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Abstract
With the proliferation of electric drivetrains, the development and optimization of joining techniques for the fabrication 
of battery packs became a prime manufacturing topic. Decreasing the electrical resistance and increasing the mechanical 
strength of the welds at the individual cell level are of great importance not only for productivity and efficiency but also for 
safety and sustainability purposes. Lasers offer an advanced, highly automatable solution for battery cell joining. Usually, the 
optimization focuses on the laser parameters or the scanning speed. However, the most widespread battery welding geometry, 
the so-called lap geometry, allows alternative possibilities for joint property optimization. The novelty of our approach is 
that we focus on systematic experimental investigation of the effects of dimensional parameters and the layout of the weld 
pattern. Systematic experiments reveal that the shape and size of the weld area have substantial effect on the properties of 
the laser welded joint. Our results prove that a rather substantial gain can be achieved in both the electrical and mechanical 
properties when the weld consists of at least two parallel bead segments. We also show that it is beneficial by both means 
if the segments have the greatest individual length and placed apart at the maximum feasible distance. The orientation of 
the straight segments affects the mechanical and electrical behavior differently: strongest welds consist of weld segments 
oriented in parallel, while the smallest resistance can be achieved using segments oriented perpendicular to the direction of 
current flow, respectively.
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Nomenclature
Ujoint	� Joint voltage (V)
Ubase	� Base voltage (V)
ℓm	� Measurement length (m)
ℓoverlap	� Overlap length (m)
x	� Sheet thickness (m)
I	� Electric current (A)
Rjoint	� Electrical resistance of the joint (Ω)
Rbase	� Electrical resistance of the base (Ω)
A	� Weld area (m2)
TSS	� Tensile shear strength (Pa)
E	� Extent (m)
N	� Number of segments
s	� Segment spacing (m)
L	� Segment length (m)

1  Introduction

When producing battery packs for electrical vehicles or 
other electrically powered machines, a substantial amount of 
small electrical sources must be conjoined. This stems from 
the large power need of the electrical consumers and the 
limited capacity of individual batteries [1]. For the joining 
process several joining techniques are suitable, but for each 
and every one of them a thorough optimization process must 
be carried out to perfect the given bonding process on the 
lowest assembly levels. As a result, a substantial improve-
ment can be ultimately achieved either in terms of electrical 
resistance, mechanical strength, weight, battery life, and so 
on, depending on the aims of the optimization process.

In general, among the numerous welding techniques laser 
welding is considered to be one of, if not the best solution 
for battery joining applications. It is highly automatable, 
works with very low heat input and small heat affected zone 
sizes and exhibits excellent reproducibility [2, 3]. The most 
common and widely discussed properties of laser welded 
joints are the mechanical strength of the bonds [4–7] and 
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recently with the appearance of electrical vehicles the elec-
trical resistance of the joints [8, 9]. The mechanical and elec-
trical parameters are in most cases optimized independently, 
and most frequently via varying the laser process parameters 
such as incident laser power, scanning speed, beam diameter, 
and incidence angle [10]. To further support this, we note 
that more recent papers also focus on implementing numeri-
cal calculations and conducting experiments regarding the 
changes occurring in the depth and width of the melt pool 
induced by the alteration of laser process parameters [11, 
12]. Even the most up-to-date publications of laser weld-
ing optimization, the AI-assisted analysis and property 
prediction of laser welded joints, are primarily focusing on 
acquiring an optimized set of laser parameters and condi-
tions using deep learning methods [13–15]. However, the 
lap joint configuration offers several other parameters (other 
than laser process parameters) that contribute to the final 
resistance and strength of the joint, thus providing further 
room for optimization [16–18].

For battery laser welding the lap joint configuration is 
widely used both in direct battery to busbar and wire/ribbon 
bonding configurations [19–21]. Most of these lap joints are 
manufactured with a laser welding setup equipped with a 
scanner optic that is ideally suited for the optimization of 
the dimensional parameters of the weld, as well.

