on the electrical interconnection. The electrical
interconnection is not only required for the power electronics
or electrical components but also for the interconnection of
battery cells in electromobility [1, 2]. Therefore, the laser
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beam spot-welding process with limited material thickness
is investigated in this paper with the in-situ X-ray phase
contrast method.

The in situ X-ray imaging of the laser beam welding
process enables further understanding of the correlation
between the melt and the keyhole dynamic. The extracted
information from the X-ray imaging is highly dependent to
its given sampling rate and the related clear differentiation
between solid, liquid, and gas states during the laser welding
process. The in situ observation of the keyhole during the
laser beam welding process is investigated by [3] for copper
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at high sampling rate of 20 kHz and [4] reached a sampling
rate even up to 100 kHz for high-alloy steel [5] recorded the
laser beam spot welding process of aluminum at sapling rate
with f = 28 kHz where process instabilities are monitored by
the supervised deep learning. In this paper, the laser beam
spot welding process at a high sampling rate of f = 19128
Hz is applied to investigate the melt and vapor capillary
dynamic for aluminum 1050 A.

A clear transition from the heat conduction welding to
keyhole welding regime is investigated. For this purpose,
an adjustable laser beam source is used for this experiment
to divide the melting and evaporating process. To solely
investigate the melt dynamic caused by a keyhole presence,
the ring-mode laser beam melts the material with heat
conduction, and the core multi-mode laser beam initiates the
keyhole welding process. On the basis of the experimental
investigation, an equation is proposed to estimate the
keyhole depth.

2 Experimental setup

The in situ X-ray phase contrast method is used to examine
the melt and keyhole dynamics. Experiments are conducted
at the high energy beamline PO7 (EH4) of Petra III at the
Deutsches Elektronen-Synchrotron DESY in Hamburg.
The laser beam spot welding process is demonstrated with
a 0.5 mm thick aluminum 1050 A ribbon, which is attached
to a milled plate to demonstrate a gap and consequently
the limited material thickness. The experimental setup
for this investigation is shown in Fig. 1. This setup is
developed at the Chair of Laser Technology at RWTH
Aachen University and the Fraunhofer Institute for Laser
Technology ILT [6].

Fig. 1 Experimental setup for
the in-situ X-ray phase contrast
imaging of laser welding
process
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HighLight FL-ARM Compact laser beam source with a
wavelength 4 = 1070 nm is used for this investigation. This
adjustable laser beam source allows to control two laser beam
sources simultaneously: a ring-mode and multi-mode fiber laser
beam. To focus the laser beam at the specimen surface, a f-theta
lens with a focal length of 163 mm is used. The welding process
is conducted at the focal point of the laser beam. The ring-mode
laser beam has an outer beam diameter of 536 pm. The multi-mode
laser beam is positioned at the center of the ring-mode laser beam
and has a beam diameter of 47.92 pm.

The X-ray beam irradiates the interacting zone between the
laser beam and specimen at a fixed position. On the opposite
side, a scintillator is placed coaxially aligned to the X-ray beam
irradiation. So, the transmitted X-ray beam is illuminated
on the scintillator. The illuminated laser beam process on
the scintillator surface is then recorded with a high-speed
camera, which is placed behind the scintillator. As a result,
the time-dependent geometrical change of the keyhole and
melt is recorded. The sampling rate is set to f = 19182 Hz.
The recorded X-ray images are image-processed to clearly
differentiate the solid, liquid, and vapor states. For this purpose,
the X-ray image of the specimen is recorded without the laser
beam process and subtracted with the X-ray image during the
laser beam process. The imaging process technique from [6, 7]
is applied for this paper. An image-processed X-ray image is
shown in Fig. 2 to distinguish the different items in the captured
X-ray image.

While only the ring-mode laser beam is turned on, a melt
pool is visible without a presence of a keyhole. When the
multi-mode laser beam is turned on, a penetrating keyhole
channel is visible at the center of the melt. Different to
the conventional welding process in which the material
thickness is considered as semi-infinite, melt boundary
outside of the specimen is visible at specimen bottom side.

