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Abstract

For the purpose of manufacturing lithium ion cells,
micro welding is a commonly used procedure. It is also
applied to new products as vacuum insulation elements
which are enclosed in stainless steel foils. Another new
application can be found in welding of catalytic
converters. Before, they were usually joined by furnace
brazing. All these products consist of thin metal foils
which can be considered two-dimensional work pieces.
They have to be joined in a stable process in order to
avoid rejects. One of the biggest challenges in thermal
micro welding is the gap forming between the join
partners due to thermally induced distortion. In micro
welding, the possibility to bridge the gap between the
join partners is ensured as long as the gap is smaller
than approximately half of the material thickness.
Beyond this point, weld seam imperfections occur and
the process collapses. In order to minimize gap
formation, a new approach to clamping is presented
which directly applies the clamping force in the
welding zone. Based on this invention, a clamping
fixture was constructed and qualified. Thereby, it is
possible to close the gap between join partners and
adapt the properties of lap joints to bead-on-plate
welds. Furthermore, the new concept was compared to
a common clamping fixture. Thus, weldable join
partner thickness could be reduced, and the feeding
rate was extended.

Motivation

Micro welding is defined by the dimensions of the join
partners. At least one dimension has to be smaller than
100 pm [1]. This minimum requirement applies to thin
metal foils, for example. The reason for this lies in the
occurrence of scaling effects [2], [3]. Surface effects
such as interfacial tension and, thus, the adhesive
forces between fused material and base material,
dominating volume effects such as the gravitational
force [4]. In addition, thermally induced distortion
grows exponentially to decreasing material thickness
and scaled energy input per unit length [5]. This
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change in effect dominance distinguishes micro
welding from macro welding. On the one hand, aspect
ratios of less than 0.2 are possible without backing and
filler material (see Fig. 1(a)), but on the other hand, the
thermally induced distortion causes the formation of
gaps with material thicknesses of less than 100 um
which can result in a process interruption due to
bonding defects or holes in the weld seam [6]. The
least the gap formation does, is to cause a seam
collapse resulting in the reduction of seam and/or joint
cross-section and, thus, a reduction in tensile strength
(see Fig. 1 (b) - (d)).

Figure 1: Welded metal foils; a) aspect ratio of 0.177,
b) weld imperfection due to gap formation: seam
collapse and reduction of the joint cross-section; c)
bonding defect; d) hole formation

Hence, process reliability is jeopardized particularly in
micro seam welding. Micro seam welding of thin steel
foils is done wherever impermeability to gas or an
enhanced joint stability is required [7]. In contrast to



spot welding, the beam energy is introduced through a
weld path during micro seam welding. This raises the
thermal load on the join partner and the tendency to
warp at the same time. Micro joining is applied with
steel foils for vacuum insulation panels (VIPs) [8], foil
heat exchangers, catalysts [9], lithium ion batteries
[10] and pressure sensors [11].

In order to be able to reliably weld seams in these
products with foil thicknesses of < 100 um, efficient
processes and technologies are needed [12], [13], [14].
When it comes to welding seams in such dimensions,
laser beam remote welding processes are particularly
suitable [8], [15]. Thanks to their high energy density
and, thus, the feasibility of high process speeds,
thermal efficiency can be maximized [16].

However, laser beam welding is a thermal process
causing energy to diffuse into the component by way
of heat conduction. Despite the small amount of heat
introduction, distortion of the join partners is inevitable
[17]. Hence, not only the process itself needs to be
designed efficiently, but the clamping fixture
technology must be adapted as well. This is due to the
low bending strength of the metal foils and to the
development of residual welding stresses caused by the
high temperature gradient. The latter is due to the fact
that the process involves highly local action. When it
comes to counteracting distortion and the associated
gap formation, the clamping fixture plays a decisive
role in the laser-based micro welding process.

To create a homogenous, continuous and impervious
weld seam with material thicknesses of less than 100
um, realizing a technical zero gap between the join
partners is the basic requirement [14], [18]. In the
thermally dominated micro welding process, this is the
requirement in terms of the clamping fixture that is
independent of the process parameters.

State of the art

The welding process causes expansion and shrinkage
effects in the component which are restrained by
various influencing factors. In dependence on the site
of action, a distinction can be made between local and
global restraint to shrinkage. The local restraint to
shrinkage is caused by colder material areas bordering
on the heated weld seam. They restrain the expansion
and shrinkage of the heated zones. This results in
elastic-plastic deformations leading to component
distortion and residual welding stresses after cooling.
External clamping of the component or bracing by
means of additional constructional elements causes
stresses as a consequence of the global restraint to
shrinkage. [19] That means that only the global
restraint to shrinkage can be influenced by the
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clamping fixture. The local restraint to shrinkage has to
be controlled through an optimized welding process
[20].

