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Abstract

Upscaling hydrogen production through water electrolysis with proton exchange membranes (PEM) has established high
interest in several industrial fields to achieve the ambitious goals given by legislative bodies regarding production volumes
and cost reductions. One approach is the substitution of sintered bodies with joined multi-layered expanded metal mesh
(EMM) composites that are used as porous transport layers in PEM electrolysis. For joining the multi-layered structures,
capacitor discharge welding is a favored welding technology, which offers the possibility for automation, while being a highly
economic and robust process. But since EMM exhibits anisotropic properties as well as a wide variety of mesh geometries,
the design of such multi-layered composites leads to various possibilities for modifying the properties of the composites in
terms of flow characteristics and cell efficiency. Simultaneously, these variations also influence the joining process itself.
In this paper, different EMM geometries are joined in 90°- and 180°-layer-to-layer orientation in a resistance projection
welding process with capacitor discharge welding. While compression tests reveal improved damping characteristics for
90°-orientation, the CFD simulation hints at more pronounced turbulences in fluid flow which are assumed to favor gas bub-
ble accumulation and a cell efficiency decrease. Contrary, for 180°-orientation less flow turbulences and a smaller pressure
drop across the cell are revealed.

Keywords Resistance projection welding - Hydrogen economy - PEM-electrolysis - Porous transport layer - CFD
simulation - Fluid dynamics

1 Introduction

Proton exchange membrane (PEM) electrolysis has been
established as a promising technology for hydrogen produc-
tion, particularly for the energy transition and the develop-
ment of sustainable energy systems. In PEM electrolysis,
water is split into hydrogen (H,) and oxygen (O,) when
applying an electric current. Among other electrolysis
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methods, PEM electrolysis is focused on because of the abil-
ity to produce green hydrogen. Green hydrogen is hydro-
gen that is produced with renewable energy only. By using
renewable energies, e.g., solar energy, for power supply of
the electrolyzer, PEM electrolysis is low in carbon emis-
sions and goals in mitigation of climate change are facili-
tated when decarbonizing industries and manufactures. But,
in order to do so, the upscaling of PEM electrolysis and its
production chain can be seen as major step for the realization
of a sustainable energy system as such, which in turn makes
the costs for green hydrogen affordable [1, 2].

Crucial components of this technology are the porous
transport layers (PTL), which play an essential role in the
efficiency and performance of an electrolyzer. These layers
not only serve as mechanical support for the membrane, but
also enable the effective transport of the gaseous reaction
products as well as the distribution of the water [3].

While sintered bodies were the material of choice for
PTL in PEM electrolysis under laboratory conditions (con-
trolled porosity and good mechanical stability), the need for
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Fig. 1 Schematic depiction of
water electrolysis principle in
a PEM cell extended according
to [10]

upscaling the electrolyzer production while simultaneously
reducing production costs inhibits the use of sintered bodies.
Sintering is a thermal process, in which powder materials
are heated to form a compound through activated diffusion
processes between the particles. Through compression, the
porosity can be adjusted individually. But a high energy con-
sumption and high cycle times for heating make sintering
unfavored for an upscaled, economic PEM electrolyzer pro-
duction. A more economic method is expanded metal mesh
(EMM) joined through capacitor discharge welding to form
a multi-layered composite. In terms of cost-effectiveness,
joining EMM in a resistance projection welding process
offers clear advantages over alternative joining processes,
e.g., diffusion welding. In addition to short process times in
the millisecond range, resistance welding is a robust welding
process which is easy to automate and can therefore be easily
integrated into upscaled production lines [4]. In Addition,
the amount of oxidation which is visible as temper coloring
on the composite can be significantly reduced [5].

Current research is mainly focused on single layered
EMM applications as PTL, for PEM-EL and PEM fuel cells,
but also for direct methanol fuel cells. Still, literature on
research regarding multi-layered metal mesh composites
used as PTL and its effect on cell performance is hard to
find. It is already reported that mesh geometry and orienta-
tion in a PEM cell have a significant effect on cell efficiency,
e.g., when reducing the mass transport because of a favored
but unwanted bubble accumulation when using single EMM-
layers as PTL [6-8].
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Increasing the number of layers is expected to change
previously reported results significantly, through a combina-
tion of a fine EMM, which is positioned towards the polymer
membrane for mechanical stabilization, with coarser EMM
for enhanced medium transport and gas bubble permeabil-
ity. But since EMMs not only come in different sizes with
individually variable mesh geometry, the stacking of the
EMM layers can also affect the overall properties of the PTL
through changing two-phased transport characteristics, mass
transport, and electric conductivity.