Laser beam

Specimen

Post-processed
process image
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Fig.2 Exemplary X-ray phase
contrast image A tmosphere
Melt
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3 Results and discussion

3.1 Keyhole-induced vapor capillary development
in a melt pool

The ring-mode laser is activated to melt the specimen with
a laser beam power of P, = 1000 W. The irradiation time is
set to tp = 65 ms for conducted experiment. This ring-mode
laser beam setting leads to a full penetration of the specimen
with a heat conduction welding. At ¢ = 60 ms, the multi-mode
fiber laser beam is turned on with defined laser beam power at
the melt center for 5 ms. The investigated laser beam power
value for the multi-mode laser beam is P, = 600 W (I = 33.3
MW/cm?). The image sequence of the X-ray phase contrast
imaging is shown in Fig. 3 to visualize the keyhole-induced
vapor capillary and melt dynamic.

The melt penetrates towards the specimen bottom solely
with heat conduction welding. The melt penetrates into
the specimen with a semi-circular melt shape until the
lower melt boundary reaches the specimen bottom. As
the melt boundary reaches the specimen bottom, the heat
accumulation affects the melt shape. Therefore, a semi-
circular-shaped melt turns into a truncated cone shape (¢
= 60 ms). After the melt reaches the specimen bottom, the
melt boundary at the specimen bottom widens consequently
as the laser beam irradiation continues.

At t = 60 ms, the multi-mode fiber laser beam irradiation
is initiated at the melt center. A keyhole channel is generated
inside of the melt as soon as the multi-mode laser beam
is initiated and shows a keyhole-induced vapor capillary
expansion until it stabilizes at t = 60.54 ms. During the
vapor capillary expansion, the melt is pushed outside the
specimen boundary in both directions. At t = 60.05 ms,
there is an indication that the keyhole has penetrated through
the vapor capillary, which is however clearly observed at
t = 60.11 ms. The keyhole penetration reaches the end of
the lower melt boundary in the atmosphere. However, as
the expanded vapor capillary reaches its maximum and
contracts, the pushed melt volume draws back accordingly.
Also, the keyhole penetration depth reduces correlated to
the position of the melt. As equal laser beam energy and

intensity are applied for the multi-mode fiber laser beam
irradiation without any further spatial or temporal laser
beam modulation, the keyhole penetration depth reduction
should be related to the presence of the vapor capillary.

As the expanded vapor capillary draws back, a narrow
keyhole channel with a diameter of 60 pm penetrates the
melt (¢ > 60.27 ms). In spite of continuous laser beam
irradiation at constant laser beam intensity value, no further
keyhole-induced vapor capillary expansion and therefore a
melt is pushed outside the specimen boundary.

The volume of pushed-out melt increases, as the vapor
capillary area in the specimen increases. However, as
the expanded vapor capillary reaches its maximum value
and contracts, the melt in the atmosphere draws back
accordingly.

The balanced pressure equilibrium during the heat
conduction welding process is interrupted by the sudden
presence of the multi-mode laser beam. As a consequence,
the melt rapidly vaporizes along the penetrating laser beam,
which leads to a keyhole channel inside the melt. The
keyhole channel however does not fully penetrate the melt.
The inertia of the vapor pressure caused by evaporation at the
keyhole wall leads to a vapor capillary expansion [8]. As the
vapor pressure p, exceeds the melt surface tension pressure
p,» the melt is pushed outside the specimen boundary and
results into an up as well as down melt streaming. The melt
surface tension pressure is dependent to its surface tension
and radius (Eq. 1).
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P, 1s the surface tension pressure of the melt [kPa]; F,;
is the surface tension force [N]; r; is the melt radius [mm];
v; 1s the surface tension of melt [N/mm]; 8 is the fluid melt
angle [°]; A is the pressure acting melt area [mm?].