Along these lines several groups have already made 
attempts to study and model the behaviors and optimize the 
properties of the laser welded joints in a lap joint configura-
tion through varying the aforementioned dimensional pro-
cess parameters. T. Solenbach made basic electrical model 
calculations using simple resistance network methods for 
different weld seam layouts and concluded that by prop-
erly choosing the weld seam layout, the contact resistance 
could strongly be reduced [16]. The group of P.A. Schmidt 
observed that using curved weld beads instead of straight 
ones significantly increased the appearance of cold cracks 
and other weld defects during weld formation. Based on 
their results it can be derived that the use of curved welds is 
not appealing for battery joining applications. This research 
group also pointed out that weld contours consisting of 2 
or 3 lines had significantly higher electrical conductivities, 
in their view stemming from the more uniform current flux 
distribution. Along these lines this weld geometry seems to 
be particularly promising for optimization. In unison with 
Solenbach’s team, they also concluded that applying differ-
ent weld seam layouts highly influenced the conductivity 
of electrical connections, but they also added that further 
investigations were necessary for a better understanding 
[17]. Ultimately, S. Hollatz’s research group recently did 
an extensive study on this subject as well, although less sys-
tematically. Like T. Solenbach’s group, they made simple 
resistance network approximations followed by numerical 
current density simulations for both single and double welds. 

In order to support their simulation data, they also conducted 
experiments for both similar and dissimilar joint cases with a 
few selected weld bead layouts. Their most forward looking 
discovery was the description of a so-called edge current 
phenomenon. The core of which is that the current density 
along the edges of the overlap was significantly higher as 
compared to the inner contact area [18].

It was shown that several works focus on weld bead lay-
out optimization processes for laser welding applications in 
a lap join configuration [16–18]. However, the majority of 
the existing papers focus on the numerical simulation of this 
subject. Consequently, there is a lack of systematic experi-
mental investigations in this field. Hence, to make the pic-
ture more complete, simultaneous investigation of the effect 
of the weld seam layouts on both mechanical and electrical 
properties is carried out within this study. Along these lines, 
based on a systematic experimental study, in this paper we 
discuss the experimental results of a number of joint opti-
mization possibilities related to the weld seam layout both 
in terms of electrical and mechanical considerations. The 
discussed aspects can be optimized both individually and 
simultaneously, as well. Our ultimate goal is to identify con-
ditions that result in minimal electrical resistance and maxi-
mum mechanical strength, while keeping the laser related 
process parameters (such as laser power, scanning speed, 
underfocusing, and weld length) constant.

2 � Experimental

A custom-designed laser welding station, created by InduPro 
Ltd. (https://​indup​ro.​hu/.) , was used to create specimens that 
were laser welded in the lap geometry. The welding station 
includes a custom sample holder jig, that is, schematically 
shown in Fig. 1, positioned underneath the laser beam.

The energy source for welding was a Yb-doped, sin-
gle mode, continuous wave fiber laser (Trumpf Trufiber 
1000: 1075 nm wavelength, 1000 W maximum power, 
unpolarized beam, M2 = 1.2). The beam was focused onto 

Fig. 1   The illustration of the experimental welding jig used for fixing 
the two metal sheets to be joined
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a 0.61 mm diameter spot (1/e2) using the 264 mm focal 
length field lens of a programmable focusing optic device 
(Trumpf PFO20-2). The top surface of the metal sheets 
to be welded was parallel to the beam waist. The samples 
were two pieces of cold-rolled, rectangular-shaped DC01 
steel sheets, each having a thickness of 0.5 mm and a 
width of 16 mm. They were held together in a tailor-made 
jig with a fixed overlap length of 16 mm. Four screws, situ-
ated at the corners of the jig, were used to hold the upper 
portion of the jig in place, as shown in Fig. 1, and exert a 
fairly uniform compression of the steel sheets. The scan-
ning speed was adjustable from 1 to 1100 mm/s.