1.1 PEM electrolysis

Electrolysis is the forced decomposition of a molecule into
its individual components due to an applied electric cur-
rent. In hydrogen electrolysis, three main technologies are
distinguished. In alkaline electrolysis, which is the oldest
technique and the most sophisticated one with a technology
readiness level (TRL) of seven to nine, mainly potassium
hydroxide (KOH) or sodium hydroxide (NaOH) are used
as alkaline liquid electrolyte. The high temperature elec-
trolysis, in which water, i.e., water steam, is used as electro-
lyte and operating temperatures up to 900 °C are applied, is
not available in high volumes and TRL reaches from 4 to 8
with regard to different subtypes. Contrary, water electroly-
sis with proton exchange membrane (PEM) is a promising
technique in which high purity hydrogen can be produced
with an efficiency up to 90% in a compact system design [9].
Figure 1 depicts the cell components and the principle of
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PEM electrolysis schematically with a polymer membrane
that is permeable for protons (H*).

In PEM electrolysis, the polymer membrane is enclosed
between two porous transport layers (PTL), which in turn
are in direct contact with the bipolar plate (BPP), which
defines the water inflow via integrated channel structures.
The cell is flooded with deionized water, which provides
bonded hydrogen atoms and keeps the membrane humidified
for maintaining a high proton conductivity. When applying
an electric current, two water molecules are split into 4 HT,
oxygen (0O,), and 4 electrons (e.”) at the anode. The protons
diffuse through the polymer membrane because of an ion
exchange mechanism and are transported from the mem-
brane through the PTL into the BPP on cathode side. The
oxygen remains on anode side and leads to a local oxidative
environment. This highly oxidative environment requires the
need for corrosion resistant base materials, e.g., titanium, for
PEM cell components, especially on the anode side. In addi-
tion, porosity and pore size distribution, flow characteristics
of the medium, and thickness need to be optimized to ensure
a high cell efficiency with a sufficient two-phased media
transport (water, gaseous oxygen, and hydrogen), good elec-
tric and thermal conductivity, and the required mechanical
stability (clamping of the cell). Next to cost effective base
materials, catalytic materials are required for the activation
of the hydrogen evolution reaction (HER) on cathode side
and oxygen evolution reaction (OER) on anode side. There-
fore, the membrane is coated with catalysts that decrease the
respective activation overpotential which is needed for the
reactions to take place. On cathode side, platinum is com-
monly used while iridium oxide (IrO,) or ruthenium oxide
(RuO,) are applied on anode side [3, 10, 11].

1.2 Expanded metal mesh

In expanded metal manufacturing process, rolled sheet
material is partially cut and deformed plastically to increase
rigidity and area while saving material [12]. Figure 2 depicts
the process steps in expanded metal manufacturing.

In the first step, the rolled sheet is partially cut with a
tool which is alternately moved vertically and sideways to
form expanded metal with defined mesh geometry (Fig. 2,
step 1). In one vertical tool movement, one half of the
rhombus in first line is formed. Each cycle consists of this
vertical movement, downwards and upwards, followed
by a sheet feed (distance equals half of the mesh width)
and a tool movement sideways (distance equals half of
the mesh length). After a second vertical tool movement
in which the neighboring rhombus is cut, the cycle ends
with a sheet feed and a movement sideways to end at the
initial tool position. Depending on the tool geometry and
the choice of process parameters, e.g., feed and speed of
tool movement, mesh geometry can be varied in size and

1 Sheetperforation

expanded metal

2 Rolling

Fig.2 Steps of expanded metal manufacturing process [12]

shape. Typical mesh types are rhombus, round or hexag-
onal shaped meshes. Compared to the rolled sheet, the
semi-finished product is elongated, while plastic deforma-
tion leading to an increase in dislocation density leads to
an increase in strain hardening. In the second production
step, the expanded metal sheet is rolled to adjust the over-
all height. In addition, distortion resulting from internal
stresses due to the first production step can be reduced
and therefore, the quality of the semi-finished product can
be increased. [12] In Fig. 3, the geometric parameters of
EMM are depicted in a schematic front and side view of
an EMM.

Regarding the use as PTL, EMM has several advantages
over sintered bodies, although the latter offers an adjust-
able porosity and complex flow network which directly
influences the mass transfer and mechanical stability.
Wang et al. [14] summarized the advantages of EMM
as “lightweight, easy-to-make, high open ratio and good
mechanical strength.” In addition, the process reduces
material waste since no material is lost [14] and can eas-
ily be implemented in roll-to-roll production lines.

1.3 CD welding of PEM cell components

With regard to an upscaled series production and the need
for a higher cost efficiency in electrolysis cell production,
sintered bodies are less convenient because of long produc-
tion times and high process energy requirements. An alter-
native is PTLs composed of multiple EMM with different
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Fig.3 Schematic depiction of front and side view of EMM, with
mesh length /, mesh width b, height a, bridge width s, and bridge
height ¢, mesh knot marked in red [13]

Electrode

EMM, multiHlayered
sample

Electrode

Fig.4 Schematic depiction of resistance welding process of multi-
layered EMM, with varying number of natural projections in each
joint plane

mesh sizes. Instead of only stacking and clamping the layers
(high contact resistance), joining the different layers to form
multi-layered composites with material continuity offers the
possibility to decrease the electric resistance of the PTL,
increase the electric conductivity and hence increase cell
performance through improving current flow characteristics
throughout the cell.

