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The shift in the transport sector from internal combustion engines to battery-
powered electric vehicles and the continued demand for portable applications
increases the need for batteries in the coming years. To optimize battery
technologies, it is essential to fully understand the production process and the
associated parameters as well as their influence on the chemical processes
within the cell. At the Institute for Machine Tools and Industrial Management
(iwb), extensive knowledge of the calendering process is gathered including the
investigation of the displacement behavior for both the calender rolls and the
bearing, as well as the adhesion strength. The process parameters such as roll
temperature and velocity, structure parameters (e. g., coating thickness,
adhesion strength), and machine behavior parameters (displacement and
bending line) are investigated using three calender models. The achieved
porosities are verified via porosity consistency measurements. Based on the
collected data, qualitative machine/material–process–structure models are
built up. Scanning electron microscopy (SEM) and light microscopy support the
relations made. In addition, a connection between vertical displacement and
line load is established.

1. Introduction

The change in transport sector from combustion engines to bat-
tery electric vehicles and the growth in portable applications will
increase the demand for batteries in the coming years.[1,2] Energy
density is a very important property of battery cells and special
attention to the compaction process should be given.[1,3,4]

After coating and drying, the electrodes
have a high porosity. To increase the volu-
metric energy density, the electrodes are
compressed to a lower porosity during
calendering.[5]

However, there is a conflict of objectives
in the selection of the target porosity
between good ionic conductivity (high
porosity)[6–8] and high electrical conductiv-
ity (low porosity).[6,7,9–11] To resolve this
conflict, a specific porosity is calendered,
which represents the best possible com-
promise between the two properties
described.[12,13] Output parameters of each
subprocess of battery production are simul-
taneously the input parameters for the sub-
sequent process step due to the linear
production sequence (see Figure 1 on the
left).[4,14–16] Prior to calendering, the
mechanical properties are affected by the
substrate foil and coating thickness.[14] In
addition, the volume fractions of the mate-
rials, particle size and shape[14] as well as
the mixing procedure from upstream pro-

cesses are affecting these characteristics.[4]

In addition to the preliminary processes of mixing, coating, and
drying, the calendering process decisively influences the mechani-
cal[6,17] and electrochemical properties of the electrodes[9] (Figure 1
on the right).

The mechanical homogenization through calendering[17]

leads to a homogeneous aging of the cell[17,18] and results in
a lower standard deviation of the discharge capacities.[18]

This can be explained by lower inhomogeneities within the
particle-pore structure at higher densities.[19] Calendering is
also important to reduce product quality deviations in terms of
C-rate performance.[18,20] Investigations of lithium iron phos-
phate (LFP)-cathodes have shown that the influence of densifi-
cation increases significantly with higher C-rates as well as
rising number of cycles. The compacted LFP-cathodes have a
lower capacity loss over the number of cycles compared with
the uncalendered counterpart.[20] An analysis of the pore struc-
ture by mercury porosimetry shows that compressing cathodes
leads to smaller pore sizes.[21] The tighter particle structure can
be attributed to the mechanical stresses applied during the com-
paction process which lead to a rearrangement of the par-
ticles.[16,22] The porosity determined during calendering
strongly affects the wetting behavior and thus the wetting time
of the electrode.[23]
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To achieve higher energy densities, a further reduction of
the amount of inactive materials such as substrate foil, binder,
and housing is required.[24] This can be accomplished with larger
cell formats[24] and thicker electrodes.[25] To increase adhesion
strength for thicker electrodes, the mechanical properties of the
electrode will become increasingly relevant.[26,27] The adhesion
strength of graphite anodes is mainly influenced by the binder
content and the coating thickness; calendering further alters
the adhesion strength.[28] A higher adhesion strength can be
achieved by lower porosities, larger roll diameters, and roll tem-
pering.[28] However, to our knowledge, the mechanical effects
of calendering are scarcely considered in the literature. In a previ-
ous publication, the authors showed how the mechanical proper-
ties of electrodes influence the production process by collecting
the defects during calendering and investigating their causes.[22]

As the coating of anode and cathode generally varies in their
material properties, both electrodes show a different calendering
behavior.[12,13] Cathode-active material particles are harder than
the anode ones, therefore higher forces must be applied to cause
deformation in form of particle–particle rearrangements associ-
ated with particle friction.[13]

