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Abstract
This study explored the effects of mechanical loads on Li-ion pouch cells
by considering their operation under laboratory conditions.
The focus of
the research conducted was exploratory in nature with the aim of developing
advanced experimental methods and techniques to answer a specific research
question motivating this work: “Do mechanical events influence the electrochemical
performance of Li-ion batteries? ”. In order to address this research question,
the following goals were targeted: 1) study the effects of high g impacts on the
cell performance and investigate the extent of cell damage under such an event,
2) examine the influence of mechanical bending loads on cells and ageing effects
introduced on the cell performance.
In the context of studying the effects of high g pulses and mechanical bending load
on the electrochemical performance of Li-ion batteries, a comprehensive analysis of
the internal impedance and capacity measurements was undertaken. Throughout
the entire study, none of the analyses established any signs of statistically significant
relationships between the specified electrochemical parameters. This study therefore
finds that high g pulses and external mechanical bending load have no adverse
influences on the electrochemical characteristics of Li-ion batteries in use, within
the bounds of the investigation, as no evidence of electrochemical performance
degradation by the effects of such events were substantiated.
The study examined the influence of charge/discharge cycles on the load
relaxation characteristics of a cell retained under bending deformation, by
quantifying its structural evolution prior to and post electrochemical cycling using
X-ray CT. It was ascertained that a cell subjected to a constant bending deformation
during electrochemical cycling experienced a healing effect, owing to its viscoelastic
properties and volume expansion of the electrodes during charging and discharging.
The work shows tantalising evidence that external mechanical load on a cell
may provide possibilities to improve its electrochemical characteristics. It is
recommended that this phenomena is investigated further.
i

Declaration
I hereby declare that the research presented in this dissertation is my own work,
except where appropriately referenced or acknowledged.

Nasrin Shahed khah

Rights granted to the University of Warwick and the British Library and the user of
the thesis through this agreement are non-exclusive. I retain all rights in the thesis
in its present version or future versions. I agree that the institutional repository
administrators and the British Library or their agents may, without changing
content, digitise and migrate the thesis to any medium or format for the purpose of
future preservation and accessibility.
ii

Acknowledgements
First and foremost, I would like to acknowledge Prof. Richard Dashwood and Dr.
Gregory Offer for the opportunity to pursue this research, and Jaguar Land Rover
for their financial contribution toward the completion of the work.
In particular, I would like to extend my genuine gratitude to Dr. Gregory Offer
who has guided me and supported me with incredible patience for many years,
and has been fundamental in shaping this work from the initial idea to the final
outcome. Above all else, I am extremely grateful for his continuous mentorship
and encouragement through difficult stages of this work. I have been privileged to
experience working with him and his team at Imperial College London for the past
seven years and have learned skills that will be invaluable as I begin my career, and
for that I am greatly appreciative.
I would also like to extend my gratitude to Dr. Darren Hughes, who has supported
me through many ups and downs in the past twelve months and provided me with
understanding during the most difficult stages of this work. I would have not
been able to reach the required standards if it had not been for the continuous
understanding and support from him and his team, for which I am enormously
grateful.
I wish to thank Prof. Richard Dashwood and Dr. Yatish Patel for their guidance
during the early stages of this work and for maintaining their continuous positive
influence towards its completion. In addition, I would like to thank Prof. Dave
Greenwood for his professional and technical guidance throughout the challenging
last stages of this work.
My special gratitude goes to all past and present colleagues and friends within
WMG and JLR, specially Hoda Amel, Shane Beattie, Michael Brunell, Laura
Gendre, Georgina Haslop, Philippa Heigl, Jim Hooper, Malachy Hughes, Marcus
Jahn, Nick Kalargeros, Romeo Malik, Christopher Micallef, Hadi Moztarzadeh,
Jason Page, Shivali Pai, Ian Palmer, Mahdad Sadeghi, Lauren Schrock, Arun
Thanikachalam and Dhammika Widanalage, who have each encouraged and helped
iii

me in completing this work in various shapes and forms.
I am especially thankful to Elspeth Keating who has stayed close to me through
the final stretch of my PhD journey and calmed me when I needed words of
encouragement. I also thank my close friends Aneesa, Donya, Elnaz, Mahya,
Mariam, Niloufar, Pari, Sara, Sarah and Siavash for their friendship, incredible
support and dependable presence.
Last and most importantly, I would like to thank my family for their love,
encouragement and support. This work is heartily dedicated to Mo.Reza, Rose
and Yaghoub.

iv

If one day I return to these pages when I am older and wiser, I
hope the struggles that laid their foundations will, over the passage of
time, have provided me with the strength and courage to believe in the
improbable.
NSK

v

Contents
Abstract

i

Declaration

ii

Acknowledgements

iii

Dedication

v

Contents

vi

List of Figures

ix

List of Tables

xiv

Glossary

xv

Nomenclature
1 Introduction
1.1 Background . . . .
1.2 Rationale . . . . .
1.3 Problem statement
1.4 Outline . . . . . . .

xvii

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

2 Fundamentals and literature review
2.1 Electric vehicle technology . . . . . . . . . . . . . . . . . . . . . .
2.1.1 A brief history of electric vehicles – The beginning to date
2.1.2 Batteries for electric vehicles – Fundamentals . . . . . . .
2.1.3 Designer choice of battery . . . . . . . . . . . . . . . . . .
2.1.4 Li-ion batteries . . . . . . . . . . . . . . . . . . . . . . . .

vi

.
.
.
.

.
.
.
.
.

.
.
.
.

1
1
5
6
7

.
.
.
.
.

9
9
10
12
13
14

2.2

2.3
2.4

2.5

Response to mechanical events . . . . . . . . . . . . . . . . . . . . .
2.2.1 Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.1.1 Interim summary . . . . . . . . . . . . . . . . . . .
2.2.2 Durability and performance . . . . . . . . . . . . . . . . . .
2.2.2.1 Interim summary . . . . . . . . . . . . . . . . . . .
Degradation mechanisms in Li-ion batteries . . . . . . . . . . . . .
Characterisation techniques for Li-ion batteries . . . . . . . . . . .
2.4.1 Electrochemical cycling . . . . . . . . . . . . . . . . . . . . .
2.4.2 Electrochemical Impedance Spectroscopy . . . . . . . . . . .
2.4.3 X-ray computed tomography . . . . . . . . . . . . . . . . . .
Summary of the literature review, gaps in the current knowledge and
working hypotheses . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.

16
17
30
31
41
41
44
44
45
49

. 51

3 Methodology
3.1 Standard experimental work . . . . . . . . . . . . . . . . . . . . . . .
3.1.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . .
3.1.2 Thermal conditioning . . . . . . . . . . . . . . . . . . . . . . .
3.1.3 Performance characterisation prior to experiment . . . . . . .
3.2 Development of advanced techniques . . . . . . . . . . . . . . . . . .
3.2.1 High g pulse tests . . . . . . . . . . . . . . . . . . . . . . . . .
3.2.1.1 Design of the test rig . . . . . . . . . . . . . . . . . .
3.2.1.2 A laboratory method for pulse testing . . . . . . . .
3.2.1.3 Preliminary high g pulse tests – dummy cells . . . .
3.2.2 Three point bend testing . . . . . . . . . . . . . . . . . . . . .
3.2.2.1 Preliminary three point bending tests using
Shimadzu universal test frame . . . . . . . . . . . . .
3.2.2.2 Three point bend testing using a custom built fixture
3.2.2.3 X-ray computed tomography of a Li-ion battery
under bending deformation . . . . . . . . . . . . . .

54
54
54
56
57
60
60
61
62
64
68

4 Results and discussion
4.1 High g pulse tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1.1 Impedance studies . . . . . . . . . . . . . . . . . . . . . . . .
4.1.1.1 Variations in electrochemical performance among–cells
4.1.2 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . .
4.1.2.1 Fitting linear mixed–effects model . . . . . . . . . .

77
77
78
84
88
90

vii

69
71
74

4.1.3

4.1.4
4.2

Three
4.2.1
4.2.2

4.2.3
4.2.4

Impact of high g pulse tests on the electrochemical
performance of Li-ion battery cells . . . . . . . . . . . . . .
4.1.3.1 Variation of impedance characteristics of the cells as
a function of storage time . . . . . . . . . . . . . .
4.1.3.2 Variation of impedance characteristics of the cells as
a function of electrochemical cycling . . . . . . . .
4.1.3.3 Variation of overall cell impedance as a function of
storage time and electrochemical cycling . . . . . .
4.1.3.4 Variation of discharge capacity with cycle number .
Summary of the effects of high g pulses on electrochemical
performance . . . . . . . . . . . . . . . . . . . . . . . . . . .
point bending tests . . . . . . . . . . . . . . . . . . . . . . .
Mechanical load evolution as a function of time and
electrochemical cycling . . . . . . . . . . . . . . . . . . . . .
Impact of three point bending tests on the electrochemical
performance of Li-ion battery cells . . . . . . . . . . . . . .
4.2.2.1 Variation of discharge capacity with cycle number .
4.2.2.2 Influence of mechanical bending on the impedance
characteristics of the cells . . . . . . . . . . . . . .
X-ray computed tomography analysis . . . . . . . . . . . . .
Summary of the effects of mechanical bending load on
electrochemical performance . . . . . . . . . . . . . . . . . .

. 95
. 95
. 99
. 102
. 103
. 105
. 110
. 110
. 114
. 114
. 117
. 126
. 133

5 Conclusions and perceived contribution to knowledge and practice138
5.1 Do high g pulses influence the electrochemical performance of Li-ion
batteries? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.2 Do externally imposed three point bending load influence the
electrochemical performance of Li-ion batteries? . . . . . . . . . . . . 140
6 Future work

142

References

145

A Summary tables of linear mixed–effects models

156

viii

List of Figures
1.1
1.2
1.3

Energy consumption by sector in UK since 1970 [4] . . . . . . . . . .
Global energy-related CO2 emissions by sector in 2014 [6] . . . . . . .
Passenger car low carbon technology road map [10] . . . . . . . . . .

2
3
4

2.1
2.2

Baker Runabout in 1893 [12] . . . . . . . . . . . . . . . . . . . . . . .
Ragone plot showing power and energy capabilities for a range of
batteries for different electrochemical devices [26] . . . . . . . . . . .
Li-ion cell schematic [21] . . . . . . . . . . . . . . . . . . . . . . . . .
High energy NMC KOKAM cell spider chart [32] . . . . . . . . . . .
Load–displacement and voltage from hemispherical punch indentation
[38] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Comparison of the average stress–volumetric strain of the cylindrical
battery and the local stress–strain curve of the rectilinear battery [38]
Detecting the point of short circuit in indentation test from force,
voltage, temperature measurement (left) and deformed shape of the
cell (right) [36] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Indentation of small pouch and 18650 cylindrical cells. Area E1 and
E2 represent the amount of energy absorbed up to the onset of short
circuit [36] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Force, displacement, voltage and temperature measurements during
three point bending test [36] . . . . . . . . . . . . . . . . . . . . . . .
Surface temperature of battery cell during nail penetration test[45] . .
The dependency of ignition and fire points on heat generation and
dissipation rates [42] . . . . . . . . . . . . . . . . . . . . . . . . . . .
Load–displacement and voltage curves for bending test of the
cylindrical cell [35] . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Deformed cell and computed tomography for the load case bending [35]
Flat compression test results, small and medium pouch cells [33] . . .

10

2.3
2.4
2.5
2.6
2.7

2.8

2.9
2.10
2.11
2.12
2.13
2.14

ix

13
15
16
19
20

21

22
23
24
25
26
27
28

2.15 Inflation of the small cell(a) and the medium cell(b) under punch
indentations [33] . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.16 Cylindrical cell with no central core indented parallel to the cell axis
until shorting. The shorting caused an energetic thermal runaway
(left). The image of the cell shows significant damages to the
electrodes and a collapse into the open central cavity (right) [20] . .
2.17 Cylindrical cell with central core indented normal to the cell axis until
shorting. The image of the cell shows that the electrode layers remain
largely in place upon indentation [20] . . . . . . . . . . . . . . . . .
2.18 Indentation process of a punch tip with rotation into the battery pack
[51] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.19 Measured a) internal resistance Ri and b) capacity at periodical
check-ups before and after every run of UN 38.3 T3 profile [15] . . .
2.20 Mechanical deformation visible in the CT image of 18650 cell after
300 shocks in z-direction according to UN 38.3 T4 [15] . . . . . . .
2.21 Comparison of durability profiles in the z-axis with the SAE-J2380
standard [16] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.22 Stack stress evolution of cells at early times [54] . . . . . . . . . . .
2.23 Stack stress evolution as a function of cycle number. Changes in
the initial stack pressure have a direct effect on the nature of the
subsequent stress evolution in the cell [54] . . . . . . . . . . . . . .
2.24 Capacity averaged for overall three cells at each stack pressure as a
function of cycle number [54] . . . . . . . . . . . . . . . . . . . . . .
2.25 EIS spectra of a fully charged battery at different cycles through to
failure [56] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.26 Fresh and failed battery cell (left) and their respective CT scans
(right) [56] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.27 Degradation mechanisms of Li-ion batteries [65] . . . . . . . . . . .
2.28 Cause and effect of degradation mechanisms and associated
degradation modes[65] . . . . . . . . . . . . . . . . . . . . . . . . .
2.29 A typical CC-CV charging profile of 18650 cylindrical Li-ion battery
[68] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.30 Most prominent loss processes in Li-ion cell with a LiFePO4 cathode
structure [73] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.31 Nyquist plot of a Li-ion cell showing individual mechanisms [80] . .
2.32 A typical Randle equivalent circuit model [81] . . . . . . . . . . . .
x