In this context, resistance welding, i.e., projection weld-
ing, with capacitor discharge is an attractive welding tech-
nology, which is known for its high economic efficiency
because of cycle times within the milli second range, a
good reproducibility and a high automatability [4]. Fig-
ure 4 depicts the process principle of projection welding
with capacitor discharge using the example of joining multi-
layered structures in one step.

In projection welding, the components are contacted and
fixated from two sides with electrodes, which also conduct
the welding current into the joining partners. According
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to Joule’s law, most heating occurs at the point of highest
resistance, which is the contact area between the joining
partners (Fig. 4).

In the present joining task, the strands of the EMM
(Fig. 3) serve as natural projections, which define the weld-
ing current pathway from one layer to the following. In each
joining plane, the local welding current density is defined by
the contact area, which can vary depending on the number
of contact points that result from mesh orientation, offset,
size, and deformation.

Regarding the high-quality standards required for PEM
cell components, the following requirements for the projec-
tion welding process can be derived:

e After welding, the PTL has to have a high electric con-
ductivity, achieved by a good joint connection of all lay-
ers and no or highly limited oxide formation during the
welding of titanium mesh, because the insulating effect
of oxides goes hand in hand with a decrease in conductiv-
ity (increased electric resistance) and therefore a decrease
in cell efficiency, as well as an increase in degradation
risk through a reduced corrosion resistance [10, 15, 16].
Especially the side that is faced towards the membrane
and catalyst layer, respectively, has to have a high corro-
sion resistance [10, 17].

e No mesh collapses through mechanical overload or
severe spatter formation during welding because of pos-
sible resulting changes in flow characteristics, which can
lead to a deterioration of the two-phase transport (water,
gas) and losses in mass transport [18-21].

e After welding, the joints must have suitable mechanical
stability to withstand compressive stresses at approxi-
mately 2.5 MPa, which are determined as the range of
highest cell efficiency. Heat input should be as low as
possible to avoid reduced strength, corrosion resistance,
and embrittlement [18, 22, 23].

As described in previous work, resistance welding with
capacitor discharge technology can significantly reduce the
formation of Ti-oxides during welding procedure because of
the very short welding times [5]. But, the required welding
parameters are highly dependent on the composite structure,
i.e., the contact area in each joint plane, which is given by
the EMM geometry and stacking of the different layers. It
is reported that the fine EMM is the least to be joined and is
the one influencing the welding lobe most significantly [5].

In this paper, two different EMM geometries are joined
in a resistance projection welding process with capacitor
discharge technology to form three-layered composites.
Doing so, two stacking variations with different EMM
orientations are applied. The joined composites are tested
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Table 1 Alloy composition of Fe C
used base material according to

N H (¢}

Residuals each  Residuals total ~ Ti

material certificate [24] Max [mass-%] 0.20 0.08

Result [mass-%] 0.053

0.03 0.015 0.18 0.10 0.40
0.027 0.006 0.002 0.068

Balance

<0.10 <0.40 Balance

Fig.5 Schematic depiction of EMM adjustment with 180° stack-up
(a) and 90° stack-up (b) of type A and B

Table2 Geometries A and B of the used EMM geometries

Type LWD [mm] SWD [mm] Height [mm]
A 4.0 2.0 1.0
B 0.6 0.5 0.1

to determine the mechanical stability and damping char-
acteristics, electric resistivity, and fluid permeability. In
addition, flow test results are supplemented by computa-
tional fluid dynamics simulation.

2 Methodology

Table 1 lists the chemical composition of the base metal
titanium grade one according to the manufacturer’s quality
certificate of the material.

The EMM used in this work has diamond-like shaped
meshes. In Table 2, the geometric values of the different
EMM are listed. SWD stands for the short width diagonal
of the diamond shaped meshes, LWD stands for the long
width diagonal. In Fig. 5, the EMM stacking variations
investigated for the three-layered test samples are presented.

In Fig. 5, the investigated EMM stack-up as a three-
layered composite with 90° and 180° arrangement of the
middle layer is shown.

With regard to mesh geometry, the middle layer is rotated
clockwise by 180° or 90°, respectively (Fig. 5). The latter
arrangement is patented [25]. In Fig. 6, the different sides of
EMM with smooth (a) and rough (b) surface are depicted.

In this work, all EMM that are contained in the different
orientation variations have the smooth side facing towards
the rough side of the upper next EMM layer. That is, all
smooth sides are facing towards the smallest mesh size
which later is the EMM layer that is aligned towards the
membrane. The square area of the sample is 42 mm X 42
mm (17.64 cm?) and assumed to be the active cell area.

2.1 Determination of contact area

To compare the differences in the contact area between the
different layers to one another, two-sheet indicator paper
(FUJIFILM Europe GmbH) is used. In Fig. 7, the principle
of the indicator paper is depicted schematically.