The use of the scanner optic unit in the laser welding 
system was pivotal since the experiments conducted in this 
study focused on investigating the effect of the different 
weld bead configurations within the 10 × 10-mm-sized rec-
tangular window of the jig, defining the overlapping zone.

Based on the presumption that the base material of a 
typical Li-ion cell case (most frequently nickel coated steel 
or Hilumin™) possess rather similar mechanical, electri-
cal, and chemical properties to DC01 steel, the latter cold 
rolled, low carbon content, non-alloy steel was chosen as 
model material for this study.

For our studies, we produced autogenous welds in lap 
joint geometry to replicate the frequently used stripe bond-
ing procedures, as well as the direct bus-bar-to-battery-
cap junctions. When welding batteries or cells in large 
quantities, notably in the automotive industry, this joint 
geometry is often regarded as the best, if not the only, 
joining option [19–21].

During our present investigation we were focusing on 
laser welded joint property (electrical and mechanical) 
optimization through configuring the layout of the weld 
beads in the overlapping zone. Thus, we chose a fixed 
set of laser processing parameters (based on our previ-
ous works) that can yield a highly stable and well repro-
ducible weld bead. As a result, we kept the incoming 
laser at 400 W constant power and the scanning speed at 
50 mm/s value. [22] Along these lines all other process 
parameters, such as the welding atmosphere’s pressure 
and its composition, the temperature of the ambient air, 
and the incidence angle of the laser beam with respect to 
the surface normal were also kept unchanged throughout 
the experiments. These conditions were 23 °C ambient 
temperature, 0° laser incidence angle, and atmospheric 
air atmosphere.

Among the aforementioned conditions, full penetration 
welds were produced, as demonstrated on the cross-sec-
tional macrograph shown in Fig. 2.

Please note that the macrograph shown in Fig. 2 was 
taken on a fractured sample, but is still convincingly dem-
onstrate that the weld fully penetrates the total thickness 
of the two overlapping metal sheets.

To demonstrate the quality of the joints in Fig. 3, a cross-
sectional optical macrograph is presented, taken of the weld 
seam at the interface of the two metal sheets after polishing 
and etching. On the inset another image acquired at × 10 
higher magnification over the central part of the same area 
(in the central region of the seam) reveals the grain structure 
of the resolidified metal.

It is evident that no cracks or voids are present within the 
body of the weld seam near the sheet interface. The seam has 
a highly regular and uniform grain formation.

To better visualize the experimental setup, a welded 
specimen is schematically depicted in Fig. 4 along with the 
critical dimensions and the configuration/arrangement of the 
probes of the 4-point probe measurement.

Fig. 2   Cross-sectional optical macrograph of a laser generated weld 
(400 W laser power, 50 mm/s scanning speed)

Fig. 3   Cross-sectional optical macrograph of the weld seam (400 W 
laser power, 50  mm/s scanning speed) taken at the interface of the 
two metal sheets at × 100 magnification and on an inner area at × 1000 
magnification (inset)
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Only very recently do manufacturers and research 
groups feel the need for a complete assessment of the elec-
trical characteristics of the laser welded joints. As a result, 
the electrical conductivity of a joint cannot be measured 
using a standardized method yet. As a substitute the meas-
urement technique developed by Schmidt et al. is adopted 
by research groups working on battery welding [16, 23, 
24]. Here, the so-called k factor is calculated using three 
voltage drops, namely Vjoint, Vbase1, and Vbase2 measured 
over equal sample lengths (lm), which shows how closely 
the bonding resistance relates to the base resistances of 
the sheets to be welded [17]. When the two sheets to be 
welded are made of the same material, Vbase1 and Vbase2 
become identical and can be replaced by Vbase (see Fig. 4), 
which simplifies the computation of the k factor and yields. 