. 28

. 29

. 30
. 32
. 33
. 34
. 36
. 37

. 37
. 38
. 40
. 40
. 43
. 43
. 45
. 46
. 48
. 49

2.33 Schematic representation of computed tomography process using a
cone beam configuration [84] . . . . . . . . . . . . . . . . . . . . . . . 50
3.1

Experimental setup of cell connection using four terminal sensing
method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Experimental setup illustrating the arrangement of the battery cells
inside the thermal chamber . . . . . . . . . . . . . . . . . . . . . .
3.3 Manufactured fixture used to secure the battery cells on the impactor
plate of the drop tower . . . . . . . . . . . . . . . . . . . . . . . . .
3.4 Experimental setup; Instron drop tower with pouch cell Li-ion
batteries in place. a: accelerometers; b: batteries . . . . . . . . . .
3.5 Dummy pouch cell manufacturing process . . . . . . . . . . . . . .
3.6 Illustration of the dummy cells mounted on the fixture secured to the
impactor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.7 Test setup for three point bending test on Li-ion battery cells using
a Shimadzu tensile test machine . . . . . . . . . . . . . . . . . . . .
3.8 Load relaxation regime of the cell kept under bending deformation as
a function of time . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.9 Custom built fixture incorporating a three point bend setup . . . .
3.10 Test setup adopted for three point bending of a Li-ion pouch cell
inside a thermal chamber . . . . . . . . . . . . . . . . . . . . . . . .
3.11 Internal setup of ZEISS Xradia 520 Versa with the three point bend
fixture secured on the sample stage . . . . . . . . . . . . . . . . . .
4.1

4.2
4.3
4.4
4.5

EIS plots of Li-ion battery cells at 5% SOC (A , B) and (C , D) at
100% SOC levels; A and C: Li-ion battery cells taken as references;
B and D: Li-ion battery cells exposed to high g pulses (evolution of
impedance follows the sign) . . . . . . . . . . . . . . . . . . . . . .
Equivalent circuit proposed for the analysis of EIS plots for the
current study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The Nyquist plot of a Li-ion battery cell at 5% SOC level was fitted
using the established ECM in Z-view software . . . . . . . . . . . .
Estimated impedances during storage post–drop (A — C). Series
impedance (A); SEI impedance (B); charge transfer impedance (C)
Estimated impedances during electrochemical cycling post–drop (A
— C). Series impedance (A); SEI impedance (B); charge transfer
impedance (C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
xi

. 55
. 58
. 61
. 63
. 67
. 68
. 70
. 71
. 72
. 73
. 75

. 79
. 81
. 82
. 83

. 85

4.6

4.7
4.8

4.9

4.10

4.11
4.12

4.13
4.14
4.15
4.16
4.17

Discharge capacity and series impedance of 11 reference cells during
electrochemical cycling. A: Individual regression fits for discharge
capacity (cycles 1–55); B: Individual regression fits for estimated
series impedance . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Boxplots of the estimated intercepts and regression coefficients of
individual cells (series impedance during storage post–drop) . . . .
Linear mixed–effect plots demonstrating the overall average of the
impedance estimates with corresponding 95% confidence intervals:
during storage post–drop (A — C); during electrochemical cycling
post–drop (D — F). Series impedance (A , D); SEI impedance (B ,
E); charge transfer impedance (C , F) . . . . . . . . . . . . . . . .
Linear mixed–effect plots demonstrating the average of the total
impedance estimates with corresponding 95% confidence intervals:
during storage post–drop (A); during electrochemical cycling
post–drop (B) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Discharge capacity profiles during post–drop electrochemical cycling.
(A) Individual cells with linear regression estimates (cycles 1-55); (B)
Linear mixed–effect plot demonstrating the average of the capacity
retention estimates with corresponding 95% confidence intervals . .
Acceleration profiles collected from the high g pulse test; (A)
acceleration pulses, (B) relative acceleration . . . . . . . . . . . . .
Mechanical load evolution of the cell constrained under bending
deformation. (A) load relaxation regime of the cell as a function
of time; (B) load evolution as a function of electrochemical cycling;
(C) load relaxation post electrochemical cycling . . . . . . . . . . .
Discharge capacity profiles of Li-ion battery cells during post–bend
electrochemical cycling (cycles 1-55) . . . . . . . . . . . . . . . . . .
Estimated means of capacity retention with the corresponding 95%
confidence intervals (cycles 1-55) . . . . . . . . . . . . . . . . . . . .
EIS plots of a Li-ion battery cell at 50% SOC prior to, during and
post application of the bending load for a duration of 30 minutes . .
Estimated series impedance responses prior to, during and post
application of the bending load for a duration of 30 minutes . . . .
Estimated means of the absolute variation in series impedances with
the corresponding 95% confidence intervals . . . . . . . . . . . . . .

xii

. 86
. 92

. 96

. 103

. 104
. 107

. 111
. 114
. 116
. 118
. 119
. 120

4.18 Estimated impedances during electrochemical cycling post–bending;
series impedance (A); SEI layer impedance (B); charge transfer
impedance (C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
4.19 Estimated means of the absolute variation in series impedances during
electrochemical cycling with the corresponding 95% confidence intervals123
4.20 Estimated means of the absolute variation in SEI layer impedances
during electrochemical cycling with the corresponding 95% confidence
intervals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
4.21 Estimated means of the absolute variation in charge transfer
impedances during electrochemical cycling with the corresponding
95% confidence intervals . . . . . . . . . . . . . . . . . . . . . . . . . 125
4.22 Acquired CT scan of a cell prior to bending deformation . . . . . . . 126
4.23 Acquired CT scans of the cell constrained under bending deformation
prior to and post electrochemical cycling; CT scans demonstrating
the cross sections of the cell proximate to support roller A (A , C);
CT scans demonstrating the cross sections of the cell proximate to
support roller B (B , D) . . . . . . . . . . . . . . . . . . . . . . . . . 127
4.24 Superimposed cross sectional CT scans of the cell constrained under
bending deformation prior to and post electrochemical cycling by
taking support rollers as the reference points . . . . . . . . . . . . . . 129
4.25 Superimposed cross sectional CT scans of the cell constrained under
bending deformation prior to and post electrochemical cycling by
taking the pouch material as the reference points . . . . . . . . . . . 130
4.26 An illustration of grayscale analysis by superimposing the cross
sectional CT scans of the cell prior to and post electrochemical cycling
by taking pouch material as the reference points . . . . . . . . . . . . 131
4.27 The measured displacement between the copper current collectors
prior to and post electrochemical cycling from the top electrodes
to the bottom electrodes proximate to the support roller A
(measurement error is shown as error bar) . . . . . . . . . . . . . . . 132
4.28 The measured displacement between the copper current collectors
prior to and post electrochemical cycling from the top electrodes
to the bottom electrodes proximate to the support roller B
(measurement error is shown as error bar) . . . . . . . . . . . . . . . 132
4.29 Schematic depiction of the stress profile experienced by the central
layers of the cell constrained under bending deformation [106] . . . . 133
xiii

List of Tables
3.1
3.2
3.3
3.4
3.5

Performance characterisation protocol prior to mechanical tests . .
Adopted protocol for EIS measurements . . . . . . . . . . . . . . .
Two-factor experimental design . . . . . . . . . . . . . . . . . . . .
Performance characterisation protocol post drop testing . . . . . . .
Performance characterisation protocol adopted for Li-ion pouch cells
subjected to bending load . . . . . . . . . . . . . . . . . . . . . . .
Adopted protocol for X-ray CT of a Li-ion pouch cell under bending
deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. 76

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10

Regression coefficients of individual cells . . . . . . . . . . . . .
Estimated means of slopes for series impedance . . . . . . . . .
Estimated means of slopes for capacity . . . . . . . . . . . . . .
Summary of LME.1 model . . . . . . . . . . . . . . . . . . . . .
Summary of LME.4 model . . . . . . . . . . . . . . . . . . . . .
Summary of LME.5 model . . . . . . . . . . . . . . . . . . . . .
Means of capacity retention . . . . . . . . . . . . . . . . . . . .
Regression coefficients of individual cells . . . . . . . . . . . . .
Estimated means of slopes for capacity retention . . . . . . . . .
Estimated means of the absolute variation in series impedances

.
.
.
.
.
.
.
.
.
.

A.1
A.2
A.3
A.4
A.5
A.6
A.7

Series impedance during storage after drop test . . . . . . . .
SEI layer impedance during storage after drop test . . . . . .
Charge transfer impedance during storage after drop test . . .
Series impedance during electrochemical cycling after storage .
SEI impedance during electrochemical cycling after storage . .
Charge transfer impedance during electrochemical cycling after
Capacity during electrochemical cycling after storage . . . . .

3.6

xiv

.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.

.
.
.
.

59
60
64
65

. 74

87
87
87
91
94
95
116
117
117
119

. . . . 156
. . . . 157
. . . . 157
. . . . 157
. . . . 158
storage158
. . . . 158

Glossary
Anova
BEV
BS
CAE
CC
CI
CPE
CV
DC
DL
DMC
EC
ECM
EIS
EV
FCEV
GHG
HEV
ICE
ICEV
IEA
LFP
LME
LTO
MCMB
MH
Mtoe

Analysis of Variance.
Battery Electric Vehicle.
British Standards.
Computer Aided Engineering.
Constant Current.
Confidence Interval.
Constant Phase Element.
Constant Voltage.
Direct Current.
Double Layer.
Dimethyl Carbonate.
Ethylene Carbonate.
Equivalent Circuit Model.
Electrochemical Impedance Spectroscopy.
Electric Vehicle.
Fuel Cell Electric Vehicle.
Greenhouse Gas.
Hybrid Electric Vehicle.
Internal Combustion Engine.
Internal Combustion Engine Vehicle.
International Energy Agency.
Lithium Iron Phosphate.
Linear Mixed Effect.
Lithium Titanate.
Mesocarbon Microbeads.
Metal Hydride.
Million tonnes of oil equivalent.

xv

NCA
NMC
OCV
OEM
p-value
PHEV
Pixel
SAE
SD
SE
SEI
SEM
SOC
UN
UNFCCC
Voxel
X-ray CT

Nickel Cobalt Aluminum Oxide.
Nickel Manganese Cobalt Oxide.
Open Circuit Voltage.
Original Equipment Manufacture.
Probability Value.
Plug-In Hybrid Electric Vehicle.
Picture Element.
Society of Automotive Engineers.
Standard Deviation.
Standard Error.
Solid Electrolyte Interphase.
Scanning Electron Microscope.
State of Charge.
United Nations.
United Nations Framework Convention on Climate Change.
Volume Element.
X-ray Computed Tomography.

xvi

Nomenclature
Symbol
η
Al
CO2
Cu
C
Ea
E
F
I
LiC 6
LiCoO2
LiM O2
LiP F 6
Li+
Li
N 2O
N iCd
N iM H
Ru
R
T
V
σ
f
g
k
t

Description
Viscosity
Aluminium
Carbon Dioxide
Copper
Capacity
Activation Energy
Young’s Modulus
Force
Current
Lithiated Graphite
Lithium Cobalt Oxide
Lithium Metal Oxide
Lithium Hexafluorophosphate
Lithium Ion
Lithium
Nitrogen Oxide
Nickel Cadmium
Nickel Metal Hydride
Universal Gas Constant
Electrical Resistance
Temperature
Electrical Potential
Stress
Frequency
Gravitational Constant
Rate of Reaction
Time
xvii

Unit
[m2 /s]
[-]
[-]
[-]
[Ah]
[J]
[N/m2 ]
[N]
[A]
[-]
[-]
[-]
[-]
[-]
[-]
[-]
[-]
[-]
[J/mol K]
[Ω]
[o C]
[V]
[N/m2 ]
[Hz]
[m/s2 ]
[1/s]
[s]

Chapter 1
Introduction
The transport sector is important for socio-economic growth, international trade
and movement of people, goods and services. Emissions from the transport sector,
in particular road transport directly impacts the atmosphere, climate change and
air quality. This sector is considered as the principal source of atmospheric pollution
and therefore the pressure is to reduce vehicle emissions and encourage more drivers
to switch to electric vehicles (EVs). The following sections ascertain the challenges
that the transport sector is currently facing (1.1), emphasising the future need for
EVs, justifying the importance in gaining an understanding of EV safety limits and
abuse tolerances under various operating conditions (1.2) and as a final point, the
research question will be defined (1.3).

1.1

Background

The transport sector first accounted for the largest proportion of energy consumption
in the UK in 1988 and has preserved its dominance since (see Figure 1.1). The
majority of the observed increase in total energy consumption was due to road
transport with a surge in mobility and rate of car ownerships directly impacting the
transition in this sector. Between the period 1970 to 2014, energy consumption by
road transport increased by 87%, a significant rise from 21.3 Mtoe (Million tonnes
of oil equivalent) to 40 Mtoe [1].
In general, growing world energy demands from fossil fuels presents the largest
source of greenhouse gas (GHG) emissions [2]. Consequently, rising energy
consumption in road transport has led to growing concerns over environmental
damage and poor air quality. Combustion emissions are a major contributor to

1

CHAPTER 1. INTRODUCTION

Thousand tonnes of oil equivalent (Ktoe)

air pollution and are known to adversely impact society and human health. In an
internal combustion engine (ICE), CO2 is generated from the oxidation of carbon
in fuel during combustion and this dominates the highest proportion of total GHG
emissions. Also, the generation of particulates and NOx emissions as by-products
of combustion contributes to the adverse impacts on air quality. In addition,
researchers report that around 40000 premature deaths across the UK are attributed
towards exposure to outdoor air pollution (Financial Times 5th May 2017 [3]). In a
recent address at the Houses of Parliament on the 20th of March 2017 by the minister
of transport, it was therefore conceded that more effort needs to be undertaken in
order to tackle the issue of poor air quality.