As indicated in the literature, the porosity determines the area
of application of the lithium-ion cell in addition to the materials
used.[18] In previous works, the machine behavior was not taken
into account although the porosity differs depending on the con-
dition of the electrode before calendering, on the machine behav-
ior of the calender as well as on the selected process parameters.
Since the calender rolls are in direct contact with the electrodes, it
is important to consider the machine as a further influencing
factor in addition to the other process parameters mentioned.
The aim of this article is to develop machine/material–
process–structure models for vertical and horizontal displace-
ment, adhesion strength properties and line load, respectively.
The presented models are intended to explain the correlations
of the calendering parameters, the machine behavior, and the
structural parameters of the electrodes in relation to the mea-
surement results. This will contribute to a deeper understanding
and optimization of the calendering process. Additionally, the
scrap rate is reduced, thereby supporting the production of
lithium-ion battery cells at lower cost.

2. Results and Discussion

2.1. Displacement Results

For each measurement based on the methodology shown in the
Experimental Section of this article, a displacement curve (see
Figure 2) was obtained. In the beginning, before calendering
and in a freely rotating status, the displacement is zero. After a
cathode sheet is inserted into the gap, the displacement rises to
its maximum and stays about the same until the end of the sheet.
The latter is also the end of the compaction process. It turned out
that there is a characteristic displacement curve for each calender
model. As shown in Figure 2, calender 1 delivers consistently
higher displacements than calender 2. The reason for this corre-
lation is, on the one hand, the stiffermounting of calender 2 due to
the shorter travel distances of the upper roll. On the other hand,
the two models investigated have different hydraulic units.
Furthermore, the roll-bending system of calender 2 counteracts
the formation of a bending line.[13] A uniqueness of calender 2
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Figure 1. Electrochemical and mechanical properties of the calendered electrodes as a function of the electrode properties from preliminary processes
and the selection of calendering parameters.
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Figure 2. Characteristic displacement curves for calender 1 (with pressure
control and without electro-hydraulic gap control) and calender 2 (without
pressure control and with electro-hydraulic gap control).
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is the overshoot of the curve at the outlet of the electrode sheet.
This is due to the electro-hydraulic gap control: The gap width
which leads to the target porosity is adjusted via the hydraulic cyl-
inder. Normally, the forces between the electrode in the gap and
the roll bending cylinders are in balance during calendering. For
the case without an intervention of the gap control, there would be
a roller contact as soon as the sheet leaves the gap. To prevent this,
the top roller is suddenly moved upward which is noticeable as a
short-term deflection in the measurement curve.

First, the results for the vertical displacement of the upper roll
at both calender models are presented. Afterward, the outcomes
for the horizontal shift are described.

Overall, an increasing compaction (lower target porosity)
results in higher vertical displacements. This can be shown
for both machines, all investigated temperatures and for both
kind of cathodes. Additionally, the attachment of the electric
drive affects the displacement at the bearing point which is con-
stantly lower.

Figure 3 shows the vertical displacement curves during the
cathode sheets’ compaction at calender 2 for three different roller
speeds.

The measurements were carried out at room temperature
(RT), at the roll center and for calendering to 25% target porosity.
The figure indicates that the differences in the shift between 1, 5,
and 10mmin�1 are negligible. Thus, it can be concluded that the
speed of the calender rolls in pilot lines has no effect on the
displacement in the investigated range. Previous works have
shown the same correlation for line load and velocities up to
5mmin�1.[13]

Another important aspect is the relation between roller tem-
perature and displacement. Figure 4 shows the displacements for
the roll center at calender 2 for all porosities investigated as well
as the standard deviations. The different curves show the results
for RT, 40 and 90 �C. For easier readability, the measured data
points of the line load were connected. The standard deviation of
the line load is so minimal that it is hardly visible in this graph. It
can be stated that lower displacements occur for increasing roller
temperatures. Considering the standard deviations, this applies
along all compaction rates. For heated rolls and 40% target poros-
ity, no displacements can be measured due to low compaction in
combination with high temperatures. This results in low line
loads. In addition, it is also striking that at lower temperatures,
the relative effect of calendering is more pronounced. For exam-
ple, the roller displacement for 30% target porosity during the
temperature rise of 15 �C (RT to 40 �C) drops by approximately
7 μm. In contrast, the temperature rise of 50 �C (40–90 �C) leads
to a substantially lower displacement with approximately 2.5 μm.
Apart from that, the figure additionally shows the line load in
Nmm�1 for the corresponding measurements. When compar-
ing the curves for displacement and line load, a direct correlation
can be seen. Thus, it can be stated that the displacement of the
upper calender roll can be validated directly via the line load or
the rolling force.