By employing a fixed, 21 mm length 4-point-probe volt-
age measurement method, we determined the electrical 
resistance of both the welded and non-welded regions of 
the metal specimens. Before putting the electrical meas-
urement probes on the sample surfaces, both surfaces were 
cleaned with acetone. In order to ensure homogeneous 
electric current flow along the samples electrodes were 
fastened to the two edges of the samples that covered the 
entire width of the sheets. Current was supplied by a DC 
power supply unit (TTi CPX200, with an accuracy of 1.1% 
for the maximum current of 10 A employed during the 
measurement process). A desktop multimeter (Keithley 
2401, with a measurement accuracy of 0.1% in the voltage 
range used for our investigations) was employed to meas-
ure the Vjoint, Vbase voltages. In order to prevent the Joule 
heat of the measuring currents from significantly changing 
the temperature and hence the electrical resistance of the 
sample, the measurement procedure was carried out in the 

(1)k =
Vjoint

Vbase

=

Rjoint

Rbase

.

shortest time that was technically feasible (typically within 
0.5–1.0 s).

We quantified the mechanical strength of the laser welded 
specimens by measuring the maximum tensile-shear force 
between the laser welded metal sheets using a mechanical 
tester (Tinius Olsen H5KT, 0.1% measurement accuracy 
in the force range of our study). We note that during the 
tensile testing the fracture occurred always at the interface 
of the two neighboring metal sheets within the weld seam, 
regardless of the weld seam layout used. After fracturing the 
joints, optical microscope images of the two facing surfaces 
of DC01 sheets were acquired with an Olympus DSX510 3D 
optical microscope and used to determine the cross section 
of the weld. Using an image processing software (ImageJ), 
the digital 2D and 3D microscope pictures captured were 
examined [25]. The joint’s cross section was independently 
measured on the two facing surfaces of the metal sheets. We 
found that the cross-sectional values measured on the two 
facing surfaces varied by less than 1%. The maximum ten-
sile-shear force value was divided by the average of the two 
cross sectional areas to determine the tensile-shear strength 
value of the joint.

3 � Results and discussion

In our experiments reported here, we focused on changing 
several dimensional welding conditions during the joining 
procedure while keeping the laser parameters constant. Dur-
ing the experiments, the laser power was kept at a constant 
400 W, the welding speed was fixed at 50 mm/s and the 
laser spot diameter was also fixed at a value of 0.61 mm (1/
e2). These parameters were chosen according to our previ-
ous results [22], since this set of process parameters yielded 
rather consistent, so called single wave type weld bead mor-
phology with highly reproducible properties and stable weld 
area values.

Fig. 4   Schematic view of the 
laser welded specimen and 
the arrangement of probes for 
the 4-point probe resistance 
measurement
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In every experimental series presented, strictly straight 
welds were used. This was important on one hand to keep 
the number of variables more manageable and on the other 
hand to circumvent the appearance of weld defect such as 
cold cracking based on the observations of P.A. Schmidt’s 
group as previously mentioned [17].

The electrical resistance and the maximal force that a 
joint can withstand without fracture are highly dependent 
on both the size of the weld area and its shape [26, 27]. The 
weld area size (when the laser parameters are kept constant) 
is defined by the number of segments and the segment length 
used in a particular weld seam layout. The shape is much 
more complex as it considers the orientation and spacing of 
the segments, as well.

Consequently, two immediate possibilities arise for opti-
mizing the weld seam layout for improving the electrical and 
mechanical joint properties:

•	 Optimizing the shape of the welds
•	 Changing the size of the welds

3.1 � The effect of the shape of the welds 
on the electrical and mechanical properties

Laser welding of metal sheets in a lap joint configuration 
usually consists of a single, straight line or a circle symmet-
rically placed in the center of the overlapping zone. How-
ever, a given bead length can be realized in a plethora of 
other possible combinations of segments. In order to make 
the investigation more manageable, we investigated straight 
lines with symmetrical shape configurations only, meaning 
the bead or beads were always centrally symmetrical and 
were placed in the geometrical center of the overlapping 

zone. The overlap between the two metal sheets was also 
fixed at 16 mm during these investigations.