Transport

Domestic

Industrial

Service

Figure 1.1: Energy consumption by sector in UK since 1970 [4]
Within the transport sector, road transport has been identified as one of the major
factors contributing to global warming and it is also responsible for a significant
and growing share of global anthropogenic CO2 [5]. In 2014, transport accounted
for 23% of global CO2 emissions from fuel combustion whilst road transport was
responsible for more than 17% of this global measure as can be seen from Figure
1.2. Consequently, increasing world energy demands from fossil fuels plays a key
role in the expected upward trends in CO2 emissions. Despite these drawbacks,
the transport sector continues to be a critical component for human mobility and
economic growth around the world. It is therefore imperative to make immediate
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and substantial progress for partially mitigating the level of CO2 emissions to the
climate. Decarbonising the transport system and improved urban air quality are
essential parts of the solution on the path to a low carbon and sustainable future.
This mission can be accomplished with a shift in new technologies and fuels for
transportation systems.
Electricity & Heat
Transport
Industry

42%

Residential
Other

23%

75%

Road
Air

6%
10%

19%

Rail & other
Transport

Figure 1.2: Global energy-related CO2 emissions by sector in 2014 [6]
According to the Paris Agreement under the United Nations Framework
Convention on Climate Change (UNFCCC), adoption of low emission vehicles should
be accelerated [7]. The transport sector should focus on the introduction of low
emission vehicles, including deployment of 20 million EVs, plug-in hybrid electric
vehicles (PHEVs) and fuel cell electric vehicles (FCEVs) by 2020 [7]. In addition,
the strict emission standards set by energy policies under the Paris Agreement have
led many automotive original equipment manufacturers to adopt clean, affordable
energy and technologies across the vehicle portfolio.
The International Energy Agency (IEA) has also specified alternative powertrain
technologies capable of delivering sustainable road transport system with near-zero
tailpipe emissions [8]. These include Battery Electric Vehicle (BEV), FCEV and
also vehicles which utilise biofuels [5],[9]. The main driving factor behind alternative
technologies are the increasing demands to reduce both vehicle’s fuel consumption
and CO2 emissions. Similarly, legislative requirements and energy policies of most
governments around the world have urged automotive manufacturers in adopting low
carbon fuels, energy resources and new powertrain technologies. These policies have
been encouraged by governments around the world with the objective to provide and
3
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deliver secure, clean and affordable energy vehicle concepts for a sustainable pathway
in the transportation sector. Introduction of EVs are therefore stepping-stone to
success on a course towards decarbonised future (see Figure 1.3). The Automotive
Council UK technology roadmap in Figure 1.3 demonstrates the advances that
will be made in the automotive industry in the coming decades with the focus on
achieving performance efficiently, reducing CO2 emissions and improving air quality.

Figure 1.3: Passenger car low carbon technology road map [10]
Although average new car CO2 emissions have started to decline significantly, the
air quality has not improved at the same rate and is therefore facing new challenges
with regards to other harmful emissions [11]. The advancement of low emission
vehicles are not as effective as expected since vehicles incorporating biofuels and
hybrid technologies offer further improvements in CO2 emissions whilst remaining
a principal contributor to particulates and NOx emissions in the transport sector.
Therefore, the vehicles incorporating full or partial EV capabilities are the preferred
choice from the policy perspective as they eliminate particulates and NOx tailpipe
emissions besides reducing the CO2 emissions.
In conclusion, it can be conceded that the road transport sector is highly impacted
by the volatility of the fossil fuel prices, vehicle’s fuel consumption, emission of GHGs
and air quality. Thereby for a long term solution, the introduction of electric-drive
vehicles have the potential to pave the path towards electrified roads, better air
quality in urban area and reduced noise levels. However, the electrification of
4
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road transport still faces significant hurdles that need to be addressed on a global
level. In particular, high cost of the battery, safety, reliability, carbon intensity of
electricity generation, lack of standardised recharging infrastructure, long charging
times and limited output range are currently seen as major factors opposing the
commercialisation of EVs [6],[7],[12].
EVs are a prospective solution to lower environmental impact if powered by
low carbon electricity or non-fossil fuel energy sources that are capable of offering
zero tailpipe emissions at all times. However, EVs themselves pose challenges for
both battery and vehicle manufacturers. The foundation of any EV is the battery
pack, its design ensuring safety under operation. Each vehicle parameter should
therefore be selected for exceptional dynamic performance, outstanding driveability,
improved safety and better fuel economy, all consolidated at a competitive price for
the consumer.

1.2

Rationale

The evolution of EVs appears to be inevitable as they are regarded as a viable
solution to replace conventional ICE technology in the future. Therefore, the
ultimate goal is to move towards a more intensive usage of EVs for ground
transportation. However, automotive manufacturers are facing critical challenges
in extending market share of EVs. In particular, critical challenges such as cost,
performance, reliability, charging duration and safety are perceived as bottlenecks
opposing the rate of revolution in the EV market.
Vehicle electrification reduces or eliminates the dependence on a non-renewable
resource like petroleum fuel as it relies on an electric drive train to source the power
from rechargeable batteries. At the present time, Li-ion batteries are considered
as the state-of-the-art power sources for many applications, from small cells in
consumer goods to full-size battery packs in large scale applications such as EVs
and grid energy storage. They are regarded as the preferred choice of energy storage
system for EVs due to their unique characteristics such as high energy and power
density, low maintenance, no memory effect, capability of charging and discharging
at rapid rates, slow self-discharge rate, excellent cycle life and their ability to operate
at ambient temperatures [13]. Consequently, better output performance is expected
in terms of range and acceleration for Li-ion battery based EVs in contrast to ICE
vehicles [12],[14].
In recent years, Li-ion batteries in vehicular applications have gained momentum.
5
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These battery cells that find application in an automobile (i.e. Tesla, Chevy bolt,
Nissan Leaf) or an aircraft (Boeing 787 Dreamliner) have the likelihood of being
subjected to inevitable impacts such as mechanical, thermal and electrochemical
stresses in addition to vibrational loads. Hence, the growing demand for Li-ion
batteries in transportation applications emphasises the importance in studying the
effects of these impacts and different vibrational loads on Li-ion batteries in real
world usage.
Over a period of time, transportation vehicles experience cyclic mechanical loads
and are exposed to varying speeds and accelerations. Similarly, the vehicle may
be subjected to abusive mechanical loads under crash events. Although such loads
may have no immediate effect on the performance and safety of batteries, their
cumulative effects in the longer term may be damaging. To put these cumulative
effects in perspective, the need to better understand the long term effects of their
exposure to varying loading conditions and crash pulses becomes more significant.
Despite these concerns, a great deal of research into Li-ion batteries for EVs have
focussed on either optimising energy and power density or addressing safety risks
and durability failures under worst case conditions rather than performance related
concerns [15–21]. Thus, there is a need for a detailed analysis of the long term
effects of operational loads and abusive loads on Li-ion batteries in transportation
applications.

1.3

Problem statement

With increasing use of Li-ion batteries in vehicular applications, the need to provide
baseline knowledge concerning the long term effects of mechanical loading on their
behaviour has amplified. A battery pack in a moving vehicle continually operates
under a range of speeds and accelerations whilst being exposed to varying local
forces. Therefore, it is crucial to foresee how Li-ion batteries behave under frequent
mechanical loads and extreme loading conditions in order to have a life time
prediction of their performance in real operating conditions even if the effects are
not critically detrimental. This is a key factor that aids integration of them inside
an EV.
A predominant criticism on the mechanical evaluation techniques established
in the literature is that they are limited to studying the failure modes, safety
and reliability of Li-ion batteries and they do not truly replicate the conditions
of a field failure subsequent to different loading conditions. It is critical for
6
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battery-powered vehicles to deliver performance in a safe manner and under any
anticipated operating conditions. Thus, it is important to understand the limitations
on performance, transient behaviour and different modes of degradation of Li-ion
batteries under real operating conditions in an electric powertrain. In particular, it
is imperative to understand their abuse tolerances, durability failures, safety limits
and performance characteristics when subjected to frequent operational loads under
mechanical vibration and extreme loading conditions such as crash event.
Although there are studies dedicated to evaluating the effects of crash pulses of
the vehicle and the accelerations transmitted to occupants, there still exists a need
to assess the battery response to extreme loading conditions under a crash event in
the long term. This study therefore aimed to characterise and quantify the effects of
mechanical loads subjected to Li-ion battery cells by considering their application in
severe environments where the event does not lead to a catastrophic failure. As an
effort to address the potential risks besides studying the effects imposed on Li-ion
batteries under extreme loading conditions such as in a vehicle crash, experimental
tests under laboratory conditions such as high g pulse and external mechanical
loading were proposed.
The focus of the research conducted was exploratory in nature with the aim
of developing advanced experimental methods and techniques to answer a specific
research question motivating this work:
• Do mechanical events influence the electrochemical performance of Li-ion
batteries?
In order to address this primary research question, the following goals were targeted:
• Establish sensitivity factors under different mechanical loading conditions
• Study the effects of high g impacts on the cell performance and investigate
the extent of cell damage under such an event
• Examine the influence of mechanical bending loads on cells and ageing effects
introduced on the cell performance

1.4

Outline

The context of the conducted research is presented in six chapters. An introductory
chapter (1) provides a detailed background on the underlying factors motivating
7
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the current research and proposes the research question. To address the research
question, chapter 2 is dedicated to a comprehensive review of the literature,
exploring the state-of-the-art knowledge associated with Li-ion batteries. The
available literature concerning the mechanical events on Li-ion batteries are critically
reviewed in addition to the investigation of the direct effects of such events on
safety, performance and durability. Ultimately, the existing gaps in knowledge are
highlighted and the knowledge gap hypotheses are outlined. Chapter 3 explains the
experimental aspects and methods developed to investigate the nature of mechanical
events on the performance of Li-ion batteries under controlled conditions. The
methodologies are designed and applied in order to address the proposed hypotheses
and bridge the gaps in knowledge. Chapter 4 explores the behaviour of Li-ion
batteries and will primarily focus on the battery performance and degradation.
Furthermore, statistical models are implemented in this chapter to analyse the
interaction between mechanical events and electrochemical performance of Li-ion
batteries thoroughly, as well as addressing the importance of various sensitivity
factors. Ultimately, the main findings are discussed and applied to address the
underlying hypothesis. The penultimate chapter (5) concludes the work and will
consolidate the pertained knowledge to answer the research question. In conclusion,
the scope for further work and improvements will be presented in chapter 6.
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Chapter 2
Fundamentals and literature
review
This chapter evaluates the state-of-the-art research on the effects of mechanical
events on Li-ion batteries. The response of Li-ion batteries to different loading
conditions is explored extensively throughout this chapter, focusing in particular
on the elements of safety, durability and performance subsequent to impacts and
vibration. The purpose is to identify the prevailing challenges and limitations and
ultimately establish the existing gaps in the research.

2.1

Electric vehicle technology

EVs have been in the market for a considerable period of time competing against
ICEVs since the early 1900s. The competition between both technologies is
intense, however ICEVs initially proved to be more attractive and have dominated
the automotive industry for more than a century based upon their exceptional
performance in terms of power, refuelling times and cost. Nevertheless, the research
and development of electric powertrain has continued and the technology has
survived in many niches. Since 1990, the development of Li-ion batteries for portable
electronics and power tools and the establishment of a mature supply chain capable
of providing billions of cells a year at reasonable costs, has made EVs a realistic
prospect again.
The commercialisation of EVs is happening at a slow pace but their growth is
starting to accelerate exponentially. One of the main challenges is to design and build
an EV that is comparable to an ICEV in terms of performance under a range of
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operating conditions. In the following section, a brief history of the developments in
EV technology will be outlined. Subsequently, an introduction to the fundamentals
of batteries are provided and the effects of mechanical events they are subjected to
under varying conditions will be discussed.

2.1.1

A brief history of electric vehicles – The beginning to
date

The foundation for EVs was set in 1800 when an Italian, Alessandro Volta
established that electric energy could be stored chemically. The first EV was built
by the chemist Robert Davidson which was powered by non-rechargeable batteries.
Later, in the mid-1830s the first experimental EVs were developed and emerged in
the USA, UK and Netherlands [22]. However, it took over half a century for EVs
to develop into a more refined and viable technology and eventually become widely
available by the end of the 19th century. Figure 2.1 illustrates an early EV, the
Baker Runabout made in the USA and imported to Germany by the founder of
Varta Batteries.

Figure 2.1: Baker Runabout in 1893 [12]
EVs experienced a major breakthrough from the 1880s to around 1900s. Most of
the technological developments and infrastructural innovations for the first wave of
EVs transpired during this period. This period was highlighted as the first golden
age for EV technology. At the start of the 20th century, this technology was arguably
foreseen as a strong contender for the future of road transport. However by the 1920s,
this thriving introduction in the vehicle industry was becoming short-lived and the
10
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technology rapidly lost ground to ICEVs as cheap oil became widely accessible at
affordable costs. The rapid development of viable ICEVs substantially reduced the
use of EVs to nearly zero for mainstream private vehicles, although the technology
lived on in many niche applications.
The reason for this initial failure, is that EVs have a fairly limited range and
performance compared to ICEVs which had advantages because of the high specific
energy and easy refuelling from petroleum based fuels in comparison to the batteries
at the time. The specific energy of petroleum based fuels for IC engines varies from
fuel to fuel but it is estimated to be around 9000 Wh kg-1 [12]. On the contrary,
the specific energy of lead acid batteries employed in early EVs had an estimated
specific energy of 30 Wh kg-1 [12]. To illustrate this, it is worth noting that 4.5 litres
of petrol with a mass of 4 kg will yield a range of 50 km for an ICEV. Conversely
to store the same amount of energy in an EV in order to achieve a similar range
on the road, a battery pack with a mass of 270 kg with a lead acid battery should
be considered [12]. Nonetheless, there is no guarantee that a lead acid battery
pack weighing 270 kg would retain the same range as an ICE based vehicle. This is
attributed to a reasonable amount of energy consumed by the EV due to accelerating
and decelerating that mass.
By 1933, EVs had lost their last competitive edge when a reliable starter motor for
the ICEVs arrived. Combined with other limitations such as overpriced batteries and
considerably longer recharging time, they went into terminal decline [23]. Towards
the end of the 20th century, there was a resurgence of interest in EVs. During
the 1990s, the first zero emission regulations were introduced in California, driven
at least in part by the fear or petroleum shortages or price shocks, and increasing
concerns about the environment. At the same time, technical developments and
improvements in rechargeable battery technology, motor technology and advances
in power electronics driven by the transistor and computer revolution had laid the
foundation for a resurgence of EVs. Hence, at this stage the mainstream scientific
and engineering community started regarding EVs as a viable proposition for an
alternative mode of transportation.
Over time, improvements in the early Li-ion batteries paved the way towards
mass production of high energy density and cheap rechargeable batteries based
upon Li-ion technology.
Li-ion batteries had far superior specific energy,
better performance and reasonable charging time in comparison to other battery
technologies.
Consequently, these factors influence the revival of EVs and
encouraged vehicle manufacturers to adopt this new technology. EVs are continuing
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to become increasingly important. Nevertheless, the need to address the principles
behind the design, development and performance limits of Li-ion batteries are still
required to be thoroughly understood before they can truly challenge the dominance
of the ICEVs.

