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Abstract

Li-ion batteries are expected to tackle the demands of powering the automotive in-
dustry shift toward electrification. Selecting the right components by considering
attributes like performance, safety, and longevity is crucial. These batteries come
in various forms: cylindrical, pouch, and prismatic, each with its own set of pros
and cons in terms of manufacturing, packaging, energy and power. Recently, there
has been a proposal for cylindrical cells of the 46xx series, which allows increased
capacity, potentially making them more viable for battery packs. This project aims
to provide insights into the design and electrical testing of a 4680 cylindrical Li-ion
cell with a lithium iron phosphate (LFP) cathode. This cell chemistry has recently
gained more interest within the automotive sector due to its cost and safety.

Insights into the cell design have been obtained through a thorough cell-teardown
process. Unlike prismatic cells, which typically use aluminum cans, the cylindrical
cell features a steel can, presenting unique challenges during the disassembly process.
To address this, two methodologies for opening cylindrical cells were developed and
reviewed. Additionally, the design for the cell considered within this study dilers
from existing tabless architectures for 4680 cylindrical cells found in literature.

The materials harvested from the cell teardown were characterized to obtain in-
formation about the cell components, such as electrodes, electrolyte, separators,
tabs, etc. Furthermore, electrical testing methods such as galvanostatic charge and
discharge, hybrid pulse power characterization, and electrochemical impedance spec-
troscopy (EIS) provided additional valuable insights into cell performance.

This study contributes to the benchmarking of 4680 cylindrical cell series, which are
otherwise scarcely documented in literature.

Keywords: Cylindrical cells, cell design, teardown, electrical testing
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1

Introduction

1.1 Background

Energy storage systems promising better performance, safety and a ordability are
becoming more and more necessary as the market for EVs expands. Lithium-ion
batteries (LIBs) have become the preferred energy source in electric vehicles (EVs)
due to their high energy density, low self-discharge rate, and long cycle life. Since
their commercialization, di erent formats of Li-ion cells have been proposed, based
on the application required. Mainly in the automotive industry, the most common
formats used are pouch, prismatic and cylindrical cells [1]. The release of Tesla
Model S and X showed that cylindrical cell formats (18650: 18 mm diameter and
65 mm height) could be used as an energy source for EVs [6]. The Tesla Model
Y, presented during Battery Day, features large format cylindrical cells (4680: 46
mm diameter and 80 mm height) tabless design. This design has shown better
performance by improving tab-cooling topology and increased e ciency through
better mitigation of ohmic losses [7, 8].

The large-format cylindrical cells when compared to cells with smaller dimensions
have increased energy per cell, which will help mitigate overall costs by using fewer
cells, thereby reducing the connections required for the same energy inside a pack.
Such cylindrical cells are becoming increasingly popular in the automotive industry.
Companies like BMW have announced the use of cylindrical cells in their latest
electric vehicle platform called "Neue Klasse" which will house cells having a 46 mm
diameter coupled with two di erent heights [9].

To meet application requirements such as energy, power, and safety, it is essential to
optimize both the design of the cell and the system. Insights into the design of these
cells can be gained through teardown and analysis of the extracted components.
Additionally, performance can be evaluated through electrical testing, ensuring that
the battery meets the necessary speci cations.

1.2 Objective

This thesis focuses on optimizing methods for characterizing the 46xx series cylin-
drical cells. The cell considered in this work is a BYD 4680 cylindrical cell of lithium
iron phosphate (LFP) chemistry. Cell characterization encompasses material anal-
ysis and basic electrical tests. The teardown is performed in a glove box and its
di erent components are analyzed qualitatively and quantitatively. Prior to per-
forming a cell teardown to extract the relevant components, an X-ray computed
tomography (XCT) scan was performed. Material and component analysis was per-
formed with Scanning Electron Microscope (SEM) and Energy Dispersive X-ray

1



1. Introduction

Spectroscopy (EDX) among others. Electrical characterization was conducted us-
ing various tests, including Galvanostatic Electrochemical Impedance Spectroscopy
(GEIS), Reference Performance Test (RPT), and Rate Capability Tests (RCTS).

