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Coupled Multi-Physical Processes in Structural Battery Composites
Clara Dahlberg

Department of Industrial and Materials Science
Chalmers University of Technology

Abstract

This thesis examines the change in open cell potential when a structural battery, at
a constant state of charge, is exposed to a tensile load.

A structural battery full-cell was manufactured. It was electrochemical cycled before
being clamped into a tensile machine. In the tensile machine, a potentiostat was
connected to the cell which measured the Open Circuit Potential (OCP) while the
cell was exposed to a varying tensile load. Two of the three cells used during the
experiment were fully delithiated and the third was fully lithiated. The coupling
factor was also calculated to gain an understanding of how the cell was affected by
different states of charge and different loads.

The results show that when the load increases, the cell potential decreases, but
when the load decreases, the potential increases. This response is immediate for
all three cells and the response of the potential is not strain rate dependent. The
state of charge shows that a fully lithiated cell has a lower coupling factor than a
fully delithiated cell. This is in accordance with previous experiments in the open
literature performed on the half-cell as the cell shows a similar behavior, but the
coupling factor is higher for the delithiated cell than for the lithiated cell.

The conclusion that can be drawn after performed experiments is that the model
used works to validate and investigate the behavior of the coupling factor in the
full-cell under different states of charge and varying tensile loads.

Keywords: Structural Batteries, Composites, Carbon fiber, Piezo-electrochemical
effect.
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1

Introduction

One of the most common battery type is the Lithium-ion (Li-ion) battery. Some
applications that are powered by a Li-ion battery are small electronic devices, such
as laptops and smartphones, and vehicles among other things. A great disadvantage
with today’s batteries is that they add weight to the system. Considering a Tesla
model 3 with a battery weight of 490 kg, which is approximately 27 % of the vehicle’s
total weight [1]. A heavier car needs more power to drive, thereby a larger battery is
needed, which creates a circle of demands. If the range of today’s electric vehicles is
to increase, the batteries must have larger capacity and therefore be larger, resulting
in a significantly heavier vehicle. Heavy vehicles consume more energy. To realize
more energy-efficient vehicles, mass must be reduced. This is where multi-functional
structural batteries can play a major role. By developing a battery with a load
carrying capability and slightly reduced capacity compared to today’s batteries, the
battery can be integrated in the vehicle structure, e.g. the body-in-white [2]. With
such an integrated structural battery, as seen in figure 1.1, the total weight of, for
example, electric vehicles could be significantly reduced [3].

5 : STRUCTURAL BATTERY
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Figure 1.1: Schematic view of electricity storage in a car [4].
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1.1 Background

A Li-ion battery is an electrochemical device that convert chemical energy to elec-
trical energy, it consists of a positive electrode and a negative electrode, electrolyte,
current collectors and a separator, as illustrated in figure 1.2. When the battery is
charged, the Li-ions flows from the positive electrode to the negative electrode cre-
ating an electrical current that charges the device. When the battery is discharged,
the Li-ions flows in the opposite direction and the stored electrical energy can be
used to perform external work, e.g. propelling the vehicle [5].

In a conventional Li-ion battery, the negative electrode consists of a graphite mix,
which in some cases can contain up to 5% silicon to increase the energy density.
The positive electrode consists of different materials depending on desired battery
properties. Common materials used are metal oxides, such as lithium-cobalt ox-
ide and lithium-nickel-cobalt-aluminum oxide, alternatively iron phosphate, such as
lithium-iron phosphate.

Lithium-ion Cell

Electrolyte

Current B e Current
Collector B . Collector

Lithium ions

Anode Cathode

Separator

Figure 1.2: Schematic view of a Li-ion battery [5].

Structural batteries are multifunctional devices that simultaneously store energy
and bear mechanical loads. Li-ion battery is utilized, with carbon fiber playing a
crucial role as both structural reinforcement and an electrode capable of reversibly
hosting Li-ions.