2.1.2

Batteries for electric vehicles – Fundamentals

The simplest form of an electrochemical storage system is a single electrochemical
or “Galvanic” cell [24]. The characteristic feature of a galvanic cell is to output
an electric current, which essentially is described as the movement of electrons in
an external circuit generated by electrochemical processes at the electrodes. A cell
generally has two functions, namely energy conversion and energy storage. The
process of energy conversion is determined by the rate of electrochemical redox
reactions, whilst the energy storage is determined by the mass of the reacting
materials. The processes occurring inside a battery form a multiphase system
with positive and negative electrodes, active materials and electrolyte whilst the
electrodes, electrons and ions react at the interphases of the multilayer structure
[25].
The multilayer structure of batteries comprises of stacked composite electrodes
pressed together, i.e., positive and negative electrode layers dispersed in an
electrolyte medium and it is the shape of the overall housing structure of the cells
that determines the ‘form factor’. Currently, battery cells are available in various
shapes, which can be divided into the following groups:
• Cylindrical cells, i.e., 18650 or 26650, where 18 or 26 refers to the diameter
in millimetres; 65 refers to the length in millimetres, and 0 actually represent
the cylindrical shape
• Pouch or prismatic cells which are layered/wound rather than cylindrical and
are very similar except for the outer case, soft for pouch and hard for prismatic
• Button cells which are also known as coin cells
It should be noted that a typical galvanic cell can supply a voltage between 0.5-5
V. However, advanced systems such as EVs require much higher voltages and for the
this reason cells are connected in series to meet these requirements. It is also often
necessary to connect cells in parallel to provide a higher capacity and increase current
delivery. Generally, the design requirements and performance characteristics stated
12
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by the end-user such as cost limitation, space restriction, and power and energy
requirements directly impact both the chemistry of the selected battery cell and its
‘form factor’.

2.1.3

Designer choice of battery

Specific Energy (Wh/kg)

Range

In classic BEVs, batteries are the only source of power with considerable cost,
weight and volume. The EV drive train takes energy from the battery pack and
it’s the characteristics of the employed battery chemistries that determines the
performance relevant of EV applications. At the present time, the most feasible
and commercially viable chemistries in the market are lead acid, nickel metal
hydride (NiMH), nickel cadmium (NiCd) and Li-ion batteries [13],[12]. Figure 2.2
demonstrates the relationship between specific energy and power capabilities for a
range of batteries for different practical energy storage/conversion options.

Acceleration

Specific Power (W/kg)

Figure 2.2: Ragone plot showing power and energy capabilities for a range of
batteries for different electrochemical devices [26]
In a battery cell, power and energy are generally mutually opposed, hence there is
a compromise required to be made when choosing a particular configuration for the
relevant performance characteristic. It is either possible to have a smaller number
13

CHAPTER 2. FUNDAMENTALS AND LITERATURE REVIEW
of layers with thick electrodes resulting in high energy output, or a larger number
of layers with thinner electrodes resulting in high power output.
Overall, the battery technologies have improved over time and they have
become efficient and effective energy storage systems. Although there have been
improvements, energy and power densities have remained the main obstacles for
commercialising EVs up to date. In general, the best performance characteristics for
EV applications are attained by Li-ion batteries. Li-ion batteries are the preferred
choice owing to their high specific power, high efficiency, longer life and improved
safety performance compared to most other battery technologies. Another driving
force behind the growing interest in Li-ion batteries for EV applications is its ability
to simultaneously operate under ambient temperature whilst possessing high energy
density. These characteristics imply outstanding output performance in terms of
range and acceleration, thus triggering the growth in the market for EVs [27–30].
Nevertheless, this technology still requires further innovative chemistries in order to
address the current limitations.

2.1.4

Li-ion batteries

Li-ion batteries are design flexible and are formed into a wide variety of types, shapes
and sizes. They are often distinguished by electrode material and/or electrolyte
medium, configurations, shapes and packaging. To put this in perspective, it should
be noted that:
• A Li-ion battery is the most generic term and describes a battery where charge
is carried by lithium ions
• A lithium polymer battery has a porous plastic separator between the two
electrodes
• A NCM or LFP battery has a particular cathode chemistry and normally uses
a graphite anode. They are always lithium ion and normally lithium polymer
batteries
• A lithium titanate battery has a titanate anode, the cathode is typically NCM
or NCA. They can also be considered as lithium ion and lithium polymer
batteries
The most conventional Li-ion batteries employ a lithiated metal intercalation
oxide as the cathode (e.g. LiMO2 , LiCoO2 ), lithiated graphite as the anode (e.g.
14
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mesocarbon microbeads (MCMB)) and an electrolyte containing a lithium salt
(e.g. LiPF6 ) in an organic solvent (e.g. ethylene carbonate–dimethyl carbonate
(EC–DMC)) [14],[21]. The electrodes are isolated from each other by a separator
(micro–porous polymer membrane) which permits the exchange of lithium ions
between electrodes. Figure 2.3 illustrates the fundamental configuration of a typical
Li-ion battery cell.

Copper current
collector

Li conducting
organic
electrolyte

Aluminium
current collector

Figure 2.3: Li-ion cell schematic [21]
Lithium ions are regarded as both the reactant and a working ion that migrates
through the electrolyte, into or out of the electrodes. The reversible exchange of
lithium ions upon intercalation/insertion reactions causes the redox processes that
drive Li-ion batteries. During discharging, the lithium ions (Li+ ) are released from
anode and migrate to the other side eventually getting inserted into the cathode.
This process is reversed during charging. The resulting alternating process where
lithium ions shuttle between the anode and cathode has led to them being referred
to as “rocking chair” batteries [31].
In practice, these electrochemical reactions should occur under kinetic stability
for best performance output. The performance of Li-ion batteries can be evaluated
by several important parameters such as specific energy, specific power, volumetric
energy, specific capacity, cyclability, battery life, safety, abuse tolerance and
self-discharge rate. The hexagonal spider diagram in Figure 2.4 summarises the
performance of the KOKAM Li-ion/polymer cell in terms of specific energy that
relates to specific power or the ability to deliver high power, safety, performance at
different temperatures, life span reflecting cycle life and cost. It is also imperative
to note that the performance characteristics for a battery on a specification sheet is
15
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only a guidance and the output performance will vary depending on the operating
conditions, i.e. specific energy indicated for a battery cell should only be referred
to as a reference premises as the energy stored in a battery varies relative to the
operating temperature and the discharge rate [12].

Figure 2.4: High energy NMC KOKAM cell spider chart [32]
Although the design process for an EV is mainly concerned with achieving
superior electrical characteristics such as high energy and power capabilities at low
costs, safety and reliability issues regarding Li-ion based batteries still remains an
area of interest. In addition, significant research and development has been focussed
on enhancing the safety and durability of Li-ion batteries, beyond pursuit of high
energy density and other related factors. The following sections encompasses a
comprehensive coverage of the mechanical events on Li-ion batteries associated with
safety, durability and performance to aid in bridging the existing gaps in knowledge.

2.2

Response to mechanical events

A battery pack in a moving vehicle constantly operates under a range of speeds,
accelerations and deccelerations whilst being subjected to various loading conditions.
In extreme cases, the vehicle is exposed to abusive mechanical loads where excessive
damages to the battery pack may trigger an internal short circuit. This has the
potential to initiate a fire event even if the battery pack exterior casing has shown
no signs of failure or fracture [33].
16
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It is critical for battery powered vehicles to deliver performance in a safe manner
and under anticipated operating conditions. Recently, there have been reports of
significant incidents associated with failure of Li-ion batteries following vehicular
impacts. In the case of a Chevrolet Volt [34], a short circuit in the battery pack
developed into a thermal runaway which culminated in a fire. It was noted that
the safety tests performed on the employed battery cells did not anticipate the most
severe conditions seen in service. Comparatively, the mechanical loads subjected
to a vehicle may have no immediate effects on the performance and safety of
the batteries, but their cumulative effects in the longer time may be destructive.
Therefore, it is important to provide a comprehensive knowledge on how various
loading conditions affect Li-ion batteries. In the succeeding parts of this chapter,
the research concerning the impact of mechanical events on the safety and durability
aspects of Li-ion batteries will be critically assessed and evaluated.

2.2.1

Safety

A significant body of work has examined the influence of external loads on the
safety of battery cells by investigating the point of failure [20],[35–39]. Battery cell
failure is defined as the point at which a departure from a steady terminal voltage is
observed, resulting in a short circuit [33],[36],[40]. Regardless of stimuli, the response
of a battery cell to a severe impact such as an abuse test generally culminates with an
internal short circuit. The resulting short circuit is directly affected by its electrode’s
surface area, resistance, location of the internal short within the cell, state-of-charge
(SOC) and nominal capacity. Internal short circuits can occur between anode and
cathode active materials, aluminium or copper collectors and active materials or
between current collectors (Al–Cu)[41]. Therefore, the severity of the cell failure,
cell heating and the amount of current passing through the internal short circuit are
highly impacted by the underlying mechanisms.
Many researchers have endeavoured to assess the safety limits of batteries,
particularly Li-ion batteries [19],[42],[43]. The principal method to investigate safety
limits is to carry out abuse tests on battery cells without protection systems and
devices. In an EV, several battery modules are electrically connected together to
form a battery pack. Hence, the consequences of an internal short circuit in a high
energy battery pack is often catastrophic. It is therefore critical to understand
and overcome Li-ion battery cell failure due to an internal short circuit in order to
enhance safety.
Electrical, mechanical and thermal abuse tests are the most common methods
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for assessing the safety performance of Li-ion batteries. The most severe abuse
technique is a nail penetration test which simulates a physical internal short circuit.
In the course of a nail penetration test, a battery cell will be punctured rapidly with a
nail under controlled conditions. This technique provides valuable knowledge on the
behaviour of batteries during an internal short circuit. Abuse methods anticipate
the worst conditions in service, and are not entirely representative of the most
spontaneous and real causes of an internal short circuit and thermal runaway within
batteries. The authors of several publications have highlighted the importance of
implementing nail penetration technique to further investigate the safety limits of
Li-ion batteries [44–46].
More recently, research encompassing battery safety has focussed on
understanding the limits of mechanical integrity with the purpose of developing
criteria to predict and subsequently guard against an electric short circuit, thus
preventing catastrophic failure [36]. Many studies have proposed mechanical tests
to investigate the effects of impacts and local forces on Li-ion batteries. These
studies were initiated to examine the safety aspects of batteries with the aim of
making a pass–fail statement.
Sahraei et al. and Greve and Fehrenbach have explored the mechanical
properties of cylindrical and prismatic pouch cells under different loading conditions
[33],[35],[36],[38]. A comprehensive set of mechanical tests were designed to assess
the deformability of the cells besides reporting on the mechanical conditions leading
to the development of an internal short circuit. Sahraei et al. have emphasised on
understanding the mechanical behaviour, stress–strain characteristics and failure
modes of Li-ion batteries under mechanical abuse tests [38]. The stress–strain
characteristics of the battery cells and the contribution of internal layers to the
overall strength of the cells were examined and possible internal short circuits were
perceived.
The work conducted by Sahraei et al. on pouched and bare lithium cells examined
the behaviour of the cells under 5 different loading conditions. The load cases
were namely through-thickness compression, in-plane confined compression, in-plane
un-confined compression, hemispherical punch indentation and three point bending
[38]. Load–displacement characteristics, mechanical properties and photographs of
the sequence of deformation during mechanical tests were gathered. It was noted
that the mechanical properties of a battery cell under different loading scenarios
are particularly dependent on its ‘form factor’. It is also established that the pouch
‘form factor’ is prone to delamination and buckling. The buckling strength of the
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compressed pouch cell in the width and length direction is relatively low due to the
lack of shear and tension forces between the multi–layer structure [38]. Furthermore,
the load–displacement curves highlighted the significant strength of the pouch cell
when compressed through its thickness and its weakness when compressed in other
directions. In the case of a cell indentation, internal short circuit was detected
from the sudden drop in voltage (OCV) and load simultaneously as can be seen in
Figure 2.5. The sudden drop in load elucidates the immediate failure of one of the
components in the multi–layer structure of the battery cell.