1.3 Sustainability

With an emphasis on large-format 4680 cylindrical cell characterization and bench-
marking, this research closely relates to multiple Sustainable Development Goals
(SDGs) [10]. In particular, by advancing research in energy storage technologies
that are essential for sustainable power sources, it advances SDG 7 (A ordable and
Clean Energy) [11]. Furthermore, this work contributes to SDG 9 (Industry, Inno-
vation, and Infrastructure) [12] and SDG 13 (Climate Action) [13] with the aim to
improving the performance and e ciency of electric vehicle (EV) batteries, which
in turn helps to accelerate the transition to cleaner transportation systems. In ad-
dition, LFP chemistry utilizes more abundant and relatively more environmentally
friendly materials, thereby reducing the environmental impact concerning battery
manufacturing and disposal and contributing to SDG 12, which promotes respon-
sible consumption and production [14]. Using comprehensive characterization and
benchmarking, this study contributes to the larger objective of developing sustain-
able transportation solutions that lower greenhouse gas emissions and lessen the
e ects of climate change, thus laying the foundation for developing more reliable,
long-lasting and ecologically friendly batteries.

1.4 Ethics

Ethical principles are integral to both academic and professional engineering. It is
crucial to maintain con dentiality, provide proper acknowledgment, ensure objec-
tivity and originality, and follow ethical data collection practices when presenting
ndings. In this report, sensitive data is partially disclosed to comply with con den-
tiality protocols, and all collected data adheres to ethical guidelines and regulations.



2

Theory

This section describes the working principle of a Li-ion battery and the di erent
technigues used through this work for the electrical and material characterization
of a BYD 4680 cylindrical cell such as EIS, RPT, RCTs, SEM-EDX etc.

2.1 Lithium-ion Batteries

Batteries are electrochemical devices that convert the chemical energy present in
their active materials into electrical energy via an electrochemical oxidation-reduction
(redox) reaction [15]. The battery is often referred to as one or more electrochemical
cells connected in series or parallel circuit. A battery could be either primary or
secondary. Primary batteries can only be discharged while secondary batteries are
rechargeable. It consists of two electrodes separated by a separator, enabling the
ow of ions while preventing direct contact between the electrodes, thereby convert-
ing chemical energy to electrical energy. An essential component of this process is
the electrolyte, which facilitates the movement of ions between the electrodes. To
guarantee e ective ion transport while avoiding electrical short circuits, it must be
ionically conductive and electronically insulating. It can be a liquid, gel, or solid.
LIBs are the most popular type of rechargeable battery used nowadays. They have
lithium ions serving as charge carriers moving between the electrodes, resulting in
the charge or discharge of the cell. During a discharge, the ions move from the
negative electrode to the positive electrode through the separator and electrons ow
from the negative to the positive electrode through the external circuit. The op-
posite happens during charge. As a result, the negative electrode acts as an anode
(where an oxidation reaction takes place) during discharge and as a cathode (where
the electrochemical reaction is a reduction) during charge. The positive electrode is
instead a cathode during discharge and an anode when the cell is charged. Although
the International Union of Pure and Applied Chemistry (IUPAC) recommends the
usage of positive electrode and negative electrode [16], in this thesis, to avoid re-
peating those terms too often and for the sake of readability, the discharge process
Is considered and the terms positive electrode and cathode, negative electrode and
anode, will be used interchangeably. Some common lithium-ion battery cathodes in-
clude lithium iron phosphate (LFP), lithium nickel-manganese-cobalt (NMC), and
lithium cobalt oxide (LCO), while anodes typically consist of materials such as
graphite, silicon-based anodes, and lithium titanium oxide (LTO) [17].

The dierent cell formats used in the automotive industry are pouch, prismatic
and cylindrical cells [1]. The primary distinction lies in the cell-casing design as
well as the layout of the anode, cathode and separators. A hard casing enclosure
composed of aluminium or steel is used for prismatic and cylindrical cells. The

3



2. Theory

cylindrical cells have jellyrolls which are winded. The pouch cells have a relatively
soft aluminium packet enclosure. In prismatic cells, the jelly rolls are winded or
stacked and are placed inside a cuboid enclosure box [18]. The pouch cells follow
stack-like arrangement of electrodes [1, 19, 18] inside a laminated aluminum pouch
enclosure. Some standard cell formats are mentioned in the gure below. The
cylindrical cell structure is explained in the next section.