At the pressure equilibrium state (f = 60 ms), the melt
radius is measured by examining the X-ray image and the
fluid melt angle is considered as 0° for maximum surface
tension force [9]. The surface tension is temperature
dependent. Assuming a homogenous melting temperature
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Fig. 3 Image sequence of the x-ray phase contrast observation of the laser spot welding process for the following parameter: P, = 1000 W; t, =
65 ms; P, = 600 W; t, = 5 ms (starting from ¢ = 60 ms); f = 19128 fps. h, material thickness [mm]; a,,, melt amplitude [mm]

at the melt boundary, the surface tension of aluminum melt
boundary is 875 mN/m according to [10]. The calculated
surface tension pressure for the upper melt boundary is 3.5
kPa (radius r,,, =0.5 mm) and for the lower melt boundary
is 10.29 kPa (r,,, = 0.17 mm). The vapor pressure and the
pressure forces p; acting on the keyhole front producing
a melt flow component parallel to the laser beam axis are
difficult to distinguish [8]. However, a sum of the mentioned
pressure values can be estimated by considering the surface
tension pressure of the melt spike at the specimen bottom.
In spite of the maximally expanded vapor capillary, the melt
spike is only stretched without melt spatter ejection (t =
60.108 ms). Therefore, when the pressure equilibrium at that

@ Springer

moment is considered, an estimation of the vapor pressure
and the pressure force acting on the keyhole front can be
determined (Fig. 4).

The melt radius of the stretched melt spike at the
lower melt boundary is measured with r,, = 41.5 pm.
Also, as the keyhole front is positioned proximately to
the melt—atmosphere boundary, the melt temperature is
reasonably higher than the melting temperature. The surface
tension value of aluminum liquid temperature at 1550 K
is 800 mN/m [10]. The surface tension value at higher
temperature is not found in the literature. [11] has reported
that the impact of the gravitational force at the melt spike
is negligible compared to the vapor pressure due to its
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negligible mass. As a result, a pressure equilibrium at melt
spike can be simplified to the following Eq. 2.

pv+pf=py,b (2)

p, 1s the vapor pressure [N/mm?]; pyis the keyhole front
pressure [N/mm?]; P, 18 the surface tension pressure [N/
mm?].

The calculation surface tension pressure at the melt spike
with given value is 38.5 kPa. In other words, the initiation
of a core multi-mode laser beam with a laser beam intensity
33.3 MW/cm? induces a vapor- and keyhole front pressure
of A33.35 kPa at the lower melt boundary. The separated
determination between the vapor pressure and the pressure
force is not further discussed within this paper.

After the keyhole-induced vapor capillary expands to its
maximum volume, the vapor capillary volume decreases and
the melt draws back. Once the pressure equilibrium is reached,
only a narrow vapor capillary fully penetrates the melt and
spatters are ejected occasionally without down-streaming
melt. Therefore, the described vapor capillary expansion is
only temporally. The remaining dwell time for the expanded
vapor capillary is ¢, = 162 ps.

3.2 Approximation of the keyhole depth
to the applied laser beam intensity

The keyhole channel is observed for the investigated
intensity value (33.3 MW/cm?) in the previous sub-section.
For t = 60.11 ms, the keyhole has penetrated the specimen
thickness (2 = 0.5 mm). However, the keyhole penetration
depth z;, did not exceed the lower end of the pushed out melt
amplitude a,, (z; < h+a,,). The theoretical relation between
the keyhole depth and the applied intensity is discussed in
this sub-section (refer to Fig. 3).

The melt pool is generated solely through the heat
conduction welding until # = 60 ms. The following multi-
mode laser beam is therefore theoretically positioned at the
melt pool surface (z = 0) for the initial phase. The keyhole

penetration depth on a described specimen can be estimated
with the energy balance equation at the laser spot.
(Leaning on [12])

oz oT
foKe (= 3)
ot 9z ]

A, is the absorption degree [-]; I is the elevated laser
beam intensity [MW/cm?]; p is the density [kg/m3]; L, is the
latent heat of evaporation [J/kg]; % is the keyhole penetra-
tion velocity [m/s]; K is the thermal conductivity [W/mK];
% is the temperature gradient at the welding front [K/m].

ALQIEzpoLV.