The horizontal displacement of the upper roll arises due to the
play of the bearing and calender roll itself. When inserting an
electrode into the gap, the upper roller is moved out of its idle
position by themechanical resistance and the rolling torque. This
results in the formation of a resulting force which leads to the
measured horizontal displacement. After the electrode sheet
has left the gap, the roller returns to the idle position.
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Figure 3. Impact of the roller speed on the vertical displacement at
calender 2 with electro-hydraulic gap control.
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Figure 4. Effects of rising roller temperatures on the displacement of the upper roll and the line load along different target porosities at calender 2.
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The outcomes show that the horizontal displacements are
constantly higher at calender 1. At calender 2, there is almost
no deflection of the upper roll for any investigated target porosity.
The horizontal displacement behavior is therefore, generally
analogous to the vertical one but more pronounced. The
reason for this relation is the aforementioned stiffer bearing
of calender 2. The roll deflection at calender 1 is clearly visible
for both 25% and 30% target porosity. Furthermore, the bearings
at calender 1 displace in the opposite direction compared with
the roller. Nevertheless, this is plausible because the bearings
can only move contrary to the direction of the sheet due to their
technical design. Overall, the formation of a bending line can be
confirmed. Its maximum is slightly offset to the left next to the
roller center. As a result, the displacement of the upper roll in the
direction of the sheet is partially compensated by the opposite
movement of the bearings.

2.2. Adhesion Strength

The coating adhesion of electrodes is an important quality
feature regarding the operation of the cell and the processing
of the electrodes.[14,28] The electrodes described in Table 1
(see Experimental Section) were tested on three different calen-
ders (see Table 2, Experimental Section). The process parameters
roll temperature, compaction rate, as well as the resulting poros-
ity were varied. Depending on the calender and the production
batch, the porosity was varied from 47% to 20%, in 5% incre-
ments. Figure 5 shows the results of the investigations described
previously. For better readability, the measurement data points
were connected. The curves are ranked in the legend according
to the adhesion strength at the data point of 30% porosity.

To measure the adhesion strength, a pull-off test with a defined
procedure[26] is used. The adhesion strength is measured by the
pull-off force during the pull-off test and the sample area. All mea-
surement series have a similar curve shape in common. Starting
from the pristine electrodes, the adhesion strength generally
decreases with calendering. Based on this, theminimum adhesion
strength is at approximately 35% porosity. With increasing com-
paction and thus lower porosity, the adhesion strength rises again.

In addition, the adhesion strengths of the electrodes from the two
different production batches differ considerably. The electrode
coated on one side shows higher adhesion strengths than the elec-
trode coated on both sides. This can be attributed to the higher
binder content of the single-side-coated electrodes. In addition,
the electrodes coated on both sides show a more pronounced
improvement in adhesion strengths with increasing roll

Table 1. Characteristics of the NMC-622 cathodes used in this study.

One-sided Two-sided

Mass fractions in the coating in wt% (density in g cm�3)

Active material (NMC-622) 95.5 (4.74) 95.5 (4.74)

Binder (PVdF 5130) 2.25 (1.70) 1.50 (1.70)

Graphite additives (Acetylene C65) 1.50 (1.66) 2,25 (1.66)

Conductive carbon black (SFG6L) 0.75 (2.36) 0.75 (2.36)

Measured cathode data

Current collector thickness in μm (dfoil) 23 20

Electrode thickness in total in μm (dtot) 123 142

Electrode width in total in mm 200 325

Coating width in mm 145 285

Coating porosity (uncalendered) in % 39 47

Coating density (uncalendered) in g cm�3 2.68 2.33

Table 2. Characteristics of the three calender models used in this study.