The clamping fixture can have an impact on the global
restraint to shrinkage particularly via the restraint
intensity and/or clamping length [21]. According to
[22], these are defined as follows:

Exh
RFy =

=
Rp, — restraint intensity; £ — modulus of elasticity; & —
foil thickness; /r — clamping length

As the clamping length is reduced, the mean residual
welding stresses grow transversely to the seam [23],
while distortion decreases proportionally [20].
Moreover, the restraint intensity is an indicator of the
probability of cold crack formation [24]. If the join
connection is strained in the direction of the residual
welding stresses, loading case and residual stresses
will interfere with each other, and the mechanical
strength of the joint will decrease. In case of
unimpeded deformation (distortion), on the other hand,
less residual stresses will develop in the work piece
[25]. Thus, minimizing distortion and residual stress at
the same time constitutes a classical conflict of
objectives in fixture construction [23].

This conflict of objectives can only be solved by
maximizing the clamping length and, thus, minimizing
the residual stresses on the one hand, and by applying
the clamping force in the joining zone of the lap joint
to suppress distortion in the weld path on the other.

Various methods for the application of the clamping
force in the joining zone have been described in the
relevant literature:

According to [26], continuous contact between the join
partners was achieved by integrating a cylindrical
support on the bottom side of the weld path. In this
way, the join partners with a thickness of 50 pm can be
prestressed via the projecting weld and pressed against
each other on a punctiform basis.

Another method was applied in [12] and [27] where a
holding-down device in the form of a transparent plate
was used to weld a thin metal foil to a thick substrate.

The use of a gas jet to apply the clamping force in the
joining zone and fix the join partners in a gap-free
manner is described in [28]. In this method, nozzles are
positioned around the weld seam, and the foils are
clamped hydrodynamically.



Within the scope of a research project [29], the
mentioned clamping concepts were tested and
qualified for metal foils with a thickness of less than
100 pm. Seam welding by means of modern laser
beam sources of higher brilliance turned out to be not
very practical. Consequently, a new clamping concept
needs to be developed where the clamping force is
applied within the joining zone, and the requirement of
practicability is fulfilled as well.

Approach

In the case of the target application involving thin
metal foils, the approach to a novel clamping concept
is based on the controlled deformation of the upper
join partner by applying a compressive force F)p (see
Fig. 2). This can be realized easily due to the low
flexural stiffness of the metal foils. That deformation
increases the component stiffness considerably. The
resistance to deformation perpendicular to foil surface
is much higher in the peak of the deformation contour
than it is the case with a flat, unformed foil. The
resulting effect is that the compressive stresses
developing in the course of welding do not cause any
buckling.

F F
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Figure 2: Schematic view of controlled deformation
with force application

The vertical deformation % increases as the general
deformation grows. As a result, the centric point load
increases as well. With the help of the centric point
load, a force F; is generated which acts against the
thermally induced distortion force during laser beam
welding. The upper join partner is pressed against the
bottom join partner such that a linear contact and/or
small surface contact takes place and the point load
acts upon the joining zone of the seam to be welded.
The bottom join partner can additionally be fixed by
means of a vacuum table.

Furthermore, the point load (generated force F;) makes
sure that the two join partners lie on top of each other
without any gap in between, and that an optimized heat
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transfer between the join partners is achieved. This
approach has been patented [30].

Test arrangement

Laser sources, units and beam

properties

scanning

In order to be able to test the developed fixture concept
under realistic industrial conditions, various modern
solid state lasers suitable for micro seam welding were
applied [3], [31], [32].

Table 1: Laser sources, scanning units and beam
properties

Laser NovaDisc- 500W
PS FL X50 CW-M R4
“RS”
Type Disk laser Fiber Fiber
laser laser
Manufacturer  Preno- Rofin-
. SPI
vatec Sinar
Wavelength ;2 1,070 1,070
[nm]
Max.  power ;o 500 500
(W]
:Z])qzzr:tlng cw cw cw
Optical fiber
core / mode 100 18.5
field diameter MM SM
[km]
cE;(ee?I:enction Superscan  Turbo- Intelli-
. 20 scan 30 scan 20
unit
Manufacturer  Raylase Raylase Scanlab
Focal length
collimation - 100 130
[mm]
Focal length
F-Theta [mm] 160 135/163  163/420
Focal
diameter* 25 144/164 25/ 65
[um]
Beam quality* 1.2 8.6 1.1

* Measured @ 10 % of the max. power
Test specimens

Cold-rolled 1.4301/AISI304 stainless steel foils in
thicknesses of Sum up to 100 pum were used for the
studies. The foils were cut into coupons, clamped and
welded in the form of a lap joint.