It is important to distinguish between two different concepts of structural batter-
ies. Ome is to insert a thin battery inside the sandwich structure of a composite
material. This multifunctional component is then made from two monofunctional
devices [6-8]. The second concept is to manufacture a composite material with
multiple intrinsic functionalities, for example a material that can sustain both me-
chanical loads while storing electrochemical energy as a battery [6,9].
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For the multifunctional material, two different designs of structural batteries have
been researched. The first design is a laminated device, in which a lamina con-
stitutes a structural negative electrode and another lamina the structural positive
electrode, separated by an electrically insulating separator layer [2,10]. The entire
laminate is impregnated with a Structural Battery Electrolyte (SBE). The second
design of structural battery composites is the so-called micro-battery material that
uses a unidirectional array of individually polymer electrolyte-coated carbon fibers
in a cathode-doped polymer matrix [11-13]. Recently, a research team has also pre-
sented a structural micro-battery that has been manufactured using a 3D-printing
technique [12,13].

A laminated structural battery with reasonable modulus of elasticity and electri-
cal energy density has recently been fabricated. No battery before had been devel-
oped that combined both good mechanical and electrochemical properties. Previous
works have only reported data for stiffness and strength in the fiber direction and
not in the direction perpendicular to the fibers [2].

The current study concerns the latter concept, i.e., the multifunctional material
with an intrinsic capability to work as a structural battery. AS such, the study
concerns the laminated device.

1.2 Aim

The project aims to develop methods for the characterization of laminated structural
batteries under combined electrochemical and mechanical loads. These methods
and their results will be used for the validation and further development of a multi-
physics computational framework.

1.2.1 Goal

o Determine to what extent the potential of the battery changes when a constant
current and a varying mechanical load is applied.
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Theory

This section serves to introduce the key topics used throughout this report. First,
a brief introduction to a structural battery is presented, as well as a description
of carbon fiber and its properties. Finally, a presentation of what the Piezo-
electrochemical effect is described.

2.1 Structural Battery

There are two types of structural batteries reported in the literature, the full-cell and
the half-cell, both are electrochemical cells but made up of different materials. The
full-cell consists of carbon fiber and a Lithium-Iron-Phosphate (LFP) foil, while the
half-cell consists of carbon fiber and Lithium (Li) metal foil. Both cells are immersed
in an electrolyte. The material with the higher standard electrode potential acts as
the positive electrode of the structural battery and the lower one as the negative
electrode. For the full-cell, the LFP foil has a higher standard electrode potential
than the carbon fiber and therefore acts as the positive electrode and the carbon
fiber as the negative. Compared to the half-cell where the carbon fiber has the
higher standard electrode potential than the Li metal and therefore acts as the
positive electrode and the Li metal as the negative. During cycling (lithiation and
delithiation) the following reactions occurs in the full-cell:

and for the half-cell the following reactions occurs:

where z is the unknown parameter which depends on the chemical composition of
carbon fiber [14].

The difference between the potentials of the positive and negative electrodes is
called the cell potential. The change in potential during lithiation and delithiation
depends on the concentration of lithium ions inserted into the fibers.

The specific electrochemical capacity of a cell reflects the amount of lithium ions
inserted in the carbon fibers and is calculated with the following equation:

Crmeasured _ / Idt/m (2.3)
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where [ is the constant current used to cycle the cell, [ Idt is the definite integral
of the measured current over the the lithium-intercalation reaction duration and m
the mass of the carbon fiber electrode. The capacity measured for a lithiation is
defined as the amount of electric charges received by the cell for the duration of the
lithiation normalized by the mass of the carbon fiber.

The SBE is the component that provides mechanical integrity to the structural
battery. It determines much of the mechanical and electrochemical performance of
the cell. There are two phases in the electrolyte, the solid polymer phase and the
liquid electrolyte phase, see figure 2.1. The liquid phase of the SBE has a high ionic
conductivity but no structural properties, while the solid phase has high mechanical
stiffness and strength but no ion conductivity. Since the relationship between the
mechanical strength and the ionic conductivity is inverse, see figure 2.2, it is difficult
to produce an electrolyte possessing both these properties [15].

_.»* Percolating solid
i polymer phase

Structural battery ***/** |
electrolyte |

Carbon fibers =**

Percolating liquid *
electrolyte phase

Figure 2.1: Schematic of carbon fibers in a structural battery electrolyte [16].

Conductivity (S/cm)
10 1073

10°

Stiffness

Figure 2.2: Schematic of lithium ion conductivity versus stiffness for solid polymer
electrolytes [17].
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(a) Graphite structure [20]. (b) Turbostratic graphite structure [21].