Figure 2.1: Various cell-formats: (a) Cylindrical cells; (b) Prismatic cells; (c)
Pouch cells. Figure taken from [1]
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2. Theory

2.1.1 Cylindrical Li-ion Cell

Figure 2.2: Simpli ed representation of a tab-less cylindrical lithium-ion cell em-
ploying a full-tab approach. Top section: a) Front view of the cell and b) sectional
view with di erent components within the cell numbered from 1 to 8. Bottom sec-
tion: c) Isometric view of the cell and d) gure depicting the position of tab plates.
The venting mechanism has been omitted for clarity. Figure taken from [2]

A cylindrical lithium-ion cell consists of a protective metal casing (E.g. aluminium

or steel) enclosing a jellyroll. The jellyroll is a tightly wound assembly of a positive
electrode (cathode) made of E.g. LFP, NMC and a negative electrode (anode)
commonly made of graphite. Separating these electrodes is a porous separator. The
jelly roll in a cylindrical cell is wound around a pin and enclosed within a cylindrical
cell casing, and in some instances, the pin or mandrel is absent. The presence of a
mandrel contributes to added safety and mechanical strength to the cell [20]. Thin
metal foils act as current collectors, which ensure electron ow while insulating rings
and spacers maintain separation. Usually, the negative and positive active materials
are coated on the current collectors. The anode has a copper current collector, and
the cathode has an aluminium current collector. Tabs connect the electrodes to
the external circuit, maintaining the current ow. The cell may include a vent
mechanism for safety, and a cap seals the assembly.

Recently, cylindrical cells have garnered signi cant interest in terms of their design
and production. This interest was generated after the release of the Tesla Model
Y, which used 4680 battery cells. This cell has a volume that is 5.5 times greater
than that of 21700 cells and 8 times more than that of 18650 (18 mm: diameter, 65
mm: length) cells. The design also aims to decrease the cell resistance. However,
at the moment, despite the innovative tab design and increased energy per cell, it

5



2. Theory

does not show a notable advantage in terms of energy density when compared to
its conventional counterparts [1]. The below gure displays a relative comparison of
4680 cell dimensions to the conventional 18650 and 21700 cylindrical cells.

Figure 2.3: Evolution of cell formats. Figure taken from [1]

2.2 Material Characterization Techniques

2.2.1 X-ray Computed Tomography (XCT) Scanning

XCT is used to produce digital images of a sample's internal structure and imaged
volume. For 3D modeling, the sample needs to rotate, and the distance to the X-ray
radiation transmitter determines penetration, in uencing image quality. XCT helps

in identifying any defects that may have occurred while manufacturing the cell, any
damage due to shock and vibration while transporting the cell from the supplier to
the customer, any possible mechanical damages or swelling of the jellyroll, placement
and alignment of di erent components within the cell, welding used for tabs onto
the anode/cathode disk and number of tabs in the cathode and anode side [21]. It
gives an overview of the cell design such as an estimate of the length of electrodes,
whether a mandrel is being used (for cylindrical cells), information about the vent,
etc. XCT scans give information about the density of the di erent components,
thereby giving an idea of what that material may be.

2.2.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is used for image sampling using a beam of electrons,
producing results scaled to the nanometer range [22]. A lament is used to emit
these electrons, which are subsequently focused into a beam. A set of lenses within
the electron column are used to focus the beam on the test sample.

Various types of electrons, like backscattered electrons and secondary electrons, are
produced after their interaction with the sample matter. This interaction between

the sample surface and the electron beam generates an image from the emitted
electrons (signals) of the scanned sample [22]. The backscattered electrons possess
signi cant energy and lose a fraction of it upon re ection from the sample. They
come from deep inside the sample, usually a few microns beneath the surface and
strongly engage with the sample material. Through elastic interaction with the

6



2. Theory

sample, these o er compositional information with low-resolution images [23].