Calender 1 Calender 2 Calender 3

Roll diameter in mm 400 465 600

Roll width in mm 400 430 600

Max line load in Nmm�1 1000 1500 –

Line load measurement No Yes No

Electro-hydraulic gap control No Yes No

Roll bending system No Yes No

Maximum hydraulic pressure in bar 100 200 250

Pressure control Yes No No

Continuous temperature
maximum in �C

150 100 115

Manufacturer Coatema Saueressig Breyer

Calender type EA 102 GKL 400 –

Location Munich Braunschweig Ulm

0.75

0.95

1.15

1.35

1.55

1.75

1.95

2.15

15253545

ad
he

si
on

 s
tr

en
gt

h
/M

P
a

porosity / %

calender 2,
465 mm, single-side coated, 90 °C

calender 1,
400 mm, single-side coated, RT

calender 3,
600 mm, 90 °C

calender 1,
400 mm, 90 °C

calender 1,
400 mm, 150 °C

calender 2,
465 mm, 90 °C

calender 2,
465 mm, 40 °C

calender 2,
465 mm, RT

calender 3,
600 mm, 40 °C

calender 1,
400 mm, 40 °C

calender 1,
400 mm, 120 °C

calender 1,
400 mm, RT

Figure 5. Results of the measurements concerning adhesion strength for
different porosities, roller diameters, temperatures, and cathode materials.
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temperature. Themeasurement series with the roll temperature of
90 �C shows a correlation between adhesion strength and roll
diameter. Results of additional experiments at calender 1 (blue
lines in Figure 5) at 120 and 150 �C confirm the influence of
the roll’s temperature. Nevertheless, additional tests at calender
1 with temperatures above 90 �C show that higher temperatures
do not necessarily lead to higher adhesion strengths. At 120 �C, a
decrease in the adhesion strength values can be observed.

For further heating and calendering at a roll temperature of
150 �C, the adhesion strength values return to levels similar to
90 �C. A possible explanation for this observation might be that
the compaction behavior of PVDF is a function of temperature
and force (see also Figure 4).

The curve described previously corresponds to the graph
shown in the literature and has already been explained.[11,28,29]

The shear stress between the roller and electrode bonds the inter-
face between substrate and coating at low compaction rates. At
higher compaction rates, the adhesion strength increases again,
for example by better embedding of the particles in the binder
carbon black matrix or by pressing the hard NMC particles into
the substrate foil (see Figure 6). This explanation is supported by
the literature, which shows a continuous increase in adhesion
strength of electrodes compacted with uni-axial presses.[30]

Furthermore, the observation of particles being pressed into
the foil is already confirmed in the literature.[30] Higher roll’s
temperatures promote the rearrangement of the particles in
the binder carbon black network by changing the mechanical
properties of the binder. Larger roll diameters reduce the shear
stress between the roll and electrode surface and are beneficial to
higher adhesion strengths. In the experiments, the roll tempera-
ture of 90 �C combined with large roll diameters results in the
highest adhesion strengths and is therefore recommended.

As can be seen in the light microscope images at the top of
Figure 6, calendering of the electrode reduces its thickness from
142 μm at 47% to 112 μm at 30% porosity and causes particles to
be pressed into the substrate foil (see red marks). The scanning
electron microscopy (SEM)-images at the bottom of Figure 6
indicate that particle rearrangement due to calendering to

30% has occurred. In addition, a surface smoothing of the cal-
endered electrode can be observed. This is accompanied by par-
ticle deformation and particle fragmentation. If the temperature
is increased to 150 �C during calendering, the particle surface
continues to smoothen.

2.3. Data Conversion into Machine/Material–Process–Structure
models

In this section, the interactions between the structural properties,
machine behavior caused by the input product characteristics,
and the process parameters are introduced. This is performed
with reference to the previously presented results of the exam-
ined NMC-622 cathodes. Figure 7 shows the objective, scope,
and development procedure of the machine/material–process–
structure models, which is outlined more precisely in the follow-
ing paragraph. The models are based on a graphic description of
the correlations.

This article focuses on the correlation between the process and
structural parameters of the cathodes and the machine behavior
of the calender. These are summarized in Table 3 and transferred
to the previously mentioned models. Additionally, the structural
parameters influence the electrochemical performance of the
cells which will be part of a follow-up article. The parameter
ranges for enhanced behavior will also be part of the following
article.