Figure 2.5: Load–displacement and voltage from hemispherical punch indentation
[38]
In addition, mechanical integrity of pouch/prismatic and cylindrical battery cells
were also compared categorically by referring to the current publication and another
study by Wierzbicki and Sahraei [39]. This comparison indicated the consistency
and high structural integrity of the cylindrical cells in all loading directions. Figure
2.6 demonstrates the stress–volumetric strain curve for a cylindrical battery cell in
comparison to the local stress–strain characteristic of a prismatic battery cell with
the same active material and binder. The figure reveals that both cells undergo
various strain levels at similar loads which can be addressed by a detailed analysis of
buckling, delamination and friction experienced internally between different layers.
On the other hand, determining the compressive properties of the jelly-roll in
a cylindrical cell is a challenging process. In order to acquire its stress–strain
characteristics, it is imperative to obtain regions within the cylindrical jelly-roll
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that would exhibit uniform states of stress and strain. Despite these limitations,
Wierzbicki and Sahraei have attempted to investigate the mechanical properties of
the cylindrical jelly-roll extensively [39]. Wierzbicki et al. have established that
the resistance of the cylindrical cell to a mechanical abuse test origins primarily
from the jelly-roll. Whilst being subjected to mechanical compressive loads, minor
contributions of the shell casing and the end caps to the resistance of the cell
undergoing deformation were noted.

Figure 2.6: Comparison of the average stress–volumetric strain of the cylindrical
battery and the local stress–strain curve of the rectilinear battery [38]
Sahraei et al. have also investigated the response of 18650 cylindrical cells
subjected to lateral indentation load, crush test, three point bending load and
compression. During an indentation test, a cylindrical rod was used to indent the
battery cell at a constant velocity of 1 mm/min. Figure 2.7 shows the measured
force–displacement response, voltage and temperature variations over time during
the course of the indentation test. The onset of short circuit can be detected from the
point corresponding to a sudden drop in peak load and voltage as well as an increase
in the temperature of the cell. The drop in load and voltage occurs simultaneously
which confirms the onset of an internal short circuit.
Owing to the wound structure of the cylindrical battery cells, each layer provides
substantial resistance to the underlying layers in the hoop direction of the jelly-roll.
Comparatively, in prismatic and pouch batteries, many layers are stacked to form a
laminated plate. In this configuration, batteries are more susceptible to delamination
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and buckling as no tension or shear is transferred to the subsequent layers. The
authors of the current publication have also examined the mechanical properties of
pouch and prismatic Li-ion batteries in another study [38] and have compared the
outcome with the behaviour of cylindrical cells subjected to mechanical loading.
Figure 2.8 demonstrates the response of the pouch and cylindrical cells to an
identical mechanical loading condition, namely the indentation test. The primary
observable difference is that the cylindrical cells possess a considerably high capacity
for energy absorption compared to pouch cells, and this has been attributed to the
cells having different form factors. It is also worth stating that the cell construction
and the test conditions are interdependent and directly impact the outcome of the
event. Hence, in order to provide insight into the conditions that are most probable
for an internal short circuit, it is important to explore the response of cells with
different form factors at distinct testing conditions.

Load (N)

Displacement (mm)

Load and Displacement vs Time

Force
Displacement

Time (sec)

Voltage (V)

Temperature (C)

Temperature and Voltage

Voltage
Temperature

Time (sec)

Figure 2.7: Detecting the point of short circuit in indentation test from force,
voltage, temperature measurement (left) and deformed shape of the cell (right) [36]
It is perceived that the three point bend tests can be undertaken as an effective
method to simulate the after effects on batteries in an EV in extreme cases such as
vehicle crash. For example, cylindrical cells can possibly undergo or be subjected
to bending load conditions upon interaction of the cells within a module during a
severe impact. Sahraei et al. have also explored the nature of three point bending
test on 18650 cylindrical cells to gather information on the response of the cell as
well as detecting the location of short circuit. In order to accomplish this, output
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data recorded from the tests were force, displacement, voltage, and temperature
against time as presented in Figure 2.9.

Figure 2.8: Indentation of small pouch and 18650 cylindrical cells. Area E1 and E2
represent the amount of energy absorbed up to the onset of short circuit [36]
From Figure 2.9, the initial response emphasises the linear characteristic of the
cell under three point bending load which is indicative of the fact that the battery
cell is behaving in the linear elastic range. This linear response is followed by the
formation of three local peaks on the load-time plot. The initial peak represents
the initiation of folds on the shell casing, causing a drop in the applied force. This
force rises marginally up to the second peak which initiates the fracture of the shell
casing. The final peak then determines the onset of a short circuit as a consequence
of the internal deformation and fracture of the jelly-roll itself. Upon fracture of the
shell casing, a crack propagates on the tensile side of the casing and the electrolyte
leaks out of it. Therefore, it was substantiated that the fracture of the shell casing
accelerates the onset of a short circuit and failure of the battery cell.
It should be clarified that the initiation of short circuit does not necessarily mean
that the battery cell will undergo thermal runaway in the case of mechanical abuse.
In fact, the failure of separator within a battery cell usually leads to an internal short
circuit. It is also important to note that information on the mechanical response of
an abused cell in the plastic region has the prospects to provide an insight into the
failure of internal components of the battery cell, including the separator. Hence,
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a number of research publications have asserted the criticality of the separator in
liquid electrolyte battery cells [47],[48]. These studies have reviewed the properties
of the separator and its significant influence on the performance, cycle life and safety
of the batteries under operation.

Figure 2.9: Force, displacement, voltage and temperature measurements during
three point bending test [36]
Accordingly, several publications have reported on the mechanical testing of
Li-ion batteries and the correlation between their electrochemical characteristics
and thermal stability under abuse tests [20],[35],[37],[41],[46]. These studies
have also investigated the experimental trigger to the onset of an internal short
circuit. Spotnitz and Franklin conducted an extensive research on the analysis
and simulation of abuse testing on Li-ion cells [46]. Oven test, short circuit test,
overcharge and nail penetration tests were used to characterise the abuse tolerances
of the battery cells. Kitoh and Nemoto also investigated the safety limits of Li-ion
battery cells under abuse conditions [45]. The authors performed abusive tests such
as nail penetration, external short circuit, overcharge and external heating tests
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on 100 Wh large size Li-ion batteries with safety structures. It was noted that
the employed safety structures such as micro porous separator, temperature fuse,
current fuse and safety vent have prevented any aggressive response (i.e. ignition
and explosion) under abuse testing.
It was also well established that the surface temperature of the battery cells vary
significantly under different abuse tolerance testing methods. Figure 2.10 shows the
surface temperature of a Li-ion battery cell under nail penetration test. According
to the presented figure, it can be concluded that the nail penetration test is the
most severe abuse test on Li-ion batteries since the surface temperature of the
cell undergoing nail penetration reaches a maximum of 380 o C over a period of 60
seconds. The safety structures installed within the battery cell have the potential to
prevent instantaneous onset of short circuit upon penetration which minimises the
surface temperature.

Figure 2.10: Surface temperature of battery cell during nail penetration test[45]
The safety of a Li-ion battery cell under abuse conditions depends immensely
on its thermal stability. As a battery cell undergoes a severe abuse condition,
progressive exothermic reactions occur within the cell which increases its surface
temperature, causing the cell to eventually ignite. Consequently, thermal runaway
occurs when the heat output from the cell exceeds its ability to dissipate that heat.
The exothermic reactions that lead to thermal runaway are: “chemical reduction of
the electrolyte by anode, thermal decomposition of the electrolyte, oxidation of the
electrolyte on the cathode, thermal decomposition of the anode and also the thermal
decomposition of the cathode” [42].
In the case of thermal decomposition of high voltage metal oxide cathode at high
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temperatures, oxygen is released. As the temperature elevates further, a meltdown of
separator is expected since the surface temperature exceeds the separator’s melting
point. Figure 2.11 describes the combustion process by demonstrating the balance
between heat generation and dissipation rates. A battery cell will catch fire if To
is higher than T1 . T1 is referred to as ignition point, and T2 is known as the fire
point. Both temperatures depend on conditions such as heat dissipation and heat
generation rates around the material of the battery cell [42].

Figure 2.11: The dependency of ignition and fire points on heat generation and
dissipation rates [42]
In addition, Maleki and Howard have verified that the location of the internal
short circuit and the capacity of the cell plays a critical role in its thermal response.
Their study also established that the risk of a thermal runaway escalates when the
temperature of an internal short circuit and its surroundings exceed the melting
point of the separator [37]. The thermal response of fully charged Li-ion prismatic
cells were investigated using a combination of experimental methods, where limited
heat conduction to the cell canister was observed surrounding the bottom edge of
the jelly-roll, electrolyte and the separator. It was reported that this restriction is
due to the low thermal conductivity of the electrolyte and limited heat dissipation
of the separator materials. Therefore, the generated heat is transferred back
into the jelly-roll through the current collectors. Consequently, the authors have
corroborated that heat transfer is a governing factor influencing the thermal runaway
in battery cells.
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Whilst understanding thermal properties and developing thermal models of Li-ion
batteries under abuse conditions have been the subject of many studies, Greve
and Fehrenbach have focused on quasi-static mechanical abuse tests on cylindrical
Li-ion battery cells to assess the deformability of the cell prior to short circuit
initiation [35]. For all the tests, parameters such as punch load, punch displacement,
cell open circuit voltage (OCV) and temperature were monitored. The structural
transformation of the cells were also captured using computed tomography (CT). As
demonstrated in Figure 2.12, a sudden drop in the load magnitude is perceived under
bending test, just before the initiation of an internal short circuit during which the
OCV reaches zero. The sudden drop in load is attributed to the structural fracture
of the jelly-roll under loading, just before the occurrence of an internal short circuit.
It is also important to note that the battery cells may endure significant deformation
prior to the onset of an internal short circuit.

Figure 2.12: Load–displacement and voltage curves for bending test of the cylindrical
cell [35]
A CT image analysis of the cylindrical cell subjected to a bending load case
revealed a macroscopic fracture of the jelly-roll on the tensile side as presented
in Figure 2.13. The fracture of the jelly-roll enables direct contact between the
electrodes at the fractured surface, hence leading to an internal short circuit.
Therefore, it should be highlighted that the onset of an internal short circuit is
not exclusively due to the rupture of the separator on a micro-scale [35].
A recent publication by Sahraei et al. has focussed on a comprehensive structural
testing regime including local and global compression loading conditions on three
types of Li-ion pouch cells, ranging from cells that find application in consumer
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electronics to large scale battery cells [33]. The motivation behind this study
was to understand the behaviour of batteries under mechanical loading whilst also
identifying conditions that are most probable candidates for an internal short circuit.

Figure 2.13: Deformed cell and computed tomography for the load case bending [35]
The compressive properties of small pouch cells were examined by the current
author of this study as reported in one of the earlier publications [38]. Both small
and medium cells maintained stable voltages and temperatures under a compression
test, indicating no short circuit initiation. All compression tests were stopped when
the maximum device load limit of 190 kN was achieved as illustrated in Figure 2.14.
Therefore, it was established that the uniform flat compression of pouch cells will
not initiate an internal short circuit. The cells showed no signs of capacity loss
when charged and discharged subsequent to the test. However, in order to directly
investigate the correlation between mechanical events and performance degradation
of the cells, it is required to monitor their behaviour under a case of constant charging
and discharging over long periods of time.
On the other hand, punch indentation tests revealed that the initiation of a
short circuit is accompanied with load and voltage drop as well as a rise in the
temperature. For the case of small and medium pouch cells, inflation of the pouches
were observed as can be seen in Figure 2.15. This was due to the formation of gases
during short circuit chemical reactions. In the case of a conical punch indentation
test on a large cell, it was observed that a soft short circuit preceded a hard short
circuit. A soft short circuit can be detected with the same features as a hard short
such as a drop in force, OCV and a rise in temperature even if the magnitude of the
changes are significantly smaller. A soft short is indicative of small local contacts
between electrodes, leading to a slight discharge of the cell, whereas a hard short is
characterised by a solid connection between anode and cathode.
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Figure 2.14: Flat compression test results, small and medium pouch cells [33]

Figure 2.15: Inflation of the small cell(a) and the medium cell(b) under punch
indentations [33]
Lamb and Orendroff have evaluated the effects of different cell constructions as
well as varying test conditions on the response of batteries to mechanical tests [20].
To examine this, the cylindrical cells were tested with and without internal solid
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cores simultaneously. During an indentation test on a cylindrical cell with an empty
core, extensive damages to the internal components of the cell prior to a hard short
circuit were observed. Thermal runaway was also evident as the cell reached a
temperature of 470 o C upon significant penetration into the electrodes, see Figure
2.16. At this temperature, the melting of the electrode material within the cell was
expected.

Figure 2.16: Cylindrical cell with no central core indented parallel to the cell axis
until shorting. The shorting caused an energetic thermal runaway (left). The image
of the cell shows significant damages to the electrodes and a collapse into the open
central cavity (right) [20]
In the case of the indented cylindrical cell with an internal core, the shorting
occurred once the cell canister was ruptured and significant damages to the
electrodes were evident. Under a thermal runaway, the cell temperature reached
600 o C which is significantly higher than the peak temperature of the cell indented
with no internal core. The different behaviour of the two cells can be attributed
to the presence of the central core. The CT images also revealed that the central
core has held the electrodes in place under an indentation load, hence a higher load
was required to cause significant damage to the electrodes to initiate a short circuit,
(see Figure 2.17). The concerning aspect is that the differences in cell design and
conditions under which the cells are used will influence the response of the abuse
conditions presented to a system. It is therefore imperative to explore and obtain an
understanding of the safety performance of batteries with different cell constructions
under varying test conditions.
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Figure 2.17: Cylindrical cell with central core indented normal to the cell axis until
shorting. The image of the cell shows that the electrode layers remain largely in
place upon indentation [20]
2.2.1.1

Interim summary

The conducted literature review was an effort to address the limitations associated
with the current research investigating the mechanical, thermal and electrical
integrity of Li-ion batteries under abusive conditions. The reviewed literature
asserted the importance of identifying the test conditions that are probable
candidates for aggressive behaviour of cells such as ignition and explosion due to an
internal short circuit and subsequent thermal runaway. The most significant study
reported that internal short circuit is necessary but not a sufficient condition for
the occurrence of thermal runaway in the case of mechanical abuse tests. Hence
a mechanically abused cell may or may not undergo an instantaneous thermal
runaway after an internal short circuit. The abused cell can continue its slow paced
electrochemical reactions resulting in gas formation within the cell subsequent to
a catastrophic event. It was also corroborated that the chemistry of battery cells,
resistance of its separator to heat transfer, size of the fractured part and the rate of
heat transfer through the electrodes and current collectors contribute significantly
in the processes leading to a thermal runaway. Whilst this theme of research is being
conducted by several research groups to foresee how Li-ion batteries behave under an
abusive condition, there is a potential gap in knowledge concerning the correlation
between the effect of mechanical loading and the electrochemical performance of the
cells under actual operating conditions over longer periods of time.