According to [12], the absorbed elevated laser beam
intensity is a subtraction between the heat and vaporize
and melt the specimen. When the welding process is
proceeded only with a single laser beam source, two laser
beam intensity level is required to achieve a heat conduction
welding and keyhole welding regime [7]. In this case, the
elevated laser beam intensity is defined as a subtracted
intensity value of the two intensity values. However, for
the adjustable laser beam source, two laser beam sources
are used for each purpose: ring-mode laser for melting and
multi-mode laser for vaporization. Therefore, the laser beam
intensity of the multi-mode fiber laser beam is considered
as elevated laser beam intensity for Eq. 3. Knowing the
amount of the absorbed laser beam intensity, the temperature
gradient at the welding front is to be determined for the
keyhole penetration depth estimation. The transient
1-dimensional heat conduction (Eq. 4) is applied to express
the temperature distribution inside of the melt over the laser
beam irradiation time:
1 oT _ 0°T

a Ot - 07

“

a is the thermal diffusivity [m?%/s]; ‘;—f is the temperature
distribution [K/s]

The temperature distribution in the melt can be further
expressed with the keyhole penetration depth over the time
which is influenced by the temperature change over the
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depth of the melt. So, the rewritten Equation is shown in
the equation below:

1 9% dr _dT

a dt.dz_a’z2

&)

i—: is the temperature distribution over the melt [K/s].

The boundary conditions for the temperature distribution
are considered as an ideal case after the heat conduction
welding at # = 60 ms: The melt surface starts to vaporize at
z =0 with T'=T,, and the melt lower side (z = /) has just
reached its melting temperature with 7 = T,,. Considering
the boundary conditions, the solution for Eq. 5 of the tem-
perature distribution over the melt is calculated. As a result,
the temperature gradient at the keyhole front in penetration
direction can be substituted into the energy balance to Eq. 6.

AL.IE=p.LV.

dz dz
k+p'cp'dtk'(Tv_Tm) (6)

dt
¢, is the specific heat capacity [J/gK]; 7, is the evapori-
zation temperature [K]; T, is the melting temperature [K].
The equation above is sorted out to the expression of the
vapor penetration velocity and the integration of the sorted
equation leads to an equation of the keyhole penetration
length z; as shown below.

_ AL +Pet
a norf-po[Lv+cpo(Tv—Tm)]

Ty

)

r, is the laser beam radius [mm?]; P is the laser beam
power [W]; # is the irradiation time [s].

Based on the equation above, the keyhole penetration
depth can be estimated by the absorbed elevated laser beam
intensity and irradiation time of the multi-mode laser beam.
The required elevated intensity value and the duration until
the keyhole penetrates given melt thickness can be estimated
in Fig. 5. The calculation is conducted with thermophysical
material properties of aluminum listed in Table 1.

The keyhole penetration depth increases rapidly with
increasing irradiation duration and absorption degree. On

Fig.5 Calculated keyhole

Table 1 Thermophysical material properties of aluminum [10]

Density p Latent heat  Specific Evap- Melting
[g/cm?] of vaporiza- heat capac- orization temperature
tion Ly, [J/K] ity ¢y [3/ temperature T, [K]
gK] Ty [K]
2357 (@T 10500 1.18 2743 930.15
=973 K)

the basis of this calculation, the keyhole development within
the material can be estimated dependent to the absorbed laser
beam intensity. Considering the difference between two cal-
culated absorption degree, keyhole penetration depth is highly
influenced by the absorption degree of the laser beam at the
melt.

3.3 Validation

The validation of Eq. 7 is conducted by comparing the meas-
ured keyhole depth from Fig. 3 at the irradiation time for #,, =
108 ps to the calculated keyhole depth value. For the calcula-
tion of the keyhole depth, an accurate estimation of the absorp-
tion degree during the keyhole welding is required. Therefore,
the incoupling degree is considered for the validation which is
suggested by Beck.