Secondary electrons are produced due to inelastic beam-sample interactions. They
have relatively low energy and originate below a few nanometers of the surface of the
sample, providing topographical information due to being sensitive to the surface,
of the sample structure. The operator then adjusts the brightness and intensity of
these signals to obtain a clear image on the viewing screen [22].

Figure 2.4: Varying electron penetration depths through the sample. Figure taken
from [3]

2.2.3 Energy Dispersive X-ray Spectroscopy (EDX)

Energy Dispersive X-ray Spectroscopy is a powerful elemental analysis technique
linked to electron microscopy, which uses X-rays, produced by the sample upon
interaction with the electronic beam to identify the elements present in the test
sample [24]. The electron beam is focused on a limited area of the sample, which
makes it possible to map its surface elements. This is useful to understand the
sample surface's atomic composition given in % atoms or to check for contaminants
on the sample, if any.

2.3 Electrical Characterization Techniques

2.3.1 Electrochemical Impedance Spectroscopy (EIS)

EIS stands for Electrochemical Impedance Spectroscopy. It is a technique which is
used to measure the impedance characteristics of an electrochemical system over a
range of frequencies. When an oscillating voltage is applied to an electrochemical
cell, it oscillates at an angular frequency df and the corresponding current response
has an angular frequency df along with a phase shift . Analogous to an electrical
circuit, this phase di erence is caused due to components such as capacitors and
inductors.

Impedance (Z) consists of two di erent components: a real "resistive" parZ) and

an imaginary "reactive" part 9. The real part is an analog of resistance in a DC
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2. Theory

system, whereas the imaginary part is due to the AC excitation, which will cause
an oscillating component.

Z=2%iz% (2.1)

An expression similar to Ohm's law helps in calculating the impedance of the system
as
Ei: _ Eosin(it) _ 7 sin('t )

z=—"

. losin(t + ) “Csin(t + ) (2.2)

Impedance is therefore expressed in terms of a magnitude, Zo, and a phase shift

The fundamental principle of the EIS testing involves applying either a sinusoidal
current (Galvanostatic EIS) or voltage (Potentiostatic EIS) to the cell and measuring
the resulting characteristic response, which is dependent on the cell's impedance (Z)
and the phase angle [25]. The application of this technique helps to characterize
di erent processes evolving within the cell [26]. Furthermore, it is known as a
non-destructive and dependable method capable of pinpointing the source of cell
degradation processes and revealing certain aging e ects that are challenging to
detect using conventional testing methods [27].

Any uctuation in the magnitude of di erent parameters such as current, SOC (State

of Charge), voltage and temperature can in uence the impedance and consequently
the resultant EIS curve. The real and imaginary parts of the impedance are usually
represented in what is called as a Nyquist plot which is a complex plane having
the real part of the impedance Z.5) In the x axis and the imaginary part of
the impedance Zinag) plotted on the y axis. In the plot the points corelate to a
particular frequency. A Bode plot is also used to represent the phase and magnitude
of the impedance in the y axis with corresponding frequency in the x axis.

Classical EIS tests need to ful Il four criteria [28]:

1. Linearity: In response to the applied signal, the resulting signal must show a
linear response.

2. Stability: The electrochemical system must remain stable over time and should
revert to its original state without any uctuations once the applied signal is
stopped.

3. Causality: The response signal must be caused by and must be only dependent
on the applied signal.

4. Finiteness: The impedance values must be nite over the entire frequency
range. The system, at any frequency, should not de ne in nite or unde ned
impedance values.

2.3.1.1 Equivalent Circuit Models (ECM's)

An approach to evaluate the impedance data is to model the system being inves-
tigated, using an equivalent circuit (EC) method. This model basically tries to
simulate the experimental response received from the system with a signal resulting
from an electrical circuit using a combination of electrical components like inductors,
resistors and capacitors. The Nyquist plot is split into three regions: namely the
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ohmic region (frequency above 1 kHz), the Mid-frequency region (frequency interval
between 1000 Hz and 0.1 Hz) and the low-frequency region (frequency lower than
0.1 Hz) [26].