Figure 2.3: The schematic view of the carbon fiber structure at an anatomical
level.

2.2 Carbon Fiber

Carbon fiber dates back to the latter half of the 19th century where it was used in
incandescent light bulbs. The material is made out of strong, thin crystalline layers
of carbon filaments where the fibers are about 5 to 10 micrometers in diameter,
measuring thinner than a strand of human hair. Each layer has a hexagonal form,
see figure 2.3a, and the interlayer spacing is approximately 3.4 A. The turbostratic
graphite structure of carbon fiber can be seen in figure 2.3b. Other beneficial prop-
erties of carbon fiber are its high tensile strength and high Young’s modulus, ranging
between 2 and 7 GPa and 200 and 600 GPa, respectively [18]. Due to the strong
parallel alignment of the graphene planes in the fiber direction, the longitudinal
modulus is significantly higher than the radial modulus [19].

Carbon fibers are used in structural batteries as electrodes since it enables the bat-
tery to carry mechanical loads. When employing the carbon fiber as a electrode the
structural battery can have longitudinal modulus (modulus in the fiber direction)
of 117 GPa. In comparison with the commercial graphite crystal, the carbon fiber
has an elastic modulus around 30 times higher, even though the interlayer spacing
between the layers is greater, 3.35 A and 3.4 A, respectively [19].

2.2.1 Lithiated Carbon Fiber

A lithiated carbon fiber is a carbon fiber with lithium in its microstructure. A recent
study showed that the elastic modulus in the transverse direction increased from 7.5
GPa to 15.3 GPa, and decreased from 290 GPa to 255 GPa in the longitudinal
direction when the carbon fiber has been lithiated. When the carbon fiber was
delithiated, the elastic modulus in the transverse direction went down to 7.6 GPa
and retrieved 290 GPa in the longitudinal direction. According to the same study,
the initial interlayer spacing of pristine carbon fiber was measured to 3.45 A. The
average interlayer spacing after the first lithiation expanded to 3.87 A and an average
cross-section area expansion of 13.7% was measured. After the delithiation of the

7
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carbon fiber the average interlayer spacing was decreased to 3.72 A [19].

2.2.2 Piezo-electrochemical effect

When certain solid materials are deformed, the mechanical work is converted into
electricity, this phenomenon is called Piezo-electricity and was discovered in the
late 19th century. The Piezo-electric effect is also reversible, meaning that the
mechanical work done on a material is converted to electrical charge and when a
material is subjected to an electrical change, it is converted to mechanical work.
The effect results from the linear electromechanical interaction between the electri-
cal and mechanical states in crystalline materials with no inversion symmetry. The
Piezo-electric effect has been exploited in many useful applications, including the
production and detection of sound among other things.

The main difference between the Piezo-electric effect and the Piezo-electrochemical
effect is that the Piezo-electrochemical effect occurs when the material is lithiated.
The Piezo-electrochemical effect is also called the voltage-strain coupling effect. Pre-
vious studies on the voltage-strain coupling effect have been done on the carbon
fiber negative half-cells, but until now no similar studies have been reported for
full-cells [22-24].

The coupling factor k is a numerical measure of the voltage-strain coupling effect
and indicates the magnitude of the voltage change per unit strain. A higher coupling
factor is favorable for strain sensing and energy harvesting applications as it allows
more sensitive strain measurements to be obtained [23,24].

The coupling factor k is defined as

_AE

il
Ae

(2.4)

where AF is the change of potential in the cell and Ae is the variation of the axial
tensile strain in the carbon fiber. The axial tensile strain was calculated as

L AL

c L

(2.5)

where L is the original length of the cell and AL is the extension of the cell.
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Methods

This section describes the methods used to determine the change in potential of a
structural battery subjected to a tensile load. The first part explains the manufac-
turing of a structural battery while the second part presents how the experiments
were carried out and the last part explains how the coupling factor was calculated.

3.1 Construction and manufacturing of structural
batteries

The manufacture of the batteries used in the experiments consisted of two main
steps, the first was the structural battery cell preparation and the second was the
manufacture of the structural battery itself. In the sections below, these two steps
are described in detail.