30

CHAPTER 2. FUNDAMENTALS AND LITERATURE REVIEW

2.2.2

Durability and performance

Major challenges in durability, performance and safety of EVs exist until the present.
The safety issues related to Li-ion batteries are discussed and assessed critically in
the literature as reviewed in the previous section. As a result, it was conceded
that safety tests are imperative to ensure that failure does not result in a fire
event. Conversely, there has been limited published research that critically evaluates
the long term effects of mechanical loads on the performance of Li-ion batteries
under real world operating conditions. The performance of Li-ion batteries depends
on the actual operating conditions, the rate and depth of discharge cycles and
other conditions such as temperature and SOC [49],[50]. It is therefore reasonably
challenging to anticipate significant reactions and mechanisms that can possibly
trigger performance degradation and lead to durability failures under real operating
conditions.
The Impact and Crashworthiness Laboratory at Massachusetts Institute of
Technology have reported on the ground impact of a Li-ion battery pack in an EV
[51]. A parametric study was carried out and a general methodology was developed
to examine and predict the damage to cells and battery packs due to ground impact.
A sequence of local indentations, followed by piercing and fracture of the bottom
structure of a typical battery pack were performed to validate the study. The
deformation tolerances of the battery cells inside the pack were investigated under
various loading conditions and possible damage modes were considered. Moreover,
the study extended the analysis by monitoring the internal damages inside the pack
and the movement of the individual battery cells within when subjected to ground
impact.
The current research investigated the structural integrity of a battery pack in
an EV as it is a real problem concerning safety under operation. The right design
concept of the vehicle integration of the battery pack was conceded as an important
factor governing damage severity when subjected to ground impact. The study
also highlighted the significance of employing protective structures against impacts
for safe operation of EVs. It was also established that understanding the fracture
phenomenon in dynamic loading case is an indispensable factor for a safe design of
an electric car. Figure 2.18 demonstrates the indentation sequence that a battery
pack integrated within a vehicle might be exposed to under a ground impact. It is
apparent that the battery cells are subjected to varying loads and therefore tend to
buckle and tilt in different directions. This results in deformation of the central core
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leading to failure and severe damage to the battery pack.
Although the research presented was the most comprehensive study on the ground
impact of Li-ion battery pack in an EV, there were several limitations. The study
fails to address the direct effects of dynamic loading and varying stresses on the
performance and calendar life of batteries. Also, this study does not assess the effect
of mechanical loads at “mid-range” where the impact does not penetrate the floor of
the car through to the battery pack. In this case, no effect of immediate damage or
failure is apparent but it has the potential to directly influence the vehicle’s service
life.

Figure 2.18: Indentation process of a punch tip with rotation into the battery pack
[51]
More recently, several studies have focussed on examining how mechanical stresses
affect the behaviour of Li-ion batteries in the long term [15–17]. Long term vibration
and shock tests were proposed to reflect stresses introduced to the batteries in real
world applications. Several testing standards were developed to enable engineers to
evaluate the effect of vibration and shock loads on Li-ion batteries.
Brand et al. have investigated the effect of three different load profiles on both
pouch and cylindrical Li-ion battery cells. The cells chosen for the experiments were
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stressed under varying load profiles [15]. The profiles were based on sine vibrations
and mechanical shock according to UN 38.3 standard and long term vibrations in
real world applications [52]. The effect of the load profiles on the battery cells were
evaluated by capacity measurements, impedance spectroscopy and X-ray CT.
Figure 2.19 presents the impedance and capacity measurements obtained from
the cells exposed to sine sweep vibrations according to UN 38.3 T3 standard. The
orientation of motion for shock and vibration applied to the cells are labelled in the
plots. The analysis showed no signs of apparent degradation or failure for any type
of cells. The variation in the cell capacity and impedance observed was justified by a
temperature imbalance and the limitation associated with the undertaken impedance
measurement technique.

Figure 2.19: Measured a) internal resistance Ri and b) capacity at periodical
check-ups before and after every run of UN 38.3 T3 profile [15]
As part of their research, the cylindrical and pouch cells were exposed to 150
g shocks according to UN 38.3 T4 standard in both y and z orientations. The
impedance spectra and capacity measurements prior to and post shock tests showed
no noticeable signs of degradation. On the other hand, the post mortem analysis
of the cells subjected to a shock in the z direction revealed an internal mechanical
deformation and damage. In the cross-sectional CT image presented in Figure 2.20,
the movement of the internal section of the jelly-roll and deformation of the current
collectors are evident. This indicates that the cell may show no signs of degradation
and continue to operate normally even if it has been damaged internally. Therefore,
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it is important to monitor the performance of the cells for a longer period post
mechanical testing.

Figure 2.20: Mechanical deformation visible in the CT image of 18650 cell after 300
shocks in z-direction according to UN 38.3 T4 [15]
It was also noted that the cylindrical cells exposed to long term vibrations in
the z-direction showed an abrupt drop in capacity and an increase in impedance.
Post-mortem analysis revealed that the mandrels of the cylindrical cells stressed
in the z-direction were detached and therefore prone to strike against the internal
components of the cell. As a result, the separator was damaged and the negative
tab was punctured which caused an internal short circuit. The SEM image analysis
confirmed that the separator melted which also reasserted the occurrence of internal
shorts when the cylindrical cell was stressed continuously in the z-direction.
The investigations revealed the detrimental effects of the long term mechanical
loads on the cylindrical cells which were possible to be captured under the relevant
standards. This study also highlighted the influence of the construction of the cell,
loading profile and direction of motion on the durability aspect of the cells. However,
this study did not account for the long term effects of the mechanical events on
the predicted life time of the battery cells. Furthermore, their investigation was
limited to assessment of electrochemical performance of battery cells prior to and
post mechanical testing whilst not accounting for their performance in the longer
term.
Similarly, Hooper and Marco have critically evaluated the legislative test
standards that the EV manufacturers must account for under UN 38.3 regulations
[16],[17].
UN 38.3 regulations are a set of legal requirements relating to
transportation of Li-ion batteries and the battery cells tested under these standards
must not show loss of mass, leakage, venting, disassembly and rupture or fire [52].
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The primary focus of regulation UN 38.3 is to emulate load profiles experienced under
worst case scenarios, which implies that these load profiles are unrepresentative of
vibration and shock loads experienced during road vehicle operations.
It is important to note that there exists a number of international standards
and regulations for battery abuse tests, e.g. UN 38.3, BS, SAE, IEC and UL. The
tests proposed under the stated standards are devised to authorise the fail-safe
function of a battery pack despite considering the effects of short term abuse
tests on its durability and in-vehicle service life. For this purpose, the work
undertaken by Hooper et al. has critically evaluated the existing standards [16].
Vibration characteristics of three commercially available vehicles were assessed and
experimentally evaluated over a wide range of different road and surface conditions at
Millbrook test ground. Figure 2.21 presents the vibrational profile recorded in z axis
(Vertical) from the accelerometers mounted on the battery packs of EVs. The three
vibrational profiles from the SAE J2380 standards are comparatively illustrated in
this figure. The comparison is indicative of the difference in the respective energy
levels exposed to the battery packs of each EV and vibration tests set by SAE J2380
standards. The discrepancy in the presented results accentuate the fact that the
battery packs over a typical life of an EV may be exposed to vibration energy levels
outside the evaluating range set by the current legislative and standards. Also, this
study outlines that a battery pack designed to satisfy such standards can possibly
be over-engineered with a weight and cost that is prohibitive for successful vehicle
integration.
Whilst the task of understanding the nature of vibration inputs to EVs continues
to remain a key area of focus for engineers and researchers, other studies have
reviewed the link between external pressure on Li-ion batteries and capacity fade
[53–55]. The research conducted by Cannerella et al. on the stress evolution and
capacity fade of constrained Li-ion pouch cells have provided an insight relating
to the effects of mechanical stress on battery life [54]. The allocated cells for this
study were 0.5 Ah jelly-roll pouch cells, tested under fixed displacement loading
scheme whilst the load was measured. The stress evolution of Li-ion batteries held
at different stack pressures were monitored at early times and over the course of
2000 electrochemical cycles. The stress evolution as a function of time for cells kept
under different stack pressure are presented in Figure 2.22 for early times, and in
Figure 2.23 for the duration of 2000 electrochemical cycles.
The stress profile shown in Figure 2.22 indicates that the stack stress is a dynamic
quantity that evolves with electrochemical cycling, fluctuating with charge-discharge
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cycles whilst exhibiting persistent long term increase in stress. It should be noted
that the stress evolution in constrained cells correspond to the competing effects
of viscoelastic nature of the battery material and lithiation induced structural
changes within the electrodes under cycling. The stress evolution over a single
charge-discharge cycle is attributed to the expansion and contraction of both
electrodes. During electrochemical cycling, electrodes are able to expand into the
separator which acts like a spring by withstanding stresses as it is compressed. The
separators are less rigid than the electrodes and are therefore compressed more under
charging, resulting in an overall increased stack pressure.

Figure 2.21: Comparison of durability profiles in the z-axis with the SAE-J2380
standard [16]
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Figure 2.22: Stack stress evolution of cells at early times [54]

Figure 2.23: Stack stress evolution as a function of cycle number. Changes in the
initial stack pressure have a direct effect on the nature of the subsequent stress
evolution in the cell [54]
The gradual stress increase that occurs in the constrained cells with increasing
cycle number is attributed to the cycling induced structural changes and solid
electrolyte interphase (SEI) growth which leads to permanent volumetric expansion
of the electrodes. The accumulated mechanical stress in the constrained cell will
have negative effects on its electrochemical performance under cycling. Figure 2.24
demonstrates the capacity fade that occurred at each stack pressure as a function
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of cycle number. The capacity profiles evidently show that a low stack pressure
minimises the rate of capacity fade whereas higher stack pressure results in a higher
rate of capacity fade.

Figure 2.24: Capacity averaged for overall three cells at each stack pressure as a
function of cycle number [54]
At higher stack pressures, the magnitude of stress fluctuations are higher and
accumulation of this stress level results in reduction of electrochemical performance.
In this case, higher mechanical loads occur along the seam of the cell resulting in
electrode delamination and build-up of carbon film on the anode. This carbon film
is considered to have developed from non-uniform current density resulting from the
local deformation of the separator. Therefore, it is perceived that stack stress level
directly impacts the long term performance of the cells, confirming the notion of
mechanically mediated chemical degradation. In summary, the study highlights the
following:
• The applied initial stack pressure which is an important controllable
manufacturing parameter may be detrimental to the evolution of stress during
cycling.
• Small stack pressure will prevent layer delamination and is deemed to be
beneficial to the long term performance of cells whilst higher levels of pressure
lead to higher rates of capacity fade.
Whilst the former study investigated the direct effects of stress evolution on
capacity fade, Anup et al. have examined the effects of different external pressures
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on the electrical performance of Li-ion pouch cells [55]. The evaluation corroborates
that varying pressure magnitudes categorically affects the performance of the battery
cells. However, the presented results are based on discrete measurements of
impedance at 0, 0.2 (0.02 MPa), 0.4 (0.04 MPa) and 0.8 (0.08 MPa) bar respectively
on a 25 Ah graphite NMC pouch cell. The outcome of the study revealed that using
external pressure on Li-ion pouch cells restricts its maximum power and capacity
capabilities. This observation requires further investigation over the life time of the
cell or over a number of cycles in order to understand the longer term effects on the
cells subjected to external pressures.
In addition, other studies have investigated the underlying processes that
accelerate cell failure. Yufit et al. have focused on the post-mortem analysis of a
failed Li-ion battery cell by evaluating the physical distortion within the individual
layers of the cell in both its pristine and failed conditions using X-ray CT [56]. Also,
electrochemical impedance spectroscopy (EIS) was employed to provide an insight
into the mechanisms that result in cell failure. The investigated Li-ion cells with a
nominal capacity of 4.8 Ah were charged and discharged at 1 and 10 A respectively.
Electrochemical characterisation of the pristine, cycled (not failed) and failed battery
cells were accompanied by a CT scan of the internal structure.
The EIS spectra of the battery cell from cycle 6, through to failure is depicted in
Figure 2.25. The evident rise in series impedance of the failed cell over 14 cycles can
be attributed to the deteriorating effects of high C-rate discharge on the performance
of the cell which prompted its failure. Moreover, the capacity of the failed cell
had reduced from 4.06 Ah to 3.65 Ah, underlining the rapid degradation rate of
the battery cell due to irreversible reactions taking place within the cell. The cell
architecture was also investigated prior to and post failure as demonstrated in Figure
2.26. This analysis revealed that the failed battery cell had encountered volume
expansion, degraded internal architecture and buckling of electrode assemblies in
each direction. On the contrary, a healthy battery cell prior to failure had a very
uniform electrode assembly as presented in Figure 2.26.
This study established that the structural deformation of the failed battery cell
was fostered by a pressure build up as a result of gas generation upon irreversible
reactions taking place on the electrodes. Poor SEI stability was also identified as
a factor accelerating the degradation processes, whilst a localised internal short
development was perceived as the source of catastrophic failure. “Decomposition of
SEI layer, reaction of intercalated lithium with electrolyte and binder, electrolyte
decomposition and breakdown of the metal oxide cathode” are processes which may
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occur subsequent to a catastrophic failure [46],[56],[57].