Figure 8 shows the machine/material–process–structure
model for the vertical displacement. The different line colors
purely are for easier understanding of the interrelations. As
explained before, the deflection of the roll due to calendering
is composed of horizontal and vertical displacement. This is
taken into account in the visualization by the tags “interface”
(white square) and “sub” (subobject of the displacement). The
following parameters have a significant effect on the vertical dis-
placement behavior: 1) bearing arrangement, depending on the
calender model; 2) coating thickness (type of coating application);
3) roll temperature; and 4) porosity and compaction rate.

uncalendered 47 % 30 %, 150 °C30 %, RT

50 µm

50 µmSEI 15 kV 50 µmSEI 15 kV 50 µmSEI 15 kV

50 µm 50 µm142 µm 112 µm 112 µm

x 550 x 550 x 550

Figure 6. Changes in the particle structure of an NMC-622 cathode due to calendering. Transverse section by light microscopy (top) and surface
morphology by SEM (bottom) for different porosities and roll temperatures, respectively.
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The analysis of the measurement results revealed a direct
correlation between decreasing vertical displacements (displayed
as “–” in the figure) and increasing porosities (conterminous to
decreasing compaction rates, indicated by “þ” at the other end of
the line). These two parameters are also subject to a further for-
mal precondition: To be able to build up the model, the porosity
(compaction rate) is fixed to the highest (lowest) investigated
value (as indicated in the yellow mark and the phrase “set”).
This is passed on to the roll temperature as an input variable.
For rising roll temperatures, decreasing vertical displacements
can again be observed. However, the roll temperature is

negligible for low compaction rates. In addition to the roll tem-
perature, the relative increase is also noticeable in the displace-
ment values. For lower temperature increases (from RT to 40 �C),
the values decrease significantly more than for higher tempera-
ture increases (from 40 to 90 �C). The influence of the bearing,
depending on the respective calender model, is more obvious:
For a higher bearing stiffness χ, the vertical displacement
decreases significantly. Compared with a conventional bearing,
a roll bending system is advantageous due to the counter-
bending of the rolls. The relation concerning the coating thick-
ness (type of coating application) is as follows: as the coating
thickness decreases, the vertical displacement declines as well.

There are further indirect relationships, characterized by the
dotted connecting lines in the model. The roller speed was exam-
ined as a parameter (1, 5, and 10mmin�1), but the experiments
showed it has no effect on the displacement behavior. Basically,
the vertical displacement is lower on the side to which the electric
drive is attached. However, this is a local phenomenon at the
bearing and does not influence the displacement at the five mea-
surement points. Therefore, it represents an indirect correlation
in the model. Furthermore, force measurements at calender 2
showed that the vertical displacement correlates with the line
load. Since the latter is a separate expression of the machine
behavior, this relation is represented in the model by the connec-
tion with an environmental interface (white square).

In Figure 9 the interrelations between the adhesion strength
and the following parameters are displayed: 1) porosity and com-
paction rate; 2) coating thickness (type of coating application);
3) binder content; 4) roll temperature; and 5) roll diameter,
depending on the calender model.

The graphic clearly shows that adhesion strength increases for
lower porosities and higher compaction rates. However, this only

machine/material-process-structure
models

machine behavior structural
parameters

input product
characteristics

process parameters

presented
results

cell properties

outlook

parameter ranges for enhanced behavior
{ … }

Figure 7. Description of the scope and procedure for creating the machine/material–process–structure models.

Table 3. Investigated process, structure, andmachine behavior parameters.

Parameters

Process Calender setup (roll diameter, bearing arrangement,
operating principle, hydraulic unit)

Roll temperature

Roll velocity

Rolling force and line load

Compaction rate

Structure Coating thickness (type of coating application)

Initial porosity

Adhesion strength

Thickness variation (or homogeneity)

Machine behavior Dynamic behavior:

Vertical and horizontal displacement

Formation of a roll bending line
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applies under the precondition that the low point of the trough-
shaped curve has already been passed. Before this, the adhesion
strength values decrease continuously up to a certain porosity
with increasing compaction. Afterward, the trend reverses and
comes to a global maximum. Furthermore, thinner coating thick-
nesses are advantageous because the number of possible failure
mechanisms in the composite or between coating and foil is lim-
ited. A higher binder content also improves adhesion strength.[28]

Another detected parameter is the roll temperature. In general,
the temperature for easy deformability should be close to the
melting point (150 �C for PVdF[31]) and therefore be as high
as possible.