When investigating the effects of the weld area shape 
the size of the weld areas were kept constant: the average 
weld area size of an 8 mm long segment prepared with the 
laser process parameters defined in the experimental part 
was (2.62 ± 0.05) mm2. The individual values can be seen 
in Fig. 5 with the average being indicated by the horizontal 
dark blue line. The two light blue lines represent the absolute 
error at 95% confidence level. Each bar represents the data 
of 3 independent measurements.

For the present study, 7 different weld bead shapes were 
defined, realized and characterized in terms of electrical and 
mechanical properties. The results are summarized in Fig. 6. 
The photographs indicate the bead contour and the contour’s 
relative position to the longer edge of the stripes (and the 
measuring electrical current). As an example, the symbol 
“I” means a single straight bead parallel to the measuring 
current and tensile force and a “ = ” symbol means a double 
bead perpendicular to it.

We plotted the k factor of each bead shape against their 
mechanical strength to make tendencies visually easier to 
identify. In the chosen representation the best welds, in terms 
of both electrical and mechanical properties, can be found in 
the lower right quadrant of Fig. 6.

It can be noted that those contours that contain two non-
overlapping, parallel sections (with respect to each other) 
possess greater mechanical strength, although their total 
length is identical to single section shapes. It is also inter-
esting to note that when rotating the single perpendicular 
bead by 90° the average mechanical strength rises from 
(419.1 ± 8.5) to (452.0 ± 48.4) MPa. This is in line with 
the expectations as a parallel section is affected by higher 
torque during the mechanical tests. Therefore, samples with 

Fig. 5   The measured weld 
areas of the different weld bead 
shapes
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the double parallel shape exhibit the highest mechanical 
strength, namely (540.3 ± 15.6) MPa.

In terms of electrical measurements using a double 
perpendicular configuration seems to be the best with a k 
factor of 1.031 ± 0.006 value. In general, weld shapes that 
include two non-overlapping sections yield better electri-
cal and, in some cases, better mechanical properties than 
single segment contours. For instance, when using dou-
ble welds instead of single one the k factor decreases from 
1.089 ± 0.007 to 1.067 ± 0.003 in the parallel case and from 
1.123 ± 0.017 to 1.031 ± 0.006 in the perpendicular one.

When considering beads oriented at a 45° angle, they 
seem to possess worse electrical and mechanical properties 
when compared to the parallel and perpendicular orientations. 
Using an overlapping double configuration of this contour, the 
“x” shape improves the mechanical properties, but decreases 
the conductive capabilities. When rotating this “x” shape and 
forming a “ + ” the mechanical strength rises even higher, but 
the k factor rises considerably. We also note that at this 2.62 
mm2 weld area size the electrical properties of the base metal 
could not be surpassed (meaning the k factor could not be 
reduced under 1) regardless of the weld bead shape.

According to these experiments, weld bead shapes con-
sisting of multiple non-contacting segments behave sig-
nificantly better both in terms of electrical and mechanical 
properties and should be preferable.

3.1.1 � Multiple parallel welds

Based on the observations of the previous section we paid 
extra attention towards making multiple welds (i.e., those 
consisting of multiple parallel, nonoverlapping segments) 
and examined their electrical and mechanical behavior.

For these experiments, we chose the shape that exhibited 
the best electrical property, namely the one in which the 
weld beads were oriented perpendicular to the direction of 

the test current (or equivalently along the longer edge of the 
sheets). Here also, keeping the total weld area constant was 
essential. To investigate the effect of the distance between 
the individual segments, we divided the total 16 mm bead 
length up to a maximum of 6 equal length segments (each 
one is about 2.7 mm) and varied the spacing between them 
and report below the electrical behavior of these bead struc-
tures. A schematic figure describing the terminology and 
the relationship between the individual parameters of the 
parallel structures is presented in Fig. 7.