Figure 2.5: Typical Nyquist plot for a Li-ion cell. Figure taken from [4]

Some elements and equivalent circuit models are mentioned below.

Warburg (W) element: This element describes the di usion mechanism at low fre-
guencies. Several models of the Warburg element are found depending on the con-
ditions governing the problem [26].

Figure 2.6: A single Warburg element

Constant Phase Element (CPE) and Double layer capacitanc€): The contribu-
tion of the double layer is represented byCy. The CPE element accounts for the
double layer's non-ideal behavior, which di ers from that of the capacitance. It is
used to explain the dispersion e ect and operates similarly to a capacitor when its
exponent is equal to 1, and resistance characteristics are indicated when its exponent
is equal to O [26]. It is represented by 2.3 [29].

1

Zcpe = W (2.3)

Where, C represents the value for double layer capacitancke,the frequency and the
factor n varies between 0 and 1.
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Figure 2.7: A single CPE element

Randles Circuit: This circuit (Figure 2.8) consists ofRe (the resistance resulting
from the electrodes, the electrolyte and current collectors, etc.) in series with a
parallel connection comprising ofR. (the estimated resistance corresponding to
the faradaic reaction), the Warburg element and a CPE. If the Warburg element
is removed from the circuit, a so-called simplied Randles circuit (Figure 2.9) is
obtained. [30, 31]

Figure 2.8: Randles circuit

Figure 2.9: A simpli ed Randles circuit with CPE in parallel with R

2.3.2 Charge & Discharge of a Li-ion Cell

Charging and discharging in cells are done using galvanostatic/constant current
(CC) and potentiostatic/constant voltage (CV) cycling methods. In both of these

methods, either a constant current or a constant voltage is applied to the cell until a
speci ed limit is triggered. In the CC method, voltage is used as the limit, whereas
in the CV method, current is the limit. Time can also be used as one of the limits
in combination with the aforementioned limits. For this thesis, in the CC step, a

constant C-rate is applied, until a set voltage limit is reached. A charging rate of
0.5 C means that the cell will be charged in 2 hours (120 minutes), while a rate of 1
C would mean the cell will be charged in an hour. If the cell is undergoing CC-CV
charging, then the C-rate and cut-o voltage limits are set for the test. The cell
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is then charged at that particular C-rate until the cut-o voltage is reached, after
which the test is switched to CV charging. The CV step ensures that the cell reaches
full charge. Figure 2.10 represents an example of a CC-CV pro le.

Figure 2.10: An example of CC-CV pro le

2.3.3 Current Pulse Method

In this method, the DCIR of the cell during charge or discharge using a CC pulse
Is evaluated by monitoring the voltage pro le. Figure 2.11 represents an example of
such a pro le. This resistance is calculated using Ohms law given by:

_ Vi Vo ]V

jle a1

Here, su x 1: is the time at which the pulse is applied, and su x 2 is: the time at
which the resistance is measured.

(2.4)

Figure 2.11: Voltage and current pro le

2.3.4 Reference Performance Test (RPT)

The Reference Performance Test (RPT) is performed at a certain temperature to
test the state of health (SOH) of the cell and can also involve dierent tests to
assess the capacity and internal resistance of the cell. Cell capacity is assessed using
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CC-CV charge and discharge until the cell reaches the minimum voltage provided
by the cell manufacturer. The resistance is determined through Ohm's law after
applying a speci ¢ current pulse for a de ned period.

This test is non-destructive, and it is supposed to not expose the cells under test to
extreme conditions while characterizing their kinetic and thermal changes [26]. The

cell's capacity is determined at C/3 (discharge in 3 hours) rate and can be followed

by pulse tests, which are done to determine the DCIR of the cell. Similarly, more

steps could be added (for example, EIS test) to such a protocol, depending on what
the area of interest is for the particular cell.

2.3.5 Rate Capability Test (RCT)

The rate capability test is performed to evaluate the change in capacity of the cell as
a function of C-rate. These tests compare the cell's capacity at various C-rates and
temperatures to assess its performance. By examining the capacity variations across
di erent C-rates, the RCT provides information about the cell-internal resistance
and its impact on overall performance.