Figure 2.25: EIS spectra of a fully charged battery at different cycles through to
failure [56]

Figure 2.26: Fresh and failed battery cell (left) and their respective CT scans (right)
[56]
Although identifying the significant reactions and mechanisms responsible for
performance degradation and failure is a very challenging process, employing
diagnostic and prognostic tools has the potential to provide information on the
multi-step reactions taking place within the cell.
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2.2.2.1

Interim summary

In general, batteries undergo different modes of degradation and failure mechanisms
depending on the operating conditions. For instance, a battery pack integrated
within a vehicle will experience a range of dynamic loads at different magnitudes and
frequencies during its service life. Hence, the mechanical loads introduced to Li-ion
batteries in real world applications can directly affect performance and degradation
mechanisms which have consequences on safety and reliability of its function in the
long term. Despite this, the international standards are designed to examine the
safety aspects that are primarily intended to be performed rather rapidly towards
demonstrating the worst case scenarios. It should be highlighted that none of the
relevant standards are designed to parametrise and validate degradation mechanisms
of battery cells in real world applications. Therefore, it can be concluded that the
tests proposed by universal standards and regulations do not simulate the effects
caused by real world loads. This is an identified knowledge gap that prevents the
research question to be answered. Hence, experiments are developed and designed
to help address the research question by simulating the effects caused by real world
loads on the electrochemical performance of Li-ion battery cells.

2.3

Degradation mechanisms in Li-ion batteries

Rechargeable batteries are generally susceptible to performance fade under usage/or
time. The performance of Li-ion batteries is affected by both storage time and
usage, often referred to as calendar ageing (years) and cycle life (maximum number
of cycles) [58]. During storage, ageing mechanisms such as self-discharge and
impedance rise will affect the calendar life of the battery, while the cycle life is
influenced by ageing effects that take place under application such as mechanical
degradation and lithium metal plating [59]. The ageing of batteries is generally
quantified as capacity and/or power fade as a function of storage time or as a
function of number of electrochemical cycles [59],[60]. In order to characterise the
battery lifetime, the following three steps should be implemented [58]:
• The performance at the beginning of life of the battery cell should be measured
• The cycle life and calendar life tests should be performed whilst reference
performance tests are carried out mutually
• The performance at the end of life of the battery cell should be measured
41

CHAPTER 2. FUNDAMENTALS AND LITERATURE REVIEW
The ageing mechanisms in Li-ion batteries (also known as degradation) are
complex and are generally influenced by its operating conditions. Capacity decrease
and power fade in Li-ion batteries originate from different ageing mechanisms and
their associated interactions. The loss of useable capacity in Li-ion batteries are
often initiated by the following [58],[60]:
• Loss of lithium inventory or loss of the balance between electrodes
• Loss of electrode area
• Loss of electrode’s active material and its conductivity
The processes established above reduce the capacity of the cell due to different
ageing mechanisms and side reactions which may also affect the surface properties
of electrodes such as porosity and tortuosity [61]. Therefore, it is important to state
that the capacity fade and impedance rise are usually interrelated and this further
complicates the investigation of ageing processes.
The mechanisms responsible for ageing of Li-ion battery cells are caused by a large
number of physical and chemical processes, which can negatively affect different
components of the cells. An overview of the most significant ageing mechanisms
responsible for performance fade in Li-ion batteries are listed as follows:
• Formation and growth of SEI layer [59],[62],[63]
• Loss of electrode area and electrode material prompting a higher local current
density at different sites [64]
• Lower diffusivity of lithium ions into the active particles and lowering kinetics
due to surface films, resulting in an increase in charge transfer impedance
• Decreased conductivity between electrode particles as a result of surface
film growth and degradation of binders due to side reactions, such as a
binder-lithium ion reaction [64]
Figure 2.27 demonstrates the primary ageing mechanisms in Li-ion batteries
reported in the literature. The ageing mechanisms in Li-ion batteries can be
categorised into “mechanical changes (gas formation, particle cracking), surface
formation (SEI, lithium plating), bulk material changes (structural disordering) and
parasitic reactions (binder degradation, localised corrosion)” [58]. Furthermore, a
comprehensive summary of the degradation mechanisms, their causes, effects and
links to the degradation modes provided by Birkl et al. is presented in Figure 2.28.
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Figure 2.27: Degradation mechanisms of Li-ion batteries [65]

Figure 2.28: Cause and effect of degradation mechanisms and associated degradation
modes[65]
It is also imperative to highlight that the growth and formation of SEI layer
is the most dominant ageing mechanism in Li-ion batteries. SEI is a passive film
layer electronically insulating but ionically conductive that forms on the negative
electrode, metallic lithium and its constituents during the initial charge/discharge
cycle [46],[66]. The stability of the SEI layer and its properties directly affects the
irreversible charge loss, stable performance, lifetime power, cyclability, exfoliation
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of graphite, coulombic efficiency, rate capability and more importantly safety of the
battery cells [66],[67]. Therefore, understanding the nature of SEI (SEI loss and SEI
growth) should be of prime interest in order to improve battery performance.

2.4

Characterisation

techniques

for

Li-ion

batteries
There are numerous tools and techniques available to characterise ageing
mechanisms in Li-ion batteries. Several different methods have been used in
this study to highlight the main ageing effects on battery performance. In
particular, electrochemical cycling, electrochemical impedance spectroscopy and
X-ray computed tomography were implemented. Combined results of these methods
is believed to provide a view on the effect of mechanical events on the performance of
the cell and serves to provide an input for correlation to its performance degradation.
Therefore, the relevant methods and techniques employed to identify the underlying
mechanisms are discussed within the context and scope of this research in the
succeeding sections.

2.4.1

Electrochemical cycling

Electrochemical cycling or charge-discharge cycling is the most widely used
technique in Li-ion battery research to characterise the cycle-life ageing under
simulated practical applications. Practical implications of charge-discharge profiles
are the rate of capacity fade as a function of the operating conditions and the applied
load current. During electrochemical cycling of the cell, electric current is controlled
whilst the voltage response is measured, and it is the direction of the applied current
that determines the charging/discharging state of the cell. The charging/discharging
current is often expressed as ‘C-rate’ in order to normalise against battery capacity,
which usually varies for different type of batteries. C-rate corresponds to the rate
at which the battery cell is discharged relative to its maximum capacity, hence a
1C rate means that the applied current will charge/discharge the battery in 1 hour.
For example, a battery with a capacity of 200 mAh discharged at 1C will deliver a
current of 200 mA for 1 hour.
A number of charge-discharge cycling protocols are available for rechargeable
Li-ion batteries, namely constant current-constant voltage (CC-CV) charging which
is the most often used whilst other protocols include trickle charging, taper charging
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and pulsed charging. The CC-CV protocol comprises of two main steps: 1) a
constant current charge up to upper limit of voltage at 1C rate, 2) a charge at
constant voltage mode at the upper voltage limit until the measured current drops
to a specified limit (see figure 2.29). During CV step, the battery cell reaches its
full capacity which is not necessarily attained during CC charging.

Figure 2.29: A typical CC-CV charging profile of 18650 cylindrical Li-ion battery
[68]
In this study, electrochemical cycling measurements were obtained under
controlled conditions in order to examine the effects of mechanical events on the
cell performance in terms of discharge capacity as a function of increasing cycle
number.

2.4.2

Electrochemical Impedance Spectroscopy

EIS has proven to be a powerful technique and a standard diagnostic tool for the
analysis of complex processes amongst electrochemists. EIS was initially applied
to determine the dynamics of the double layer capacitance and has recently been
employed for characterisation of electrode processes and complex interfaces in
electrochemical devices such as fuel cells and batteries [69]. This is a frequency based
technique that develops physical understanding of the underpinning processes in an
electrochemical device and aids to characterise the various losses associated with
them. EIS can also be used to evaluate a wide range of materials such as coating,
anodized films, corrosion inhibitors besides batteries and fuel cells. Information
about corrosion rate, electrochemical mechanisms and reaction kinetics can be
gathered along with the determination of localised corrosion, battery life and fuel
cell performance from the obtained impedance spectra [70].
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EIS enables the study of the response of Li-ion batteries to constant and
alternating signals over a range of frequencies. This approach provides valuable
information about physico-chemical processes taking place at the interfaces of the
electrode-electrolyte of the batteries. Figure 2.30 provides an overview of the origin
of the losses in a Li-ion battery cell and outlines the processes contributing to ohmic,
charge transfer and diffusion resistances, all of which contribute to the polarisation
resistance. It is important to note that EIS is capable of determining the magnitude
of losses, since each component is frequency dependent.
EIS can be performed in both galvanostatic and potentiostatic modes depending
on the type of analysis. During EIS analysis, a sinusoidal current/voltage
waveform is applied to the device and the corresponding sinusoidal voltage/current
is measured. The impedance of the device is then evaluated using discrete fourier
transforms (DFTs) [70–72]. A complete impedance spectra of the device is attained
by carrying out the measurements for several frequencies in the specified frequency
range.

Figure 2.30: Most prominent loss processes in Li-ion cell with a LiFePO4 cathode
structure [73]
In order to conduct valid EIS measurements, a number of experimental conditions
such as linearity, stability and causality should be fulfilled. It is also well known
that storage systems, especially electrochemical cells are non-linear, i.e., doubling the
current will not necessarily double the overpotential. Hence, in normal EIS practice,
reliable impedance data can be collected for a system that responds linearly to the
applied perturbation signal. According to the Butler-Volmer theory, the response
of a system can be assumed linear by minimising the amplitude of the applied
perturbation signal such that the response appears within the linear range. As long
as the system impedance is independent of the amplitude of the perturbation signal,
the measurement is performed under linear conditions. Therefore, the trade off is to
keep the perturbation signal small whilst keeping it large enough for a good signal
to noise ratio.
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In addition, the state of the system and its stability are highly influential on the
accuracy of the measured impedances. In order to ensure that EIS is performed
under steady-state condition, data acquisition should be followed 45-60 minutes
after applying an electrical load to the system [70]. Barai et al. have studied
the influence of relaxation time on the variation of impedance responses of Li-ion
batteries [74]. Their research established that the SOC, state of health, internal
temperature and the time period between the application and removal of electric
load affect the impedance measurements obtained by EIS. It was also suggested that
the minimum relaxation time of four hours should be adopted between removal of
electrical load and EIS measurement to ensure reproducibility and repeatability of
the collected data. Also, the “ionic diffusion within the electrolyte and solid state
diffusion of lithium atoms within the bulk of materials” were identified to be the main
factors influencing the impedance change during relaxation time [74]. Furthermore,
Waag et al. have assessed the impedance characteristics of Li-ion batteries and
investigated its dependency on SOC and temperature whilst examining the influence
of impedance variation on the life cycle of the batteries [72].
In electrochemistry, impedance measurements are most often presented in
complex plane (Nyquist plots) since this allows for an easy prediction of the required
circuit elements. The characteristic points of the impedance spectra can be used to
approximately describe the dynamic behaviour of a Li-ion battery cell, as can be
seen in Figure 2.31.
Nyquist plots are mainly divided into low, medium and high frequency regions.
The impedance spectra at high frequency region comprises of an inductive tail or
an inductance region, a real axis intercept and a depressed semicircle [75–77]. The
inductive tail represents the porosity of the electrode jelly-roll structure and the
connection leads of the battery cell. The real axis intercept corresponds to the total
ohmic resistance of the cell including its electrode resistance, electrolyte resistance
and contact resistance [77],[78]. The depressed semicircle in the high frequency
region is attributed to the resistance of the anode and the SEI layer [76]. The
semicircle in the mid-frequency range is non-depressed, larger and grows remarkably
with decreasing SOC. This region is mainly attributed to the characteristics of
the kinetic reactions at the electrode/electrolyte interface, i.e. charge transfer and
electrochemical double layer [78]. It should also be mentioned that the double layer
refers to two parallel layers of charge surrounding the object at the interface between
the surface of an electrode conductor and an electrolytic solution. The impedance
spectrum at low-frequency region characterised by a 45o slope is assigned to the
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solid-state Warburg diffusion of lithium ions into the porous electrode matrix and
is responsible for diffusion spikes [78],[79]. The Warburg diffusion tail becomes
increasingly visible as SOC increases from 0 to 100% and this can be explained by
an increased diffusion rate at higher SOC levels.

Figure 2.31: Nyquist plot of a Li-ion cell showing individual mechanisms [80]
In order to understand and analyse the impedance spectra obtained from EIS, it
is essential to implement an appropriate equivalent circuit model (ECM) which
requires knowledge of the system. ECMs are seldom unique and only simple
systems are uniquely identifiable from the impedance data, i.e. it is often possible
to fit multiple different equivalent circuits with similar errors. The choice of
components implemented in an ECM is based on the compromise of simulation
precision, calculation time and parametrisation effort. An effective ECM reproduces
the dynamic behaviour of the batteries by employing inductance, capacitance,
resistance, constant phase elements (CPE) and Warburg impedances.
Nyquist plots are fitted to Randle ECMs which use a combination of different
elements to characterise the electrochemical processes taking place inside Li-ion
batteries. Figure 2.32 depicts the Randle ECM adopted for the study of a Li-ion
battery cell. In this model, L represents the series inductance, R the series resistance,
RSEI the SEI layer resistance, CPESEI the constant phase element relating to the
SEI layer, RCT the charge transfer resistance, CPEDL the constant phase element
relating to the electrochemical double layer and W the warburg impedance modelling
diffusion. For solid electrodes, double layer capacitance is expressed in terms of a
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CPE as it accounts for the inhomogeneity of the electrode surface such as microscopic
roughness and porosity [69].