While one sheet is coated with color forming reactants,
the second sheet is coated with a developer. Under load,
the two coatings get in contact and react, and the reaction
product is visible as a color change from white to red. The
color change is proportional to the pressure experienced
and enables a quantitative analysis. In this work, the indi-
cator paper LLW-Super low pressure (LLW) with a pres-
sure range of 0.5 MPa (light red) to 2.5 MPa (dark red)
is used. With an analysis software, the contact areas of
the different configurations are evaluated and compared
to one another.

Figure 8 provides an overview of the procedure for the
evaluation of the pressure distribution at the expanded metal
structures.

The orientation dependent contact area is determined
in a compression test. The pressure sensitive sheets are
placed between two EMMSs. For a defined force appli-
cation, a universal testing machine equipped with two
planar tool plates is used. After the compression test, the
stained sheet and the determined pressure curve are used
for evaluation of the pressure distribution. The stained
sheets (red shading on white background) are scanned
with a resolution of 45 um side length per pixel. In con-
junction with the calibration data sheets provided by
the manufacturer, an evaluation of print values for each
pixel proportional to the individual red color hue is ena-
bled. Assuming an active area of 17.64 cm?, the pressure
distribution is displayed graphically in a 2D heat map
(Fig. 8). It is noted that the real contact areas might dif-
fer from one another because of deviations in slicing of
the EMM samples.

@ Springer
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Fig.6 Photographic depiction
of smooth (a) and rough (b)
side of EMM

Film A
PET base and color
forming layer

FilmC
Developer layer
on PET base

I

Fig.7 Schematic depiction of principle of two-sheet indicator paper, extended according to [26]

Definition of relevant

pressure range

l

Selection of pressure

foils

l

Compression tests
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TR TN N

i
| N
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Fig.8 Schematic depiction of the analysis steps when determining pressure distribution and orientation dependent contact area between two

EMMs with indicator paper

2.2 Welding procedure

For welding, a capacitor discharge (CD) welding machine
in portal construction with up to 20 kJ storage energy and
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3.5 kV storage voltage (U)) is used (Manfred Schlemmer

GmbH).

The welding machine is equipped with a hydraulic force
unit and four elastomer springs as follow-up unit.
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Fig.9 Schematic depiction and | 4
definition of the welding current
curve and relevant values [27]
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Table 3 Welding parameter

Mid layer orientation 90° 180°

Parameter set A B A B

F; [kN] 7 7 7 7

F, [kN] 15 15 15 15
Energy [%] 48 50 48 50
U, [kV] 22 2.4 22 2.4
Ip [KAT* 178 181 184 188
tp [ms]* 7 7 7 7
Voltage at t=0 ms [V]* 8.365 8.566 8.382 8.533

*Mean values determined from process data

The used electrodes are made of W80Cu20 and have a
square work surface of 50 mm X 50 mm, and because of
the expected long handling time, no water-cooling system
is implemented in the electrodes.

The time-dependent current form and corresponding defi-
nitions in CD-welding are depicted in Fig. 9.

In CD welding, the welding current is not regulated; thus,
welding current, secondary voltage, and welding time are
a result of the transformation ratio and the inductance and
resistance in the welding circuit.

After an iterative parameter determination, the parameter
matrix is set up as presented in Table 3.

An initial electrode force of ;=7 kN is applied to bring
the EMMs into contact. The electrode force of F,;=15 kN is
kept constant. Throughout the experiments, mesh B is placed
towards the anode. The sample size is n=>5.

v

2.3 Electricresistance

For determination of the electric resistance, the test bench
shown in Fig. 10 is used.

The measurement is carried out with regard to DVS 2929
[28]. The electrode geometry is equal to the one used dur-
ing welding (Fig. 10), but the electrode base material is
CuCrl1Zr. The resistance measurements are carried out at
different electrode force levels, starting from 1 up to 7 kN
with 1 kN steps, and with unwelded and welded samples
for 90°- and 180°-orientation, respectively. The resistance
is measured after 5 s and for calculating the specific electric
resistance, the total square area of 17.64 cm? is used. In the
case of the welded samples, the sample height is measured
with regard to the different force intervals, additionally.

2.4 Compression test

Compression tests are carried out with regard to DIN EN
ISO 50106 [29] using a universal tensile/compression test
machine with a maximum force of 20 kN. Before testing, the
sample height is measured.

As depicted in Fig. 11, the tests are run with an automated
test procedure including a time-dependent force profile.

After inserting the sample into the test bench, two hys-
teresis loops are performed. At first, the compression force
is increased up to F'=4.5 kN (2.5 MPa) and relieved after-
wards until =0 kN. For the second hysteresis, the Force is
increased up to F=7 kN (4 MPa) and again, released until
F=0kN.