This test is done to analyze the capacity retention, voltage pro le during charge &
discharge and thermal performance of the cell at high and low C-rates [32]. These
tests are also done to understand if there is any discrepancy between the current
limits from the manufacturer to the actual limits of the cell [33].
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Experimental Set-up

In this section the tools and methods used to perform cell teardown, characteriza-
tion of the harvested material and electrical characterization of the cell have been
described.

3.1 Test Object (TO)

A commercial-grade, large-format 4680 Li-ion cylindrical cell from BYD has been
used throughout this thesis work. The positive and negative electrodes of the cell
are LFP and graphite, respectively. Pictures of the cell are given in Figure 3.1.

Figure 3.1: Figure depicting the positive and negative terminals of the T.O

Parameter Values
Capacity at 0.5C 15.3 Ah
Max charge voltage | 3.6 V
Discharge end voltage 2.0 V

Table 3.1: Capacity and voltage values for the T.O

3.2 Cell Teardown Process

To examine the various components within the cell, several test objects were opened
in an argon- lled glovebox, ensuring an inert atmosphere. The dimensions of speci c
components, such as the anode, cathode and separator were measured, including the
anode overhang. Further characterization of these components were conducted to
understand key aspects such as the material used for the cathode, anode & separator,
the thickness of the active material coating on the electrodes, and the particle sizes
of the cathode and anode.
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3.2.1 Preparation for Cell-Teardown

Before the test object undergoes teardown in the glove box, it has to be prepared
for the process. The preparation involves two steps and they are highlighted below:

3.2.1.1 X-ray Computed Tomography (XCT) Scanning

In this study, an XCT scan was done for the cell. The scans were compared
to the teardown images of the BYD cell. The XCT machine is from RX Solu-
tions brand and operates using XAct software, with additional post-processing
capabilities provided by VgStudio.

The X-ray source in the machine can operate at 110, 130 or 150kV (upto
230kV) with a Cu Iter and has a maximum sample size capacity of 350 x
500mm. The nalized scans are processed and segmented using the myVGL
software by VOLUME GRAPHICS.

3.2.1.2 Cell Discharge

Before the teardown, the cell was discharged to 0% SOC to minimize the conse-
guences due to short circuits during the cell-opening process within the glovebox.
The TO was discharged at C/3 and 2%C until the minimum voltage corresponding

to 0% SOC was achieved represented by Table 3.1.

3.3 Cell-Opening Methodology

This section will highlight the two di erent work methodologies explored while
preparing the cell for its opening. Both methods employ a glove box to retrieve
the jelly roll from the cell.

3.3.1 Glove Box Setup
The glovebox model used for this thesis is a GS Mega manufactured by Svenska

Labex AB. Ideally, the O, and H,O levels must be lower than 1 ppm [34].

3.3.2 Method 1: Using hand tools (Plier and Wire cutter)

This method involves opening the cell entirely within the glove box using only hand
tools, such as various types of pliers and wire cutters.

The green plastic Im (shrink sleeve) covering the cell housing is gently peeled
o with pliers and sharp ceramic tweezers. The insulation ring as shown
in Figure 3.2, positioned to avoid short circuits with the outer can, is also
removed. The cell is then secured in a holder to continue with disassembly.
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Figure 3.2: Removing the insulation ring with ceramic tweezers and mounting the
cell on the jig for teardown

The cell casing is cut just below the positive terminal (cathode) using a hand-
held pipe cutter, carefully revolving it along the crimp. This cutting position
was determined using the XCT scan. The metal housing cap is then opened
around the crimp, as shown in Figure 3.3.

Figure 3.3: Using a pipe cutter the positive cap as seen in Figure 3.1 was opened
to reveal the plastic ring separating the Al tabs from the casing

After opening the positive cap, a plastic pipette was inserted into the hollow
mandrel for sampling any possible electrolyte. This was sealed in a vial for
further analysis.

Figure 3.4: Plastic pipette being used to collect any possible electrolyte

After removing the cap, small notches were made around the circumference of
the open part of the casing using a wire cutter, as depicted in Figure 3.5. This
weakens the casing, making it easier to open with pliers in the next stage.
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