Reference fixture

In order to be able to compare the new fixture concept,
a customary clamping fixture was chosen where the
clamping force is applied along the weld path. The
clamping length (distance of the upper clamping strips)
is 8 mm, while the groove width measures 5.5 mm.

.a)

Figure 3: a) Clamping fixture only; b) with fixed foils
in a lap joint

Simulation of the reference fixture properties

In order to qualify the distortion and the residual
stresses in the metal foils during and after the micro
welding process and to compare them later on, a weld
pattern simulation was carried through. For this
purpose, two 50 um foils were welded together in the
form of a lap joint on the reference fixture using the
NovaDisk P5. The laser power and feeding rate
process parameters were 17 W and 7.5 mm/s at a focal
diameter of 25 um.

Heat introduction is not simulated, but predefined as an
input parameter and realized by means of a substitute
heat source. The latter is designed such that the same
heat introduction as in the experiments is achieved.
The other boundary conditions of the weld pattern
simulation can be found in [20].

The shrinkage of the material during the cooling phase
causes high tensile stresses in the longitudinal direction
of the weld seam. That shrinkage is restrained by the
surrounding colder component areas (locally) and by
the clamping situation (globally). The residual stresses
acting transversely to the seam are comparatively small
due to the small restraint intensity. As the equilibrium
of forces must be maintained, the longitudinal tensile
stresses cause compressive stresses in the base
material. [23]

Compressive stresses caused by shrinkage can lead to
instability with thin components. Distortion in the form
of buckling is the result, entailing major deformations
developing perpendicularly to the foil plane.
Superimposed angular shrinkage can even intensify
this effect [23].
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Figure 4: Simulated longitudinal stress on the upper
side of the upper foil a) at the beginning of the welding
process and b) after welding (tensile stresses - red;
compressive stresses - blue)

Figure 4 shows the simulated longitudinal stress at the
beginning and after the welding process. During the
welding process a compressive stress bulb section
forms in front of the heat source. The diffusion of the
compressive stress constitutes the main cause of the
buckling observed. The residual stress pattern shown
in Fig. 4 (b) is the result of the interference of
distortion stresses and residual welding stresses.

>

Figure 5: Simulated vertical distortion after welding in
overlap joint (image exaggerated by a factor of 5)

Figure 5 shows the vertical distortion in the form of
buckling over a simulated weld seam length of 24 mm.
The simulated buckling causes a significant risk of gap
formation between both join partners as the amplitude
of the simulated distortion of the upper foil reaches 0.3
mm. Assuming a non-buckling surface of the lower
foil or even a negative amplitude of distortion in the
same order, a gap in magnitude of a single foil
thickness would occur. Therefore, buckling of the foils
must be prevented in order to design a reliable process.

The shape of the simulated buckling was also observed
with the real coupons welded on the reference fixture
(see Fig. 6).



Figure 6: Buckling in a welded test coupon (2 x 50
pm) with a weld path length of 30 mm

Qualification of the new fixture concept
Setup and performance testing of a test fixture

The developed clamping concept was implemented
using a test fixture.

Figure 7: Test fixture for clamping concept testing

The upper join partner is placed in a holding fixture,
and the bottom join partner is positioned on the base
plate. To ensure stable fixation, a vacuum table is used
which has a groove so that the welding process is not
impeded. The adjusting unit moves the holding fixtures
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towards each other in the x-direction. Due to the
movement of the adjusting unit in the x-direction, the
upper join partner is deformed. While it is in this
deformed position, it is moved in the z-direction by
means of a second adjusting unit. In this way, the foils
to be joined are pressed against each other. As soon as
the two join partners have formed a common contact
surface, the actual joining process can begin.

Figure 8: Welded test coupon (2 x 50 um) with a weld
path length of 30 mm without buckling

Fig. 8 shows a welded test coupon produced using the
test fixture. Thanks to the increased stiffness of the
systematically deformed upper foil, buckling due to the
compressive stresses applied during the welding
process is avoided. The difference between Figure 6
and Figure 8 is clearly visible.

Clamping force determination

The pressing force F of the test fixture for various foil
thicknesses was measured using a force sensor (HBM
load cell of the type UIR).

Table 2: Achievable pressing force for different foil
thicknesses

Foil thickness in Force in N
um
50 4
25
15 0.15

Impact of the groove width on process efficiency

In [33] the effect of the clamping elements as a heat
sink is described for the laser beam welding of thin
metal foils. The greater the distance of the clamping
elements from the joining zone, the smaller the heat
loss, and the more process energy is available. This
manifests itself in a greater seam volume and/or in a
larger seam cross-sectional area.