The results of the electrical measurements for multiple 
weld configurations are summarized in Fig. 8.

We note that the difference in the maximum spac-
ing value for each series results from the constraint that 
the overlapping zone size of the metal sheets was fixed at 
16 mm (E <  = 8 mm for each series). Please note that for 
these measurement series we did not make samples with 
sub-1 mm spacing to avoid any possible weld bead overlap.

One can immediately note that for each set the increase 
of the spacing, s between consecutive segments resulted in 
a decrease in the k factor, an effect that becomes more sig-
nificant with the increase of the number of segments. As an 
example, when using a pattern consisting of two 8 mm long 
beads and increasing the distance between the 2 parts from 1 
to 8 mm, the k factor falls from 1.056 ± 0.016 to 0.866 ± 0.012 
that is more than a 20% relative drop!

As described in the Introduction section, Hollatz et al.’s 
electrical simulations show that the electrical current flows 
dominantly through the frontal and rear edges of the weld area. 
In our case, this translates to the two outermost weld segments 
being dominant in the electrical conduction and the inner bead 
segment(s) contribution being negligible. Consequently, this 
spacing representation can be converted into a graph where 
the prime parameter is the distance between the two outermost 
segments, i.e., the weld bead group’s “extent,” denoted as E 
(cf. Figure 5). This representation is shown in Fig. 9.

Fig. 6   The k factor and the 
tensile shear strength of the 
differently shaped welds with 
constant weld area. (The error 
bars represent absolute error 
at 95% confidence level. Each 
point represents the data of 3 
independent measurements.)
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From Fig. 9, it is evident that for any given segment 
length, increasing the distance between the outermost seg-
ments yields a significant decrease in k factors. However, in 
this representation, it is also clear that the length of these 
outermost segments is also a significant factor. As an exam-
ple, when the extent is 8 mm and shortening the segment 
lengths from 8 mm down to 2.6 mm, the k factor gradually 
increases from 0.866 ± 0.012 up to 0.971 ± 0.013 in value, 
that is, over a 10% increase. The same phenomenon can 
also be observed at smaller extent values as well, albeit the 
change in electrical properties is much less significant.

In terms of mechanical shear strength, the results only 
showed a clear tendency when being plotted against the 
extent of the welds. This is shown in Fig. 10.

These results are in line with the behaviors observed at 
the weld bead shape investigations, namely that the greater 

the extent of the weld bead in the direction of the testing 
force the greater the measured strength. This phenomenon 
stems from the testing method as the bead structures with 
larger extents are more resilient against the twisting torque 
that arises during testing.

It is also interesting to analyze the intercept of the 
resulting graph. The extreme case of zero extent can 
be interpreted as if the two outermost seams of the 
structures overlap thus forming a single weld bead 
in the middle of the overlapping zone. Along these 
lines, the two weld areas overlap as well, and as a 
result, the total weld area of the weld beads becomes 
half of the original value resulting in a strength of 
2 × 186.81 MPa = 373.6 MPa, that is, rather close to the 
value reported previously for single perpendicular weld 
beads, namely (419.1 ± 8.5) MPa.

Fig. 7   The terminology of multiple welds (the white areas indicate the overlapping zone between the two metal sheets)

Fig. 8   The k factor of multiple 
welds with different spacing. 
Each set represents a series of 
different segment lengths. (The 
error bars represent absolute 
error at 95% confidence level. 
Each point represents the data 
of 3 independent measure-
ments.)
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3.2 � The effect of the weld area size on the electrical 
and mechanical properties

As previously mentioned, besides optimizing the weld area 
shape, another dimensional parameter that allows for joint 
property improvement is the size of the weld area between 
the two metal sheets.

One can increase the weld area by two means:

•	 Increasing the length of a segment, or
•	 Increasing the number of segments

The two methods can of course be applied simultane-
ously, as well.

The two ways will be discussed separately in the follow-
ing sections, while ensuring that the previously discussed 
extent (E) was kept at a constant 10 mm value to mitigate 
the possible effects of weld shape changes.