3.1.1 Structural Battery cell preparation

The size of the structural batteries were to be determined in the initial state. The
longest and shortest distance in the tensile machine was measured and length was
chosen in between these two values which gave room for extension of the structural
batteries. A template, displayed in figure 3.1, was created to more easily manufac-
ture the structural batteries to the same length.

For the experiments carried out in this thesis, the electrodes of the structural battery
were made of commercial carbon fiber and a LFP foil, where the carbon fiber acted
as the negative electrode while the LFP foil acted as the positive electrode. The
LFP foil measured approximately 50 mm long and 10 mm wide. The two electrodes
were separated by a 70 mm long and 15 mm wide Whatman GF/A separator. The
current collectors measured 70 mm long and 5 mm wide, and the materials that
were used for the negative and the positive current collectors was copper and alu-
minum. At the far ends of the structural battery, 10x10 mm glass fiber composite
tabs were placed and used to correctly transfer the load from the clamps in the
tensile machine to the structural battery cell. A piece of epoxy adhesive, the same
size as the tabs, was placed between each layer of the cell and a coat of silver con-
ductive paint was used to attach the carbon fiber tow to the copper current collector.

When the cell was assembled according to figure 3.2, the carbon fibers and the
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< 35 mm >

< >

70 mm

Figure 3.1: Template used during the structural battery cell preparations.
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e —

SO I
Ve
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Figure 3.2: Schematic of cross-section of structural battery cell for expansion and
voltage-strain coupling measurements.

LFP foil were slightly stretched to ensure fiber alignment. The cell was then placed
in the oven for 1 hour at 90 °C under pressure to cure the epoxy adhesives.

3.1.2 Structural Battery manufacturing and battery cycling

The battery manufacturing was carried out in a glove box with inert argon atmo-
sphere with less than 2 ppm O and HyO at ambient temperature.

The liquid electrolyte used in the SBE consisted of 6.5 g Ethylene Carbonate (EC),
6.5 g Propylene Carbonate (PC), 0.94 g Lithium Triflouromethanesulfonate (LiTf)
and 0.78 g Lithium Bis(oxalato)borate (LiBoB). Equal parts monomer (Bishpenol
A Ethoxylate Dimethacrylate (BPAMA)) and liquid electrolyte was mixed together,
along with heat initiator corresponding to 1% of the total weight. This resulted in
approximately 2.02 g of SBE that was dropped onto the cell after it was placed in
an aluminum pouch bag.

The pouch bag was sealed at the same time as vacuum was drawn from the bag
to ensure good contact between all layers and prevent evaporation of the SBE, and
the cell was taken out of the glove box and placed in the oven for the electrolyte to
cure under pressure at a temperature of 90 °C. After 1 hour, the cell was taken out
and left to cool in room temperature, then plugged into the battery tester Neware
CT-4008-5V10mA-164 for electrochemical cycling.

Each cycle contained four consecutive steps that were repeated five times. The
first step was galvanostatic charging, where the cell was charged with a current of

10
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|
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Figure 3.3: Tensile tests. a) cell stretched until breaking point. b) cell stretched
to an elongation between 0.2 and 0.4mm.

0.0001 A until a voltage of 3.55 V was reached. The second step was an Open Cir-
cuit Potential (OCP) that allowed the cell to relax for 2 hours. The third step was
galvanostatic discharge, where the cell was discharged with a current of 0.0001 A
until a voltage of 2 V was reached. The fourth step was another OCP that allowed
the cell to relax for 2 hours. When the cycle count was completed the cell was
allowed to relax for 5 hours, before being removed.

3.2 Experiments

The experiments were carried out in a glove box with inert argon atmosphere with
less than 2 ppm Oy and H,O at ambient temperature.

In order to establish how much tensile load the cell could take, experiments were
first carried out where the cell was stretched to the breaking point at 0.45 mm cor-
responding to 1.3% strain, seen in figure 3.3, and two values below this point were
then chosen. For the experiments performed in this thesis, the cell was stretched
to an elongation of 0.2 and 0.4 mm. The elongations correspond to 0.6% and 1.1%
strain, respectively.