In order to examine the impact of the heat sink effect
in the new clamping concept, the weld seam cross-
sectional area can be used as an indicator. When the
energy input per unit length remains constant, the weld
seam cross-sectional area is proportional to the process
efficiency [34], i.e. the higher the heat loss, the lower



the process efficiency and the smaller the weld seam
cross-sectional area.

Vacuum tables with different groove widths were built
for this examination and tested by welding two 50 um
foils together in the form of a lap joint to compare the
results. In this context, welding was performed on the
basis of both the deep welding regime and the heat
conduction welding regime. All tests were repeated
five times. Then the mean value of the seam areas was
calculated and examined in the following diagram in
dependence on the groove width.

@ Conduction welding M Deep welding

16000

13000

10000

7000

Average cross section [ um?]

Groove width [mm]

Figure 9: Average seam cross-sectional areas with
standard deviation in dependence on the groove width
for a heat conduction welding process (v = 80 mm/s @
P =50 W) and a deep welding process (v = 825 mm/s
@ P =400 W), welded using the FLx50 (d;= 164 pm)

A statistical regression analysis of the mean values
resulted in a p-value of 0.216 (heat conduction
welding) and 0.545 (deep welding). The p-value is the
probability of obtaining a test statistic result at least as
extreme or as close to the one that was actually
observed, assuming that the null hypothesis is true.
Regarding a significance level of 0.05, the null
hypothesis cannot be rejected, and there is no
significant correlation between seam cross-sectional
area and groove width. That means that welding with
the new fixture concept is possible at constant process
efficiency independently of the groove width.

Comparative examination of the fixtures

Formation of the joint gap along the micro weld
seam

The size of the joint gap is the actual target criterion of
the new fixture concept. In a first step, the formation of
the joint gap along the weld seam is to be examined for
both the test fixture and the reference fixture. For that
purpose, each two 50 um thick steel foils were welded
together in a lap joint on both fixtures using an FLX50
laser (d; = 164 pm) with a power of 300 W and at a
feeding rate of 550 mm/s. The welded test coupons
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were segmented and prepared, and then the gap was
measured.

Figure 10: Gap formation along the weld seam a) with
the reference fixture and b) with the test fixture (new
clamping concept), starting 2 mm after the beginning
of the seam and occurring with a spacing of 10 mm
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Figure 11: Measured gap heights along the weld seam
for both fixtures

Figures 10 and 11 show the unsteady gap height with
the reference fixture, while the test fixture exhibits a
constant technical zero gap. Thus, the new clamping
concept provides technically ideal thermal coupling of
the two join partners.

Comparison of lap welds to bead-on-plate welds

To examine thermal coupling and unimpeded heat
transfer, welding tests were performed applying
defined process parameters to bead-on-plate welds and
lap welds on both fixtures. The weld seam cross-
sectional areas obtained at constant energy inputs per
unit length were compared and evaluated. In this
procedure, the CW-M R4 “RS” laser with focal
diameters of 25 um and 65 pm was used. The energy
inputs per unit length were selected in dependence on
focal diameter and power such that full penetration
welding of the each two 50 um and two 25 um foils
was just about feasible.
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Figure 12: Percentage difference between weld seam
cross-sectional areas of lap joints (2 x 50 um) and
bead-on-plate welds with a 100 pm foil, welded on the
reference fixture and on the test fixture (new clamping
concept)

Figure 12 shows that the weld seam cross-sectional
area severely varies along with the varying joint gap of
the reference fixture. The percentage difference
compared to the bead-on-plate weld grows as high as
40 %. The test fixture with the new clamping concept,
in contrast, is capable of constantly keeping the seam
cross-sectional area below 10 % at constant energy
inputs per unit length. The remaining offset is
attributable to the enlarged surface of the bent foils
(see Fig. 7) which causes a greater cooling effect due
to convection. Hence, the test fixture achieves a
technically ideal heat transfer between the join
partners, comparable to the solid material.

Achievable maximum speed at defined weld
seam depth

According to [35], the achievable maximum process
speed v, correlates with the quotient of absorbed
power P and welding depth s as well as focal diameter
dy, the so-called drawn power.
Umax % E (2)

The drawn power serves as a reference plot. The
higher v, at a constant drawn power, the higher the
process efficiency.