3.2.1 � The effect of the segment length

For these experiments single segment welds were produced 
with different segment lengths, all situated centrally or sym-
metrically within the width of the metal stripes.

The results obtained from the electrical and mechanical 
measurements are shown in Fig. 11. The segment length was 
varied in 2 mm steps from 2 to 16 mm, the latter correspond-
ing to the case when the two metal stripes were joined across 
the entire width.

According to these results with increasing single segment 
length, the k factor converges to the value of (k =)1. It is also 
interesting to note that for bead length beyond 8 mm (the 
half width of the sample) the rate of decrease of the k factor 
slows down. With increasing segment length, the error of 
the measurement points decreases steadily. We assume that 
the larger error bars at short weld lengths originate from 
the fact that at shorter laser irradiation times, the stability 

Fig. 9   The k factor of multiple 
welds with different extent. 
Each set represents a series of 
different segment lengths. (The 
error bars represent absolute 
error at 95% confidence level. 
Each point represents the data 
of 3 independent measure-
ments.)

Fig. 10   The tensile shear 
strengths of multiple welds with 
different extent. (The error bars 
represent the absolute error at 
95% confidence level. Each 
point represents the data of 3 
independent measurements.)
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of our laser welding station becomes limited; therefore, the 
effect of instabilities is more expressed on the shorter seg-
ments. Moreover, as described by both W. R. Harp and J. Tu 
continuous wave fiber lasers usually exhibit initial transient 
power instability during emission in the first few µs of the 
power on phase when used in a short pulse mode [28, 29]. 
This effect can be more dominant during an overall shorter 
processing time (the processing time of a 2 mm long seg-
ment with 50 mm/s scanning speed is 40 ms).

In terms of mechanical properties, it can be said that the 
strength of the samples was not affected by the weld bead length 
and remained constant around the average of (427 ± 10.1) MPa. 
We also note here that the higher error bars of relatively short 
welds possibly originate from the fact that the area determina-
tion error yields a larger relative error for shorter seam sizes 
during the manual microscope image analysis.

3.2.2 � The effect of the number of segments

Another way to increase the weld area size, aside from 
increasing the length of segments, is to increase their number. 
For this investigation segment structures of constant length 
(L = 8 mm) and extent (E = 10 mm) was made in which each 
segment was oriented perpendicular to test current (i.e., along 
the shorter, 16 mm width of the metal stripes) and in the geo-
metrical center of the overlapping zone. When the number 
of segments was varied in 2 <  = N <  = 11 range, the spacing 
of the segments was gradually changed from 10 to 1 mm.

During our experiments, we paid careful attention to 
ensure that the weld area depends linearly on the number of 
segments, a condition that holds in this set within 1% error. 
In other words, samples with 4 segments have a weld area 4 
times as large as a sample with a single bead.

The results of the electrical and mechanical measure-
ments are shown in Fig. 12.

It is an interesting thing to note that increasing the number 
of welds beyond two does not result in a significant decrease 
in k factor. This is caused by the phenomenon discussed by 
Hollatz et al. [18]. According to their numerical equivalent 
circuit modelling calculations, most of the electric current 
flows through the frontal and rear edges (practically the first 
and the last segment) of the welded area when two or more 
weld beads are present. This explains why the k factor of 
samples with relatively small number of seams (N = 2, 3, and 
4) is identical to each other within error. Our results show 
that when increasing the number of segments by a factor of 
ten, the k factor can decrease slightly. This indicates that 
perceptible current starts to flow through the inner segments 
that are further away from the edges, as they start to par-
ticipate in the electrical conduction process. However, the 
magnitude of this decrease reflects that this effect is minor, 
and the slight benefit might not be sufficient when consid-
ering the extra manufacturing effort required to achieve it.