3.2.1 Constant voltage and varying force

The cell was clamped in the tensile machine according to figure 3.4. During the
experiment, the program Gamry Instruments Framework (Gamry) was used to mea-
sure the OCP of the cell and the program Deben Microtest (Deben) was used to
control the tensile machine. The displacement rates used in Gamry were 0.2 mm/min
and 0.5 mm/min, corresponding to a strain rates of 95-107¢ s~ and 24 - 1075 s},
respectively. The sample time was of 0.5 seconds and the entire program was set
to run for between 1000 and 2500 seconds depending on the displacement rate and
rest time set in Deben. In Deben, the program was set so that the tensile machine

11
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Battery cell

-y

Current collectors

connected to

the potentiostat

Figure 3.4: Attachment of the battery cell in the tensile machine with the current
collectors connected to the potentiostat.

would run for five cycles, alternating between 0.6% and 1.1% strain, and the data
sample time was 500 ms.

For each cell, two experiments were performed, one for each displacement rate.

3.3 Calculation of the coupling factor

The coupling factor was calculated using equation (2.4). Two time steps were chosen
during the second cycle, the time steps would be either when the cell was loaded or
unloaded. With the help of these time steps, the corresponding voltage and force
could be obtained from figure 3.5.

o Time 1

Potential [V]
Force [N]

Figure 3.5: Determination of the variables used when calculating the coupling
factor.

12



4

Results

Out of 24 made structural batteries only results from three were obtained, which
are stated here. During the experiments, the carbon fibers in cell A and C were
delithiated while cell B was lithiated.

4.1 Electrochemical cycling

Figure 4.1 shows the electrode potential during the first and the fifth electrochemical
cycle. The first-cycle capacity is 8.91 mAh/g, dropping to 3.54 mAh/g for the fifth
cycle when the carbon fibers in the cell is lithiated. The first-cycle discharge capacity
is 4.05 mAh/g and drops to 3.03 mAh/g for the fifth cycle.

w
3

-
o
o
-
-
-
-
———
-
-

w

N
3

\V]

- = 1%t cycle

Electrode potential [V]
&

— 5 cycle

—_
-

05 1 1 1 1 ]
0 2 4 6 8 10

Specific capacity [mAh g1]

Figure 4.1: The relation between the specific capacity and the electrode potential.
The graphs increasing in value represent the lithiation of the cell, while the graphs
decreasing in value represent delithiation of the cell.
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4.2 Constant state of charge and varying force

The result for the experiment with constant State of Charge (SOC) and varying
force has been divided into two sub-chapters, the first for the effect of the strain
rate and the other for the effect of state of lithiation.

4.2.1 Effect of strain rate

As mentioned in chapter 3.2.1, two strain rates were used during the experiments,
95-107% s7! and 24 - 1075 s=!. The figures below, figure 4.2 - 4.4, shows how the
potential of each cell changes as the applied load varied over time. For two of the
cells, cell A and B, no rest was included in the cycling. While for cell C, a rest of
60 s was included.

For cell A, the potential for the higher rate appears to be slightly more stable
than for the lower one, where it increases slightly with each cycle. The potential in
figure 4.2 appears also to be stable both before and after the load variation, even
the applied force is the same for each cycle.

Cell B was the only one of the three batteries that was charged, this is why it
has a slightly higher potential than cell A and C. The results in figure 4.3 shows
that the cell was subjected to similar forces during the two experiments, but that
the potential is slightly lower for the higher strain rate. It can also be viewed that
the potential decreases for each cycle and continues to decrease for the lower strain
rate, while for the higher strain rate, the potential decreases for the each cycle but
stabilizes afterwards.

The results for cell C shows that the potential is slightly lower for the higher strain
rate while subjected to a higher force, which can be studied in figure 4.4. But the
relationship between the potential and the force has similar behavior in both graphs.
The experiments done for cell C were carried out twice, the second time with a lower
rest time, see figure A.1. Similar behavior that can be studied in the graphs for the
higher rest time can also be seen in the graphs for the lower one.

The graphs show the same behavior for all cells, regardless of whether they are
lithiated or delithiated. It can also be seen that the response to the potential is
immediate when the load increases or decreases.

The coupling factor k was calculated using equation (2.4) for each cell and its differ-
ent strain rates, the results are stated in table 4.1. The values for the coupling factor
show a linear elastic behavior, that is, there is no difference as the load increases or
decreases.