The results of this work show that adhesion strength generally
increases with rising temperature. Above 90 �C, a deviating
ambiguous behavior was observed. For 120 �C, the adhesion
strength drops significantly, and for 150 �C, the values reach
the level of 90 �C. Additionally, two further preconditions must
be considered: first, a high compaction rate must be used.
Second, the examined cathodes coated on both sides react more
strongly to temperature changes than cathodes coated on one
side. This is due to the lower relative coating thickness of the
cathode with double-sided coating. Under the precondition of
high roll temperatures, larger diameters also lead to a higher
adhesion strength (90 �C turned out to be optimal during the
tests). As shown in a previous publication for anodes,[28] the
binder content also affects the adhesion strength for cathodes.
From the experiments carried out within the framework of this

article, it is evident that an increase in binder content from 1.5 to
2.25 wt% leads to a pronounced increase in adhesion strength.
Thus, improvements can be achieved with a small amount of
additional binder. In addition, adhesion strength of the investi-
gated NMC-622 cathodes can be enhanced by increasing the
roll temperature without further addition of binder. This
temperature-dependent improvement in adhesion strength can
be beneficial especially for thick electrodes, where adhesion
strength normally decreases.[28] Thus, a higher adhesion strength
can be achieved with the same amount of active material through
optimized process parameters, leading to an increase in the ratio
of adhesion strength to energy density.

The machine/material–process–structure model for the line
load will be presented in a follow-up study.

3. Conclusions

As stated in the Introduction, it is essential to make progress in
the related production technology to further enhance battery
technology. A profound and deep process understanding, as well
as knowledge concerning the dependencies between the individ-
ual parameters and process steps support this development. In
summary, machine/material–process–structure models were
built up for the calender’s machine behavior and the structural
properties of the NMC-622 cathodes. Therefore, process and
structural parameters were correlated using data from a

lowest level: Porosity 
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(set) => all levels 
above assume these 
porosities.

compaction rate: -porosity: +

<<block>> <<interface>>

horizontal displacement
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bearing (calender model)
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(stiffer mounting, roll bending 
system)

coating thickness

vertical displacement for 
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Figure 8. Machine/material–process–structure model for the vertical displacement behavior of the upper calender roll.
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structured DoE multitude of experiments. During the investiga-
tions, different calender models as well as cathodes with
single- and double-sided coating were analyzed. In addition, depen-
dencies between the parameters were determined and mapped in
the model. The subsequent machine/material–process–structure
model for vertical displacement shows direct correlations
between bearing (dependent on calender model), coating thick-
ness, roll temperature, and porosity/compaction rate. Apart
from that, the roll velocity on the pilot line between 1.0 and
10mmin�1 has no effect on the displacement in the investigated
range at calender 2. The roller side with mounting of the electric
drive shows a lower vertical displacement, resulting in a roll
bending line. Furthermore, the relative increase of roll tempera-
ture is an indirect correlation on the vertical displacement and
line load (see Figure 4 and 8), since the roll temperature is
the main parameter.

The model concerning rising adhesion strength shows direct
influence of decreasing porosity/increasing compaction
rate, decreasing coating thickness, increasing binder content,
increasing roll temperature, and increasing roll diameter

(depending on the calender model). Furthermore, SEM-images
support the statements made. To be precise, the first dependency
mentioned applies after the lowest point (35% porosity) of the
trough-shaped curve. During statistic review, the plausibility
of the data was verified. These results extend the state
of the art and help to understand the calendering process in
depth. In addition, the models presented can be used to achieve
electrodes which more predictably meet the desired
requirements.