@ Springer
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Fig. 10 Test bench at ISF for
measurement of electric resist-
ance

Measuring program
(LabView)

Fig. 11 Test procedure of
compression tests with force
over time 8 1

Force in kN
D
1

4.5kN

Force unit,
pneumatic cylinder

'| Holder for
copper
electrode

Testprocedure
Traversespeed: 0.1 mm/min

0

As a result, two hysteresis loops are received (force-
displacement curves) for each sample which give informa-
tion about the spring characteristics of the welded samples.
Both hysteresis loops are evaluated separately. Next to As,
which is the delta between displacement s before loading and
after releasing the compression force, the work is calculated
through calculating the area within the hysteresis loop.

2.5 Flow tests

For fluidical characterization of the welded multi-layered
EMM composites, the test bench depicted in Fig. 12 is
used. The included test cell consists of an aluminum base
frame, an attached transparent cover plate which enables
external visual test devices, and a pressure unit for the
anode structure.

@ Springer
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The cover plate, which also serves as a bipolar plate, is
available in two versions, with and without flow channels.
To be able to test different structure heights, the active
testing area is variable in thickness. This allows expanded
metal samples of different thicknesses to be tested in sin-
gle or multiple layer arrangements. A cell size of 50 cm?
is assumed for the fluidic design of the test stand. As test
fluid, tap water is used and fed into the test cell using an
electric gear pump and is discharged diagonally at the top.
After passing the test cell, the water is led back into the
tank, thereby closing the circuit. The inlet volume flow is
monitored by a magnetic-inductive flow sensor. The oper-
ating pressure and flow rate can be regulated via the water
pump’s power supply. The pressure difference Ap is meas-
ured using a differential pressure sensor directly connected
to the test cell with two tubes (Fig. 12).
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Fig. 12 Top view on flow test
bench at IPT with included
components

Differential

Test cell

Pressure reducer

pressure sensor — : = Com;:?:sg
Flow A
sensor H,0 ow
2 sensor (O,)
Water tank
Gear pump
°
direction. The flow rate is varied from 0.2 to 2.2 1/min in
steps of 0.2 1/min.
Water-Outlet
2.6 Simulation model
Pressure t Since the fluidic phenomena within the PTL structures can
measuremen be determined experimentally only to a certain extent, a
numerical simulation is conducted in addition to the experi-
mental fluidic characterization. Here, ANSYS Fluent is used
Test geometry to analyze the fluidic behavior within the cell.
To describe, analyze, and model the predominant fluid
flow in the anode, particularly the pressure field and velocity
Water-Inlet field, the Navier—Stokes equation for viscous, incompress-

Fig. 13 Top-view on test cell with inserted EMM sample

2.5.1 Procedure

Initially, the pressure drop values are normalized to a sam-
ple length of one meter. For testing, one welded sample of
90°_A, 90°_B, 180°_A, and 180°_B each is installed sepa-
rately into the cell. In Fig. 13, the structure of the test cell
with an inserted sample is depicted.

The test cell is oriented horizontally so the influence of
the weight on the pressure loss can be neglected. Before
testing the different sample series, an unloaded measure-
ment is carried out and pressure losses inherent in the system
are deducted in the subsequent measurements. The cell lid
is closed and the sample is compressed 0.1 mm in sample
height (position controlled). The samples are tested in SWD
orientation, i.e., the mesh width (SWD) of the lowest EMM
layer (type A) is oriented parallel to the flow direction, and
in LWD orientation, i.e., the mesh length (LWD) of the
lowest EMM layer (type A) is oriented parallel to the flow

ible fluids is applied [30, 31]:

du;
th’ = —j—i + uAu; + pF;

In this context, p represents the fluid density, u is the fluid
velocity vector, p is the pressure, u is the dynamic viscosity,
and F represents external forces acting on the fluid, e.g.,
gravity. The solution of the Navier—Stokes momentum con-
servation equation is performed considering the continuity
equation.

The simulation is carried out for both 90°-orientation and
180°-orientation to draw conclusions on possible effects on
media transport and pressure loss.

For input parameters, mesh length, mesh width, sheet
thickness, and total thickness of the expanded metal struc-
ture are defined according to Table 2. The mesh node width
is assumed to be 10% of the mesh length. Based on the
generated CAD model, a void volume is generated as part
of the simulation preparation, which serves as the process
space for the flow simulation. Additionally, a supply and dis-
charge channel of 150 mm is applied to the expanded met-
als to avoid a possible simulation of backflow and stabilize
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Fig. 14 Heatmaps depicting the
contact area (qualitative) and . . s
pressure distribution between s . ooy
two EMM type A in 180°-orien- ST GNEIEE
tation (left) and 90°-orientation
(right)

the flow pattern along the mesh size in all geometries. The
boundary conditions of the fluid modeling relate to the pres-
sures and fluid velocities determined at the inlet and outlet
of the test cell (Figs. 12 and 13). For modeling the inlet,
the flow velocity of the process water is 10 cm/s. With an
assumed open inflow area of 1.5 mm X 42 mm (63 mm?),
this corresponds to a water volume flow of 380.5 ml/min.
Scaled to an assumed square active cell area of 1000 cm?
and a current density of 2 A/cm?, the flow rate corresponds
to a stoichiometry factor 4 of 255 which describes the rela-
tion between the actual water flow and the one chemically
needed for the electrolysis process. On the output side, only
the ambient pressure is specified as a boundary condition
for the modeling. A value of 107 is set as the numerical
convergence criterion for all simulations.