14
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0.2 mm/min and 0.5 mm/min.
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Figure 4.3: Potential and corresponding force for cell B with displacement rate 0.2
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4. Results

Table 4.1: The calculated coupling factor for the different cells and the two different
strain rates.

State of charge Strain rate Increasing Decreasing

Cell (%] [s71] force force
A 0 95-107 0.8213 0.8400
24-107° 0.8267 0.8217

95-107° 0.6954 0.6409

B 100 24-107° 0.6162 0.6909
C 0 95-10°° 0.9642 0.9087
24-107° 1.2447 1.0543

4.2.2 Effect of state of lithiation

The results from cell B show no major difference from the results from cell A and
cell C, other than that the potential is slightly higher and the load slightly lower
for cell B. When studying the coupling factor in table 4.1, it can be seen that the
lithiated cell has a lower coupling factor compared to the two delithiated cells.

4.3 Mechanical tests

Figure 4.5 shows the mechanical tests for a lithiated cell and a delithiated cell. The
graphs shows that the delithiated cell is subjected to a higher force than the lithiated
cell.
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300 |—Lithiated cell 300 |- |— Lithiated cell
—— Linearization —— Linearization
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Figure 4.5: Mechanical tests of a lithiated cell and a delithiated cell.
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Discussion

The aim of this thesis was to develop methods for characterization of laminated
structural batteries under combined eletrochemical and mechanical loads. The goal
was to determine to what extent the potential of the structural battery changes
when a constant current and a varying mechanical load is applied.

The model that has been used to perform the experiments already exists but no
one has previously attempted to map the coupling factor and its effect on the struc-
tural battery.

5.1 Battery performance

In general, structural batteries perform quite poorly in terms of capacity compared
to regular Li-ion batteries. This is largely due to inhibited ion transport between the
electrodes due to the SBE. The reason the cells show a reduced capacity between the
first and fifth cycles is that they are not conditioned, i.e. they have not been cycled
very slowly. Such conditioning is usually performed to reach a reversible capacity of
the cell.

In a study done by Asp et al. [2] they have produced the voltage profiles for cells
with different C-rates, i.e. how fast a cell charges where C rate 1 C corresponds to
a fully charged battery in 1 hour. The results show that for a lower C rate a higher
specific capacity is obtained than for a higher C rate. In this study, a C rate of 0.1
C has been used. The result from this study is comparable to the result from Asp
et al., and this result lies between the result for the cells with a C rate of 0.15 C and
0.05 C. Thus, the cells used in this study show similar behavior to the cells used in
the previous study. Based on the comparison with the previous results, it can be
concluded that the cells in this study are functioning well. It should be kept in mind
is that the results in the previous study are normalized against the active material,
i.e. the material responsible for the lithiation. While in this thesis, the SBE, the
separator and the aluminum foil have also been included in the calculations and
therefore a lower capacity has been measured.
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5. Discussion

5.2 Simultaneously electrochemical and mechan-
ical testing

The response of the potential when the cell is submitted to a varying load is not
strain rate dependent. Although the displacement rates used are very low, and can
be seen as quasi-static, it can be concluded that the potential change is not strain
rate dependent. However, to validate the results and the conclusion, more experi-
ments need to be conducted with higher displacement rates.

When comparing the results of this thesis with the results of a similar experiment
on the half-cell carried out by Jacques et al. [22], it can be determined that the
results agree well with each other. The full-cell exhibits the same behavior as the
half-cell. What should be kept in mind when comparing these results is that the
half-cell is lithiated when the full-cell is delithiated and delithiated when the full-cell
is lithiated. This results in that as the load increases, the potential of the half-cell
also increases, while the potential of the full-cell decreases as the load increases, and
vice versa.

It can be difficult to draw any concrete conclusions as not enough experiments
have been carried out in this study. Some trends can be seen, including that for the
cell that was fully charged, the coupling factor is lower than for the cells that were
fully discharged. In any case, it can be said that the coupling factor is affected by
the SOC the cell has.

The similar behavior for the two experiments done on cell C with different rest
times shows repeatability in the experiments.