Applying a focal diameter of 25 pm, welding tests
were performed using the NovaDisc-P5 with both
fixtures and at a constant drawn power. Since welding
depth and focal diameter were kept at constant levels
with each foil thickness, the power has been plotted
over the feeding rate in the following figure for the
sake of clarity. Blue data points represent the reference
fixture, while red data points stand for the test fixture
with the new clamping concept.
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Figure 13: Power in dependence on the speed for both
fixtures and various foil thicknesses (The trend lines
relate to the data sets of the reference fixture — blue.)

In Figure 13 the data sets of equal foil thicknesses can
be compared to each other as they were machined with
the same focal diameter and also exhibit the same
welding depth. That means that at a constant power
level the process efficiency grows as the maximum
speed increases. Since at equal welding depth, power
and focal diameter the maximum speed is higher with
the test fixture than with the reference fixture, higher
process efficiency can be achieved with the former
compared to the reference fixture.

This also becomes apparent when the energy input per
unit length is calculated:

E =

P
4

A3)

The energy input per unit length is a measure of the
heat load on the component [34], and it decreases
when the speed grows and the power remains constant.
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Figure 14: Double logarithmic representation of the
energy input per unit length in dependence on the
feeding rate for both clamping fixtures and various foil
thicknesses

Figure 14 clearly shows that when welding the same
foil thicknesses using the test fixture, the energy input
per unit length and, thus, the heat load decreases.



Weldable minimum join partner thickness

When the heat load due to the energy input per unit
length declines with a constant foil thickness,
distortion will decrease as well [5]. Hence, it is also
possible to join metal foils with a focal diameter that is
greater than the material thickness.

Especially when it comes to small focal diameters, the
minimum thickness of the individual foil to be joined
can be reduced (see Fig. 15). Greater focal diameters
have the benefit of better gap bridgeability.
Furthermore, physical limits are established by the
aspect ratio in the weld pool. Consequently, the

differences are marginal here.
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Figure 15: Minimum foil thickness to be joined in
dependence on focal diameter and fixture type
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Figure 16: Cross-sections of micro welds with d, = 25
pm; a) two 5 um foils (v = 2,500 mm/s @ 25 W) and
b) two welded 10 um test coupons prepared by means
of a focused ion beam

In Figure 16, the technical zero gap between the join
partners can be recognized very well. Test coupons
with a very small material thickness can thus be joined
without any problems.

Tolerated joint gap height

Limited joint gaps are required for reproducible lap
joints in welding practice. The maximum gap heights,
for example, may measure 5 - 10 % of the individual
sheet thickness and/or 150 um altogether at the highest
[36]. For the following examinations the NovaDisk P5
and the FL X50 laser were applied with focal
diameters of 25 pum, 144 pm and 164 um. The
thicknesses of the foils welded together in the form of
a lap joint were 15 pm, 25 pum, 50 pm and 100 pm.
About 70 welding tests were performed on the two
welding fixtures, and then the joint gaps were
measured. On that basis, the percentage joint gap was
classified in relation to the foil thickness for both
fixtures.

H Reference fixture M Test fixture

100 -
90
80
70 +
60 -
50
40
30 +
20
10

Classification OK welds [%]

10%

20% 30% 40% 50% 60% 70% 80%

Gap height related to single foil thickness

90%  100%

Figure 17: Joint gap classification in relation to the foil
thickness and the resulting classification as OK welds

When applying the quality criterion from [36], 81 % of
the welds (10 % class) produced on the test fixture can
be considered OK welds, whereas only 17 % OK
welds can be achieved using the reference fixture (see
Fig. 17). The 20 % gap height class related to the
individual foil thickness already includes 100 % of all
welds produced by means of the test fixture. That
means that when using the test fixture, the gap does
never exceed 20 % of the individual foil thickness in
the examinations. In contrast, not even 90 % of the
welds produced on the reference fixture exhibited a
gap height equal to or smaller than the foil thickness.



Summary

In the present paper, a novel, patented clamping
concept was introduced by means of which thin metal
foils can be welded together efficiently and reliably by
way of micro welding. Compared to an industry-
standard clamping concept, the new fixture concept
has achieved the following improvements:

— Minimization of the joint gap (less than 20 % of
the foil thickness) and keeping it at a constant
level

— Increase in process efficiency by raising the
maximum process speed at a constant drawn
power and lowering the energy input per unit
length while the welding depth remains the same

— Achievement of a technically ideal heat transfer
between the join partners

— Minimization of the weldable foil thicknesses
down to 5 um

Outlook

As a next step, welding distortion and residual
compressive stress are to be simulated for the test
fixture and theoretically compared to the reference
fixture. During the further procedure, the fixture will
be advanced for industrial application and adapted to
the use with coils. Thus, the foils will no longer have
to be cut prior to welding.
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