3 Results and discussion

The contact area between stacked EMMs is highly dependent
on the layer-to-layer orientation. This does not only result in
different contact areas, which affect the joining process, the
observed mechanical properties and the flow characteristics
differ as well. In this paragraph, the respective results gained
when joining three-layered EMM PTL through capacitor dis-
charge welding are presented and discussed.

3.1 Deviations in contact area

In Fig. 14, 2D heatmaps of the pressure distribution between
two EMMs of type A are presented for 180°-orientation
(left) and 90°-orientation (right) of the EMMs.

For 180°-orientation, the contact area is greater than in
the case of a 90°-orientation. While for the 180°-orienta-
tion where interlocking mesh contact spots with varying
shapes are observed (spots in the middle elliptic at edges),
the 90°-orientation leads to a print pattern with contact spots
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Fig. 15 Left: Follow-up during CD-welding for different sample ori-
entations with regard to peak current strength in kA at constant elec-
trode force

that are different in size. Further, for both orientations, an
inhomogeneous pressure distribution is indicated through
the different colors with more intense, yellow-colored areas
at the edges. (Fig. 14). The imprints indicate a varying
contact area between the different layers, and for the CD-
welding process, a higher in-plane current density can be
expected for a 90°-orientation.

3.2 CD-welding

In Fig. 15 the determined follow-up of the electrodes during
welding is plotted against the introduced peak welding cur-
rent, with regard to parameters A and B, and EMM orienta-
tion. The sample height measured after welding is presented
in Fig. 16.

For both variations, the applied welding parameters
only show a marginal effect on the follow-up determined
during CD welding. But, when applying the same welding
parameters, samples with 90°-orientation show a higher
follow-up distance than samples with 180°-orientation
(Fig. 15). This can be explained when comparing the
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different contact area sizes (Fig. 14). For 90°-orientation,
the total contact area is smaller compared to 180°-orien-
tation. On one hand, for the resistance welding process,
this results in a higher in-plane current density (welding
current per area). On the other hand, the difference in con-
tact pressure enhances an imbalance in heat generation,
because the contact pressure directly influences the local
electric resistance at the points of contact. The higher the
local contact pressure, the lower the electric resistance.
Thus, resistance heating is more pronounced in areas with
poor contact pressure (Fig. 14).

Nevertheless, sample series 90°_A and 90°_B show
the greatest sample heights with the lowest deviation
after welding (Fig. 16). Here, no significant difference in
mean sample height can be observed, and the deviation
for both welding parameter sets differs only marginally.
Neglecting a single outlier in the sample series 180°_B,
the determined sample height of sample series 180°_A
has the highest deviation (Fig. 16). The differences in
sample height between the different EMM orientations
can be explained by the interlocking of the EMM layers
in 180°-orientation, which decreases the overall sample
height significantly, even before the welding process.

Reflecting light photographs of exemplary welded sam-
ples are shown in Fig. 17 (90°-orientation) and Fig. 18
(180°-orientation).

At mesh type A, temper colors can be observed which
indicate the occurrence of hot spots during heat input that
favor the formation of Ti-oxides appearing in blue. For
90°-orientation, the bluish temper color can be detected at
the mesh strand, where the strand is contacting the mid layer
(Fig. 17). For 180°-orientation, the bluish color is located
closer to the mesh knots, and less dominant, which can
again be linked to the lower local welding current density
(Fig. 15). The 180°-orientated samples welded with param-
eter A show the fewest temper colors (Fig. 18).

3.3 Electric resistance

In Fig. 19, the specific electric resistance (uR) determined
for 90°-orientation and 180°-orientation is plotted as a func-
tion of the applied electrode force (F,;) during testing.

With increasing electrode force, uR decreases. At higher
electrode forces, the contact area is increased and as a con-
sequence, the electric resistance decreases. At F,; >4 kN, the
electric resistance at 90°-orientation is slightly higher than
the electric resistance determined for the 180°-orientation.
With regard to the contact area as depicted in Fig. 15, the
difference in electric resistance can again be linked to the
difference in contact area size. Figuratively, a 180°-orienta-
tion of the EMMSs appears to be more suitable for increasing
the PEM-cell performance through reducing electric resis-
tivity when using an unwelded EMM assembly as PTL. Fig-
ure 20 depicts the electric resistance of samples determined
after CD welding.