The mechanical tests performed on two of the cells, cell A and B, show similar
behavior for both strain rates. The delithiated cell can take a higher load than the
non-lithiated cell can. In figure 4.5b, it can be observed that the lithiated cell has
an extension between 0.1 mm and 0.3 mm, while the delithiated cell in the same
graph has an extension between (0.2 mm and 0.4 mm. This is because the delithiated
cell was re-tensioned in the tensile machine after the first experiment with the lower
displacement speed and the program was thus reset. However, for the lithiated cell,
it was not re-tensioned, but the program was reset and restarted, resulting in where
the last program ended became the beginning of the new program. In this case, the
cell was already extended 0.1 mm when the program was started, so the cell is thus
extended between the same values as before, only that the program assumes it is
moving between two new values.
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5.3 Piezo-electrochemical effect

The Piezo-electrochemical effect is measured as a linearly response of the OCP to
the carbon fiber loaded in tension.

Harnden et al. [23] have done similar experiments as in this study but with half-
cells instead of full-cells. The results from that study show that when the cell is
completely delithiated, a coupling factor of just over 1 is obtained. The coupling
factor then increases in value and the maximum value is reached around 1.5 when
the cell has a SOC of about 50 %, then the coupling factor decreases again to a
value of about 1.3 when the cell is 100 % lithiated. As the experiments in this study
are not as extensive, no maximum value for the coupling factor can be estimated.
The conclusions that can be drawn if a comparison with Harnden’s results is made,
is that the trend for a full-cell is the opposite of that for a half-cell. Using these
comparisons, conclusions can be drawn that the results of this study are reasonable.
Since the carbon fiber in the half-cell acts as the positive electrode while for the full-
cell the carbon fiber acts as the negative electrode, the results should be inverted
compared to each other, something that can be seen here.

Although the coupling factor in this study is slightly lower than the result from
Harnden’s [23], between 1.3 and 1.5 for Harnden’s result and 0.8 and 1 for the results
in this study, the results are of the same order of magnitude. With this, conclusions
can be drawn that the result is within reasonable limits. One reason why the result
in this study is somewhat lower may have to do with the fact that only the cell
was clamped into the tensile machine, while in Harnden’s experiment the cell was
clamped into the tensile machine while it was still in the pouch bag. Also, Harnden
and co-workers performed tests only on carbon fibers in liquid electrolyte. Since
tests reported here are performed in SBE, the difference in the measured coupling
factor can also be due to this.

5.4 Implementation challenges

Since no strain gauge could be attached to the cell, due to the size and mechanical
performance of the matrix, no accurate reading of the strain could be possible and
the results may therefore deviate from the actual results. But if a strain gauge
would have been attached to the cell, it would have been attached with glue and
there would have been a risk of it measuring the stiffness of the glue instead of the
cell because the glue would have a higher stiffness than the matrix.

Of the 24 cells that were produced during the course of the work, only three of
these produced results. This was due to several different things, some known and
some unknown. One of the known causes was that the SBE did not cure properly
and caused the tabs to slide apart when the cell was clamped in the tensile ma-
chine and subjected to loads. Another known cause was that the LFP foil detached
from the cell, this also happened when the cell was exposed to loads in the tensile
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machine. The reason behind why the LFP foil came off is unclear, but one theory
could be that the SBE did not cure properly. There were also problems with the
tabs sliding apart during the curing process, this resulted in the cell could not be
properly clamped in the tensile machine. Some of the cells did not work at all,
this was most often detected in the electrochemical cycling. The reason behind it is
unknown, but one theory could be a short circuit in the cell.

When the cell was clamped into the tensile machine, it was noted that the po-
tential dropped as the screws were tightened. This was probably due to the cell
being subjected to compressive forces in the tabs and thus changing the potential.
In this thesis, this has been disregarded, as the interest was in studying the potential
when the cell was subjected to tensile loads and not compressive loads. However, it
may be good to note that this occurs for future experiments.

As previously mentioned, the potential was affected by the clamping in the ten-
sile machine, this thus resulted in a 3 dimensional load is addition to the applied a
tensile load. This may have affected the results, but to what extent has not been
established and it is something that may be good to take into account if more similar
experiments are to be carried out.

The machine compliances present in the tensile machine were neglected, but noted
in these experiments. Values from the second cycle were used to calculate the cou-
pling factor. The second cycle was chosen because during the first cycle the cell
is not subjected to a constant tensile load, but during the subsequent cycles it is
subjected to a constant tensile load.