The presented data for vertical displacement shows that the
true gap distance is changing during the process. This appears
especially for changes of the electrode thickness, e.g., at the
beginning and end of the coating. Further investigations could
make it possible to transfer the models into a database with a
Graphical User Interface. The goal should be that the user enters
the desired product properties and is instructed with the param-
eters to be set at the machine. With measuring the real gap, the
elastic relaxation of the electrode can be determined. Further-
more, the cathodes’ electrochemical properties will be analyzed
in a follow-up article.

porosity / compaction rate

adhesion strength for porosity

preconditions:
• only applies as of the trough-shaped 

curve s lowest point

roll s temperature

adhesion strength for roll s temperature 

coating thickness

adhesion strength for coating thickness 

pre-/boundary conditions:
high compaction rates / low porosities: 
{20 %, 25 %}
double-side coated cathodes respond 
more intensively to temperature 
changes
applies up to 90 °C without restriction. 
Significant drop in values for 120 °C. 
Values for 150 °C are at 90 °C level.

roll diameter (calender model)

adhesion strength for roll diameter 

precondition:
high roll s temperatures: {90 °C}

roll s temperature: +

+
compaction rate: +porosity: -

adhesion strength for compaction rate 

Ø: +

coating thickness: -

porosity: - compaction rate: +

+

coating thickness: -
+

binder content

adhesion strength for binder content 

roll s temperature: +

binder content: +

•

•

•

•

Figure 9. Machine/material–process–structure model for the adhesion strength of the NMC-622 cathodes investigated.
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4. Experimental Section
The Experimental Section covers the presentation of the calender mod-

els and the investigated electrodes. Furthermore, the methodology of the
displacement measurements and the porosity consistency verification are
introduced.

Calender Models: The electrodes were compacted using different calen-
ders to investigate the differences in machine behavior (see Table 2). In
the pilot line[32] at the Institute for Machine Tools and Industrial
Management (iwb) at the Technical University of Munich (TUM), the
model EA 102 from Coatema Coating Machinery GmbH (calender 1)
was used.[33] The same machine was used for investigations concerning
electrode defects.[22] The diameter of the two identical rolls was 400mm
with the same width. Two independent electric motors allow path
velocities of 0.1–3.0 mmin�1. The maximal applicable line load was
1000Nmm�1 along an operating width of 300mm. By manually varying
the gap size between the rolls, different line loads were applied. In addi-
tion, the rolls could be tempered by means of an externally heated thermal
oil. The maximum achievable roller temperature is 150 �C. To investigate
the correlation between the calender roll displacement and the line load, a
force measurement was retrofitted. It was technically based on the mea-
surement of the upper rolls’ back pressure. The applied line load (qL) was
calculated from the rolling force (FN) and the coating width (wC) of the
cathode: qL¼ FN/wC.

[13]

The second calender model investigated was GKL 400 from Saueressig
GmbH & Co. KG (calender 2) and used at the Institute for Particle
Technology (iPAT) at Technical University of Braunschweig (TUB).[13]

An overview concerning important machine data of the different calender
models is collected in Table 2.

For adhesion strength investigations, the calender of the research pro-
duction lines (FPL) at Center for Solar Energy and Hydrogen Research
Baden-Württemberg (ZSW) in Ulm was added to the calenders already
described. It was manufactured by Breyer Extrusion GmbH and had a roll
diameter and width of 600mm (calender 3).

Electrode Materials and Composition: In this article, two different NMC-
622 cathodes were used. Though they are based on the same amount and
kind of components, they were made in different campaigns within the
Competence Cluster for battery cell production (ProZell)[34] and differ
in the type of coating application (single or double sided). Detailed

specifications of the coating materials and the measured cathode data
are denoted in Table 1.

To carry out the displacement measurements, the coiled cathode mate-
rial was separated into single sheets of 210mm� 10mm. During the
investigation of different speeds, longer sheets were used for higher rolling
velocities due to the handling requirements. The cathode’s porosity is
calculated as follows[12]

ϕ ¼ 1� V th

Vm
¼ 1�

P
n
i¼1Vi

Asheet ⋅ dcoating
¼ 1�

P
n
i¼1

mi ⋅ci
ρi�spunch

2

�
2 ⋅ π ⋅ ðdtot � dfoilÞ

(1)

To calculate the theoretical volume of the electrode ðV thÞ, the volumes
ðViÞ of the single electrode components need to be determined and added
up. For this purpose, the mass ðmiÞ is multiplied by the respective material
content of the coating ðciÞ and then divided by its density (ρi). The mea-
sured volume of the electrode ðVmÞ is determined by multiplying the area
of a punched-out, round cathode piece ðAsheetÞ, and the thickness of the
coating ðdcoatingÞ. The former is calculated from the known punching diam-
eter ðspunchÞ. The latter results from the difference between the total elec-
trode thickness ðdtotÞ and the thickness from the collector foil ðdfoilÞ.