As observed for the unwelded samples, all welded sam-
ples show a similar decrease in electric resistance when
plotting uR over the applied electrode force. Still, at low
electrode forces, the unwelded samples show higher elec-
tric resistances (>0.015 Q-cm?) than the welded samples
(<0.01 Q-cm?, Figs. 19 and 20). Although a constantly
smaller electric resistance is expected for the welded sam-
ples, no significant difference in electric resistance can be
observed when applying electrode forces of F,;>4 kN. The
latter might be falsified by different amounts of Ti-oxides
originating from the welding procedure (Figs. 17 and 18).

While no significant effect in electric resistance can be
observed for the different welding parameters and EMM
orientation, the sample height is reduced to a different
extent during resistance measurements. In Fig. 21, the
sample height determined during the electric resistance
measurements is plotted as a function of the applied elec-
trode force during the resistance measurements.

While samples with 180°-orientation show a stronger
decrease in sample height (—0.03 mm), when increasing
the electrode force from 1 to 7 kN, for a 90°-orientation
only a marginal decrease in sample height (—0.01 mm) is
observed. The determined reduction of the sample height
already hints at a difference in mechanical behavior of the
90°- and 180°-orientation of the EMM.

3.4 Compression test

To analyze the mechanical behavior of the PTL with regard
to the EMM orientation, quasi-static compression tests
are performed. During testing, no failure of the samples is
observed. As depicted in Fig. 22, in which the difference
in displacement (As) is plotted over hysteresis maximum,

@ Springer
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Fig. 17 Reflected light photo-
graphs of both sample sites of
90°-orientation with regard to
the applied welding parameter
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As differs for the different sample series when separately
evaluating the hysteresis loops.

As indicates a plastic deformation of the samples, but
contrary to the results shown in Fig. 21. The higher As, the
higher the deformation observed. For 90°-orientation, the
decrease in As is more pronounced than for 180°-orientation.
Although different As can be observed for welding param-
eters A and B for the first hysteresis, the welding parameters
seem to have no significant influence on As in the case of
the second hysteresis. Contrary to that, for 180°-orientation,
different As can be observed for parameters A and B for both
hysteresis (Fig. 22). In general, a higher energy input during
welding seems to favor a lower As.

After the first hysteresis loop with F,,,,=4.5 kN, As is
greater than As after the second hysteresis loop with F,,, =7

Fig. 18 Reflected light photo-
graphs of both sample sites of
180°-orientation with regard to
the applied welding parameter

-
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Mesh type A

Mesh type A

Mesh type B

kN, which indicates a remaining deformation from the first
hysteresis and with increasing force a non-linear deforma-
tion of the sample can be assumed. Further, for all sample
series, the calculated sample standard deviation is signifi-
cantly greater for the first hysteresis loop (Fig. 22).

Figure 23 presents the calculated work (area within the
hysteresis loop) that is converted during the compression
test.

For 90°-orientation, and with increasing energy input
(Epgrameter B> Eparameter 4)» the work is decreased, indicating
a better damping characteristic of the samples with 90°-ori-
entation and for those samples welded with parameter B
(Fig. 23). Conversely, this means a higher energy loss for
sample series in 180°-orientation. For 90°-orientation, a
smaller standard deviation is detectable.

Mesh type B
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Fig. 19 Specific electric resistance as function of applied electrode
force Fel, determined for different unwelded EMM stack-ups regard-
ing a sample area of 17.64 cm?

3.5 Fluidic characterizations

Figure 24 depicts the determined pressure drop for the different
EMM orientations (90°, 180°), welding parameters (A, B), and
sample orientations (SWD, LWD) as a function of the flow
rate. Additionally, in Table 4, the sample height after welding is
listed for the respective samples that are tested in the flow test.
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Fig.20 Specific electric resistance (referred to area 17.64 cm?) of
welded samples with regard to welding parameter (A, B) and layer
orientation (90°, 180°) with enlarged view in (b)
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Fig.21 Sample height over electrode force, measured during determi-
nation of electric resistance

For all samples the pressure loss shows an exponential
progression. For 180°-orientation, the highest differences
with regard to fluidic pressure behavior are observed. While
the SWD orientation produces the largest pressure losses
within the cell, for LWD orientation the lowest pressure
losses are determined (Fig. 24). At a flow rate of 2 1/min, the
pressure losses for the LWD orientation are on average 10
times higher than for the SWD orientation. This anisotropy
in flow characteristics is also reported by Lafmejani et al. [§]
and can be explained by the channel-like structures created
by the three-dimensional structure of the expanded metals in
the LWD direction, which favor the flow of water.

Samples with 90°-orientation show an orientation
dependence of the pressure drop, too. At 2 1/min, the pres-
sure loss of LWD orientation is twice as high as observed
for the SWD orientation (Fig. 24). For the samples tested, no
clear correlation between welding parameters and pressure
loss can be determined. Based on the findings, the orienta-
tion direction of the structure within the cell, but also the
orientation of the single EMM layers to one another has a
significant influence on the pressure drop within an elec-
trolysis cell, even for PTL with reciprocally oriented EMM
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Fig. 22 Determined difference in displacement (As) at F = 25 N after
hysteresis loop up to F =4.5 kN and F =7 kN
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Fig. 24 Pressure loss (Ap) determined for the different samples in
SWD and LWD orientation regarding the flow rate

layers. In this case, the pressure drop is reduced when choos-
ing an LWD orientation of the bottom structure (and thus an
SWD orientation of the middle structure).