Within the keyhole, the laser beam is reflected multiple
times, and for each encountering on the keyhole wall, a partial
laser beam energy is absorbed at the wall. The total amount of
absorbed laser beam energy through the Fresnel absorption is
not only dependent to the absorption degree of the material but
strongly dependent to the shape of the keyhole [13]. The total
amount of absorbed laser beam energy within the keyhole is
also called as an incoupling degree 7, and can be estimated
with an equation for a cone-shaped vapor capillary [13]:

1+(1—A).2+S!.(1—2}S’>

1 1
A (1= 55 ) + %

My =Ape (8)

. > Absorption degree A = 0.18 - Absorption degree A, = 0.5
penetration depth dependent 7] 50 ' ' ‘ : : ‘5 100 : ‘
. . c (%]
on the laser beam intensity and g = zg=0.2mmy £ z,= 0.2 mm
. : e 01 1 = N
absorption degree = g 4 z,=o0.5mm| & g 8o 2, = 0.5 mm
~ - _ T —
2 = 30 Zy=1mm 23 g z,=1mm
o = 5 =
w o | 8 —
o —= 20 o v 40
[ ] C o
- 2 - >
2 © 10 Y ® 20
s’ T >
>
9 o) ‘ 2 o}
w ) 2 4 6 8 10 W o 2 4 6 8 10
Time t [ms] Time t [ms]
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14 1s the incoupling degree [-]; A, is the absorption degree
[-1; S, is the aspect ratio of capillary [-].

This estimation assumes that the keyhole diameter d,,
is equally large as the laser spot diameter d,, and the aspect
ratio of keyhole is defined as S, = z ,,d,, Where z.,, is the
keyhole depth, respectively [13]. The keyhole geometry can
be measured from the X-ray image, and the aspect ratio of
keyhole is S, calculated as 16.6. The determined aspect ratio
of keyhole leads to an incoupling degree of 90.38%. At given
laser beam intensity value (/ = 33.3 MW/cm?), the solution
of Eq. 7 with the material properties from Table 1 leads to a
keyhole depth of z;, = 1.08 mm. Considering the measured
keyhole depth with z, = 827 pm, the calculated value differs
by 23%.

4 Conclusion and outlook

In this paper, a laser beam spot welding process is inves-
tigated on an aluminum with a thickness of 0.5 mm. A
clear differentiation of the melting and vaporizing process
is conducted by using an adjustable laser beam source. On
the basis of the X-ray imaging with high sampling rate f =
19182 Hz, the melt dynamic caused by the keyhole-induced
vapor capillary expansion is observed. The pressure equilib-
rium of the melt is interrupted by a sudden presence of the
keyhole. Along the penetrating keyhole, the melt vaporizes
at keyhole wall and induces a vapor pressure. The inertia of
the vapor pressure expands its volume and overcomes the
surface tension pressure of the melt boundary resulting a
melt spike. The vapor and keyhole front pressure induces a
pressure difference of A33.35 kPa which leads to the lower
melt spike at # = 60.108 ms. After the expanded vapor capil-
lary reaches its maximum value, the melt draws back and a
narrow keyhole fully penetrates the melt. The keyhole diam-
eter is measured to 60 pm which is comparable to the core
multi-mode laser beam diameter of 49 pm. On the basis of
the one-dimensional energy balance equation, the keyhole
depth is approximated with z; = 1.08 mm. The validation
of the theoretical calculation divers 23% compared to the
measured keyhole depth, which is z;, = 0.827 mm.

As for the outlook, the correlation between melt dynamic
and keyhole-induced vapor capillary expansion should be
further understood. For this purpose, an even higher sam-
pling rate is still required. By increasing the sampling rate up
to 75000 Hz, a detailed development of the vapor capillary is
expected to be recorded. Hence, the differentiation between
the vapor pressure and the keyhole front pressure parallel
to the laser beam could be determined. Furthermore, the
temperature at the melt spike edge could be more precisely
determined by placing different metals below the aluminum
specimen with a defined gap. As the dwell time for the melt
spike is limited, the heat transfer to the underlying metal

can be estimated. If the melt spike contacts the metal sur-
face and forms a weld joint within estimated dwell time,
the temperature at the melt spike can be determined [14].
Also, a simulation-assisted investigation can be performed to
understand the vapor capillary shape during the expansion.
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