As part of the calendering process, setting the target porosity of the
cathodes is done indirectly via the compaction rate Π. It describes the per-
cental change in the electrode thickness due to the calendering process.
The compaction rate can be calculated as follows[17]

Π ¼ 1� dE,cal
dE,initial

(2)

The parameter dE,cal describes the electrode thickness after the calen-
dering process and dE,initial describes the thickness of the noncompressed
electrode.

Methodology of the Displacement Measurements: The displacement
measurements are carried out using laser Doppler vibrometry. In princi-
ple, the measuring technique analyzes the Doppler effect on a laser beam
reflected from amoving surface.[35] The direct measurement of the target’s
displacement is based on counting the light–dark transitions on the
detector.[36]

For measuring the horizontal displacement and the vertical one at
calender 2, the single-point laser vibrometer ODV-505 with autofocus
from Polytec GmbH was used.[37] The head was fixed on a tripod for
an exact adjustment of the height. A correct alignment along the axes
of the calender coordinate system was facilitated by spirit levels on the
top of the tripod. Additionally, it can be verified using visual inspection
through the direct reflection of the laser beam from the calender roll par-
allel to the lens of the vibrometer.

Due to difficult accessibility, a flexible measuring head was required for
measuring the vertical displacement at calender 1. Therefore, the fiber-
optic head OFV-552 from Polytec GmbH[38] was used. In contrast to
the single-point laser vibrometer, focusing had to be adjusted manually.
During the execution of the experiments, especially with heated rolls, the
heads’ specified operating temperature range of þ5 to þ40 �C had to be
observed.[37,38] The analogue signal from the respective vibrometer was
prefiltered by the controller box OFV-5000 to suppress static noise.[39]

The split signal was transferred to a BNC-USB converter via the velocity

trigger

controller
box

BNC-USB-
converter

PC

single-point laser
vibrometer

fibre-optic laser
vibrometer

Figure 10. Methodology of the displacement measurements.

Table 4. Vertical displacement measurement data for various porosities, temperatures, and calenders using the single-side-coated (black) and the
double-side-coated (light blue) cathodes.

Temperature
porosity in %

RT 40 �C 90 �C

40 35 30 25 20 40 35 30 25 20 40 35 30 25 20

Calender 1

Calender 2
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and displacement output channels. Finally, the data were transmitted to
the PC (see Figure 10). The start of the measurement is released
via the trigger and the iwb FRF-Tools software. To monitor the standard
deviation, each measurement is repeated three times. During the
evaluation, the average between the absolute displacement at the in-
and outlet of the cathode sheet is determined and transmitted to an
Excel sheet.

Furthermore, it is important to decouple the measuring devices from
vibrations. Since the tripod and so the single-point laser vibrometer are in
direct contact with the floor, conical rubber buffers were attached. The
fiber optic laser vibrometer can be considered as vibration-decoupled
due to the attachment of the head in the fixture.

At calender 1 and 2, five measuring points along the upper roll were
investigated: C is in the center of the roll. R and L are located on the right
and left, respectively, with 20mm to the end of the roller. CL and CR are
situated in the middle between the center and the outer points. The five
measurement locations allow the vertical and horizontal roll deflection to
be determined. In addition, BL and BR are located left and right in the
middle of the bearings, respectively. Table 4 shows the executed vertical
displacement measurement data. The results are subdivided according to
porosity, roll temperature, and calender models. Empty cells are due to the
limitation of the adjustable minimum gap width, the maximum
hydraulic pressure, and limitations of the materials’ availability. Apart from
that, limitations of the heads’ specified operating temperature had to be
observed.

Methodology of the Porosity Consistency Verification: Measuring the thick-
ness of the calendered cathodes was necessary to check the homogeneity
of the target porosity. This is an important point to secure the quality of the
calendered electrodes. The setup consists of the measurement sensor
ID-C112AX (Mitutoyo GmbH) which is attached to a joint rod structure
and placed on a granite plate. The dial gauge’s accuracy is �1 μm.[40]

To state the change in thickness across the electrode, the measurement
points on each cathode sheet were arranged as follows: 20 measurement
points over the length with three rows across the width provided a good
compromise between effort and accuracy.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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