In Fig. 25, the simulation results for 180°-orientation of
a two-layered EMM-PTL in LWD flow orientation are pre-
sented. Respective results for a 90°-orientation are shown
in Fig. 26.

The simulation results show slightly different flow veloci-
ties for 90°- and 180°-orientation, but significant differences
in the flow paths are revealed. For 180°-orientation, where
the flow direction is parallel to LWD of all EMM layers,

Table 4 Height of samples

. Sample Height in mm
analyzed in flow test,
determined directly after 90° A 1.44
welding 90°_B 1.47
180°_A 1.40
180°_B 1.46

@ Springer

isolated turbulences occur within the mesh opening, directly
after passing a mesh knot in LWD direction (Fig. 25). The
maximum calculated velocity is 0.44 m/s, while green visu-
alized velocity streamlines are dominant (0.22 m/s). Con-
trary, more pronounced turbulences (dark blue) and a greater
deflection of the flow paths are visible for the 90°-orientation
(Fig. 26). Consequently, an increased velocity distribution is
determined with a maximum velocity of 0.49 m/s and results
in a higher pressure drop as observed in flow tests (Fig. 24).

Transferring the results concerning the flow character-
istics throughout the structures, the intended use of multi-
layered EMM composites as PTL in PEM electrolysis, the
orientation of the EMMs are of high importance, although
it becomes apparent both tested orientations bear their
own possible advantages regarding cell PTL functional-
ity. A 90°-orientation might enhance medium transport
towards the membrane, when oriented properly, i.e., the
smooth side of every EMM layer that is contained is faced
towards the membrane. As reported in previous research,
the removal of gas bubbles is of high importance and their
accumulation is primary reported to be within the areas
of turbulence [8]. Here, the results for the 180°-orienta-
tion promises a clear advantage over a 90°-orientation of
the EMM layers because and improved bubble removal
is assumed because of the lower extent of turbulences
(Figs. 25 and 26).

4 Conclusions

In this work, the effects of EMM layer orientation in EMM
PTL for PEM electrolysis on the CD welding process and
resulting differences in PTL characteristics were investi-
gated. Based on the results, the following conclusions are
drawn.
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Fig. 25 Simulation of velocity
streamlines across two-layered
EMM PTL with 180°-orienta-
tion and flow direction parallel
to LWD

Fig.26 Simulation of velocity
streamlines across two-layered
EMM PTL with 90°-orienta-
tion and flow direction parallel
to LWD

o In CD-welding, the layer-to-layer orientation of the EMM e In flow tests with single-phase medium flow, samples

defines the respective contact areas and therefore influ-
ences the local current density. Local deviations in pres-
sure distribution result in differences in resistive heating
and hence, in local current densities. The resulting inho-
mogeneous heat distribution can alter the reproducibility
of the sample height and should be avoided through a
consistent stacking of the layers.

CD welding is suitable to join multiple EMMs in a single
step with minimal Ti-oxide formation. But, resistance
heating should be as homogeneous as possible to avoid
local heat peaks which can favor local oxide formation
during welding and hence, can decrease the PTL resist-
ance against degradation processes, especially corrosion.
The electric resistance of welded samples decreases
when increasing the electrode force, and figuratively with
increasing clamping pressure. At high electrode forces,
the difference in electric resistance is negligible and no
significant correlation between the EMM orientation and
electric resistance can be detected. But, at lower electrode
forces, the welded samples show a significantly lower
electric resistance bearing the possibility for decreasing
the cell clamping pressure for less mechanical stress at
the membrane while maintaining cell efficiency.

The compression tests reveal a higher energy absorption
in the case of a 180°-orientation of the EMMs, while the
damping characteristics of the samples with a 90°-orien-
tation are improved comparatively.

with 180°-orientation show the lowest pressure loss when
the flow direction is parallel to LWD, but the highest
pressure difference when the flow direction is perpen-
dicular to LWD. Here, Ap is increased by a factor of ten.
In general, the flow direction parallel to LWD of the bot-
tom layer leads to smaller pressure drops.

e Based on the simulation results of the fluid dynamics
across the EMM stack, turbulences are more likely to
occur at 90°-orientation. The deflection of the flow path
around mesh strands at 90°-orientation, which is signifi-
cantly less pronounced in 180°-orientation, increases
Ap but possibly improves medium transport towards the
membrane when being assembled as PTL in an electroly-
sis cell. Contrary, for 180°-orientation, an even smaller
Ap hints at better gas removal and might hinder the
accumulation of gas bubbles within the mesh structures
because of fewer turbulences.
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