5.5 Future research

This thesis successfully demonstrates the coupling between electrical potential and
mechanical strain for a structural battery, both in the charged and discharged states.
Overall, a significant amount of work remains in terms of both basic research and
reaching industrial applications for structural batteries. Specifically, to fully under-
stand and utilize the electrochemical-mechanical coupling effect for strain sensing,
why several research activities are proposed here.

Firstly, it should be emphasized that the battery cell design studied in this the-
sis employs commercial electrode films as the positive electrode. Current research
is underway to replace this film with coated carbon fibers as the multifunctional
positive electrode. It is of high interest to conduct similar experiments with this
all-fiber structural battery to exploit any additional Piezo-electrochemical effects.

The experiments on the Piezo-electrochemical response to the OCP carried out
in this thesis should be repeated and extended to establish the coupling effect for
different SOC. Furthermore, the coupling factor, which is measurement of the strain
sensitivity, should be examined for different electrochemical loadings.
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A series of experiments in which the battery cell is subjected to and held under
static mechanical load, while a current, either positive or negative, is run through
the battery, would allow for the evaluation of the strain sensitivity at different C-
rates. Understanding the voltage-strain coupling at high C-rates is of interest for
high-power devices.

Experiments that maintain the cell potential constant while applying varying tensile
strain to the battery cell at different states of charge would allow for the evaluation
of using this multifunctional material for energy harvesting, as a change in current
is expected as an immediate response to the applied tension.

Additionally, there are many other mechanical load cases of interest apart from the
in-plane tensile load examined in this thesis, such as in-plane compression, shear,
and out-of-plane bending.

Finally, the results presented in this thesis can be used to verify and validate mod-
eling results. Experiments are essential to provide input parameters for accurately
predicting the multifunctional performance in two-way coupled multiphysics electro-
chemo-mechanical models of the structural battery [25]. Improved predictability is
not only vital for the development of the structural battery but also of interest to
other research fields, such as battery management systems, where the SOC of each
battery cell in a battery pack is one of the most critical indicators.

Recently, data-driven methods using statistical and machine learning techniques
have gained popularity in the battery research community. The data gathered from
experiments can be leveraged to develop a so-called digital twin model, which opens
the possibility of estimating device-level performance.
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Conclusion

The purpose of this thesis was to develop methods for characterization of laminated
structural batteries under combined electrochemical and mechanical loads. The goal
was to study the change in potential when the structural battery is subjected to a
constant SOC and a varying mechanical load.

The results shows that when the mechanical load is increased there is a drop in
the potential, and when the cell is unloaded, the potential increases. However, a
certain variation can be studied in the potential between the different load cycles.
This could possibly have been avoided if a more accurate tensioning of the cell was
done in the tensile machine or if it could be said with greater certainty that the SBE
cured properly and no slippage occurred during the experiment.

The values for the coupling factor show a linear elastic behavior for all three cells.
The result for the coupling factor enables additional functions beyond the structural
battery. In order to draw more detailed conclusions, more experiments must be car-
ried out with cells of different SOC.

The experiments carried out in this thesis has never been done before and although
the results are good, further work is needed to validate the results. More exper-
iments need to be performed with cells at different SOC. If this is done and the
results are similar to those in this thesis, the next step can be taken in the develop-
ment of structural batteries.

The model used in this study has been used in previous experiments where the
half-cell has been studied, but this is the first study of its kind to be carried out on
a full-cell. The result shows that the model works for experiments where the full-cell
is studied. However, more and more detailed studies need to be carried out to gain
a better understanding of the full-cell, the coupling factor and its behavior.
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2.638 v 2.64 5 400
——Potential [V —— Potential [V
——Force [N] 400 —— Force [N]
- 2.636 ¢ . 1300
Z. 300 22635, —
— 2.634 I Z
g o 1200
E 2 W2
. r ] =}
E = E 2.63 100m
2.63 100
2.628 0 2.625 10
0 500 1000 0 200 400 600 800
Time s Time [s]
(a) Displacement rate 0.2 mm/min. (b) Displacement rate 0.5 mm/min.

Figure A.1: Potential and corresponding force for cell C with displacement rate
0.2 mm/min and 0.5 mm/min with a rest of 30 s.
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