The mechanical testing of these samples was limited since 
welded joints having a weld area above a critical value could 
withstand more force (above 5000 N) than the materials’ 
strength of the base metal of our stripes, i.e., failure of the 
laser welded samples will occur inside the base metal and 
not in the weld area. Consequently, we could only test the 
strength of the joint up until N = 4. For those specimens 
where the measurement process could be conducted it was 
clear that the tensile shear strength of the joints was not 
dependent on the weld multiplicity, as the results scattered 
around (424 ± 21) MPa strength in every case.

3.3 � The comparison of the effects of different 
dimensional optimization aspects

In Table 1, we summarized the gains achieved of the dif-
ferent optimization approaches both in terms of electrical 

Fig. 11   The k factor (blue sym-
bols) and tensile shear strength 
(orange symbols) values for 
various single segment lengths. 
(The error bars represent abso-
lute error at 95% confidence 
level. Each point represents the 
data of 3 independent measure-
ments.)
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and mechanical properties. The gain is defined according 
to the following equation:

Naturally, in case of electrical properties, the lower k 
factors represent the more favorable conditions; as a result, 
the “gains” here as to the definition are negative as indi-
cated by the “–” signs in Table 1.

It is important to note that each aspect was investigated in 
separate sets, i.e., when every other parameter and condition 
was kept constant.

In Table 1, the extent (E), segment number (N), spacing 
(s), and segment length (L) values belonging to the samples 

(2)Gain =
Best value −Worst value

Worst value

with the “best” and “worst” electrical or mechanical proper-
ties are also given.

According to our results, the shape of the weld has a huge 
impact on the mechanical strength of the lap welded sam-
ples. This is evidenced by the results that the tensile shear 
strength is increased by almost 3-folds when comparing the 
best and worst patterns. Moreover, the shape has a rather 
significant role on the electrical properties, as well. We also 
reported results that among the general shapes, weld con-
figurations consisting of multiple straight segments have a 
significant impact on the electrical and mechanical property 
optimization processes. Within the parameter range studied, 
the best and worst multiple weld configurations showed a 
136% and 18% relative improvement in terms of mechanical 

Fig. 12   The k factor (blue 
symbols) and tensile shear 
strength (orange symbols) 
values of samples with different 
number of segments of equal 
length (L = 8 mm) and constant 
extent (E = 10 mm). (The error 
bars represent absolute error 
at 95% confidence level. Each 
point represents the data of 3 
independent measurements.)

Table 1   The k factor and tensile shear strength gains of the different optimization processes
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and electrical properties, respectively. When considering the 
effect of the area of the welds on the aforementioned proper-
ties, we can say that they have little to no effect on the tensile 
shear strength values, while the size of the weld area has a 
considerable effect on the electrical property. For instance, 
the shortest and longest investigated single beads had an 
absolute difference exceeding 20%.

4 � Conclusion

In this paper, we described how several dimensional process 
parameters affect the electrical and mechanical properties of 
the laser welded joint.

Our results show that when performing dimensional opti-
mization on laser welded DC01 steel stripes, the following 
tendencies should be expected:

•	 From especially the electrical standpoint, it is highly ben-
eficial to use a weld layout that is made up of at least two 
non-overlapping segments.

•	 For better electrical properties, the bead should include 
mostly perpendicular segments, while for better mechani-
cal properties segments oriented parallel to the direction 
of the current flow are preferred.

•	 For achieving better electrical and mechanical properties 
in general the individual segments should be as long as 
practically feasible.

•	 Larger distance between the individual weld bead 
segments is favorable both in terms of electrical and 
mechanical properties.

Finally, these dimensional tendencies—when applied 
jointly—may add up synergistically, offering grounds for 
further joint improvements in the mechanical and electrical 
properties of the laser welded structures.

Despite our remarkable results, further experimental 
investigation is necessary in the future. One aspect to tackle 
is study weld seam layouts that involve curved lines. Extend-
ing the scope of the investigation to highly conductive mate-
rials and to the laser welding of dissimilar metals is also an 
important future goal.
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