Figure 2.32: A typical Randle equivalent circuit model [81]
It should also be noted that the studies on the impedance characteristics of Li-ion
batteries are generally divided into two groups. Many researchers have investigated
the impedance dependency on the SOC and temperature whilst others have tracked
battery performance degradation and reported on the dependency of battery ageing
on SOC, temperature and electrochemical cycling.

2.4.3

X-ray computed tomography

X-ray radiation is widely used for imaging applications due to its depth of
penetration and this capability makes it appropriate for 3D imaging by CT[82].
X-ray CT is a non-destructive and non-invasive characterisation technique that uses
digital geometry processing to reconstruct a 3D image of interior features within
a solid object from a sequences of 2D X-ray projection images (also known as
radiographs). A complete volumetric representation of an object is obtained by
acquiring a contiguous set of radiographs as the object rotates about a single axis
perpendicular to the X-ray beam. Figure 2.33 depicts a schematic of the typical
process of X-ray CT.
As the X-rays are incident upon an object, they can be absorbed, transmitted
or scattered. During a X-ray CT process, several hundred 2D projection images
are progressively obtained as the beam of X-rays pass through the object in a
complete 360o or 180o rotation. The transmitted X-rays are then captured by an
X-ray detection system, which with the help of a scintillator are converted back
to visible light. Lastly, a 3D image of the object is generated by mathematical
reconstruction of the obtained 2D projection images where each voxel represents
the X-ray absorption at the corresponding point. A voxel is also known as volume
element or pixel which defines the spatial resolution of the acquired virtual image.
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The achievable spatial resolution is determined by the focal spot size of the X-ray
source, system geometry as well as the detector’s pixel size [83].

Figure 2.33: Schematic representation of computed tomography process using a cone
beam configuration [84]
The X-ray CT was initially introduced as a diagnostic imaging technique in the
practice of medicine. However, recent advances and improved capabilities in 3D
imaging has enabled X-ray CT to become a common diagnostic tool in the field
of geology and material research. Maire et al. have reviewed the state-of-the-art
development of X-ray CT and highligted it as an ideal tool to track temporal
structural changes in materials through sequences of 3D images (also known as 3D
movies or 4D imaging) [85]. The review also focused on the methods, shortcomings
of CT as well as outlining the advantages of X-ray CT in comparison to other
imaging techniques.
Recently, X-ray CT has been implemented to visualise and study the
microstructure of Li-ion battery electrodes besides capturing its evolution during
operation and failure. Shearing et al. have also attempted to review the importance
of X-ray CT as a powerful diagnostic tool for microstructural investigation of
electrochemical devices such as batteries in order to provide a better understanding
of their performance [86],[87]. The ability of tomographic techniques to extract
valuable geometrical parameters such as porosity, tortuosity, pore and particle size
distribution will also provide the opportunity to study the correlation between
electrode architecture evolution and changes in the cell performance [88].
In addition, many studies have applied X-ray CT to track structural evolution of
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Li-ion batteries during operation and for post-mortem analysis of failed batteries,
aiding to understand the underlying mechanisms responsible for degradation and
failure [56],[89]. In this study, X-ray CT assists monitoring the internal structural
damages upon mechanical events as well as tracking the evolution of internal layers
during electrochemical cycling. This will yield insights on how changes in the internal
structure of a cell subjected to mechanical deformation correlates with changes in
its performance.

2.5

Summary of the literature review, gaps in the
current knowledge and working hypotheses

This chapter has summarised and critically reviewed the published knowledge on
batteries for EVs, consolidating important aspects such as safety, durability and
performance following exposure to mechanical impacts and static loads. It has been
established that there is a significant lack of knowledge in the literature linking
both mechanical and electrochemical response of Li-ion batteries due to mechanical
perturbation in transport applications.
A battery pack integrated within a transportation vehicle constantly experiences
a range of acceleration/deceleration pulses and is exposed to varying local forces
and deformation during operation. The mechanical loads introduced to Li-ion
batteries in transportation applications can directly influence their performance and
degradation mechanisms. Therefore, it is important to have a life time prediction of
the behaviour of the battery cells under both real operating conditions and severe
mechanical loads. This is a key factor to consider whilst integrating them inside
a vehicle. Despite this, there exists a gap in knowledge focusing on the long term
effects of operational loads and abusive loads as a result of crash pulses on Li-ion
batteries in transportation applications.
The research conducted in this study aimed to design and develop experiments
that allow to provide an understanding of the behaviour of Li-ion batteries
under different mechanical events, yielding insights into the relationship between
mechanical loads and performance degradation modes. The reviewed literature
served as a guide for clarifying the supporting theories and hypotheses within
the knowledge gaps which have been identified and are defined in the following
paragraphs.
Initially, it is anticipated that sudden compression and expansion introduced to
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the battery cells under pulse testing in addition to deformation experienced under
mechanical bending loads result in the delamination of the internal structure. This
outcome has the potential to be investigated further in order to identify the regional
weaknesses within a battery cell. Consequently, it is possible to perceive fracture of
the internal layers and subsequent decrease in surface conductivity of the electrodes.
Ultimately, the electrodes are likely to deteriorate further under electrochemical
cycling, promoting an increase in interfacial resistance (i.e. ohmic resistance) and
significant loss in capacity.
It is well known that the properties of the separator governs the performance and
safety of batteries. Hence, shrinking of the internal layers such as separators due to
induced deformation under pulse testing and mechanical bending loads may tend to
eventually limit the ionic transport between the electrolyte and the electrodes. This
is indicative of the mechanically mediated degradation in terms of capacity loss and
cell failure under worst case conditions.
It is also hypothesised that the electrolyte will be squeezed out of the porous
electrodes and move into the empty cavity near the edge of the cell whilst being
subjected to a mechanical load. As a result, the porous electrodes undergo
compression and limit the ionic transport within the cell which subsequently impacts
the capacity of the cell.
Another established working theory indicates that the sudden expansion and
compression of the cells during pulse testing may trigger active material particles
to break into smaller particles. As a result of an increase in reaction surface
area and conductivity through graphite particles, a decrease in ohmic impedance
is anticipated. However, the cracked particles may lose contact, inducing a decrease
in conductivity due to the presence of electrically isolated particles which foresees a
rise in the internal impedance of the cell.
In addition, a hypothesis based on the theory of SEI formation and its stability
might be relevant to the current study. The formation of cracks on the SEI layer
endangers its stability and leads to exfoliation of the graphite electrode. This
fosters the SEI layer to grow thicker which in turn limits the surface conductivity.
The lithium loss at anode due to further formation of this layer is expected and
irreversible capacity loss will be observed. Any changes in the SEI layer will directly
affect the impedance of the cell which can be observed as changes in the series and
charge transfer impedances of the cell.
Furthermore, it is anticipated that mechanical load subjected to the cell kept
under bending deformation will evolve through lithiation induced expansion and
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contraction during electrochemical cycling. Therefore, the cell will exhibit gradual
load relaxation, indicating further reduction in load due to the movement of the
internal layers relative to each other under constrained condition.
The following chapter focuses on the experimental design and developments
implemented to explore the coupling between mechanical perturbation and
electrochemical performance of the cell in order to substantiate possible sources
of performance degradation mediated by mechanical loads.
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Methodology
This chapter outlines the experimental work and techniques developed in order to
answer the the research problem introduced in section [1.3]. It includes the standard
experimental work and development of advanced techniques implemented to study
the effects of high g impacts and three point bending on Li-ion batteries, exploring
the electrochemical performance and mechanical characteristics.
The following sections describe the developed experimental techniques
thoroughly, providing explicit details of undertaken experimental conditions and
data acquisition methods.

3.1
3.1.1

Standard experimental work
Experimental setup

Before commencing the mechanical test regime, an experimental setup was
established which allowed to track the electrochemical performance of the cells
prior to and post mechanical events under controlled conditions. Prior to the
mechanical tests, the battery cells were mounted and secured on polycarbonate
fixtures with the aid of manufactured brass blocks. A four-terminal sensing method
was then used for electrical connections to the cell tabs via brass connectors, ensuring
accurate measurements of voltage and current through the course of experiment.
The connection between the cell tabs and cable leads through the brass blocks were
equipped with four terminals, two for carrying the current (current carrying leads)
whilst the other pair measures the voltage (sense leads). This is a practical method
for perceiving poor connections in the experimental setup, which also allows to
compensate for the unavoidable losses in cabling and connections. An illustration
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of this setup is provided in Figure 3.1.

Figure 3.1: Experimental setup of cell connection using four terminal sensing method
All current carrying cables were selected to represent a sufficient gauge in order
to prevent heating up of the cables during the course of operation. The current
carrying cables needed to be short, low in resistivity with a large cross sectional
area to limit the heat generation. It is also known that the current passing through
the current carrying cable produces a magnetic field which initiates electromagnetic
interferences between cables, directly influencing the measurements taken from the
sensing cables. The errors arising from the magnetic coupling were minimised
by separating the current carrying cables from the sensing pairs. The twisting
arrangement of the current carrying and sensing cables limited the undesirable effects
of the net magnetic field in addition to the introduction of shielding coverage over
cables. The shielding coverage helped to eliminate the effect of induced inductance
due to the generated electromagnetic field on the electrochemical performance
measurements.
In addition, to ensure consistency through the course of the experiments, the
brass blocks were selected as the only medium between the cell tabs and the cable
leads to provide a good cell tab connection. The brass blocks were polished for a fine
surface finish to minimise the contact resistance between the tabs and the blocks.
The surface of every block was primarily smoothened using a fine emery cloth to
eliminate oxidation effects, gradually generating a larger contact resistance during
testing. The residual oxide, ionic salt and dirt were cleaned off using isopropanol.
The brass blocks were then positioned on the tabs and subsequently the cells were
clamped down to the polycarbonate plate by applying a uniform pressure using a
torque wrench. The torque required to secure the cell to the plate has a direct
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influence on the contact resistance of the cell where the maximum applicable torque
depends on the bolt size and the corresponding grade. For the experimental setup
described in this work, a tightening torque of 10 Nm was pursued in order to maintain
a good conductivity between the cell tabs and brass blocks. According to the metric
system for M6 bolts with a grade of 8.8, the corresponding torque recommended is
11.7 Nm and the adopted setting was within this usable range.

3.1.2

Thermal conditioning

Establishing consistent thermal conditioning is one of the critical factors that
significantly affects the electrochemical performance of Li-ion battery cells. In
the present work, the battery cells were thermally controlled using a climate
chamber to ensure that the environmental conditions remain substantially consistent
throughout. The absolute accuracy of the thermal chamber was ±0.5 o C over the
manufacturer’s specified range. “T type” thermocouples were also used to monitor
the temperature of the environment and the thermal chamber as to ensure consistent
thermal conditions for the cells under operation. All thermocouples were connected
to a calibrated Pico technology logger for data acquisition.
Similarly, several reviews on the behaviour of Li-ion batteries have reported on
the sensitivity of the electrochemical performance to the operating conditions, in
particular temperature [46],[90]. The operating temperature of a Li-ion battery
directly impacts the kinetics of lithium ion insertion/removal process into/from
the host lattice [59]. Thus, it is essential to execute performance characterisation
under homogeneous temperature distribution. The effects of temperature associated
to electrochemical performance of Li-ion batteries can be further described by
Arrhenius law as per equation 3.1.
−E a

k = Ae RT

(3.1)

In the above equation, k represents the rate constant, A is a constant driven
experimentally, Ea is the activation energy, R is the universal gas constant and T is
the absolute temperature in Kelvin. The Arrhenius law demonstrates that the rate
of electrochemical reactions inside electrochemical devices are directly dependent
on the operating temperature. For example, varying operating temperature will
directly impact the rate of electrochemical reactions inside Li-ion batteries which
will in turn affect the electrochemical performance. Therefore, for repeatability
purposes as well as attaining the requisite level of depth in investigation, the study
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was limited to performance characterisation of the battery cells at only 35 o C. It
should be noted that the assigned temperature was influenced by the limited usable
temperature range inside the laboratory.

3.1.3

Performance characterisation prior to experiment

Experimental studies were performed on commercially available nickel manganese
cobalt oxide (NMC) pouch cells rated at 5.3 Ah with a maximum charge voltage of
4.2 V and minimum discharge voltage of 2.7 V [32]. Prior to any mechanical tests,
the state of health of the cells were inspected by adopting an in depth performance
characterisation protocol to ensure consistency and reproducibility in performance
amongst the cells provided by the manufacturer.
Performance characterisation is an imperative step required to precisely define the
performance of the cells in terms of capacity, energy density, power density, charge
retention and internal impedance. The important technical information are generally
quoted by the manufacturer of the battery cells on a specification sheet. However,
information relevant to the implemented test conditions, techniques and equipment
are not provided. As a result, it is essential to acquire benchmark information on
the cell’s performance characteristics prior to undertaking any form of testing.
Initially, all the cells were arranged in the following setup inside a thermally
controlled chamber at 35 o C (see Figure 3.2). It should be noted that both the
experimental and reference cells were characterised together, at any given time,
during the course of this work. The experimental cells refer to the cells that were
subjected to an impact or a static load whilst the reference cells represented the
behaviour of the cells under the adopted conditions without the influence of any
mechanical impacts.
To determine the important characteristics of the cells under the adopted
operating conditions, all the cells were pre-cycled 5 times at C/3 rate (1.888 A)
through the full SOC range, subsequent to conditioning inside the thermal chamber.
This step helped to verify the capacity of cells, check their performance according
to the manufacturer’s recommended limits as well as removing the memory of
remaining inactive for a long period of time. This was also a necessary step to ensure
that the cells were not internally damaged when procured from the manufacturer.
The obtained charge-discharge profiles were then used to calculate the capacity of
individual cells.
For the current study, a general characterisation protocol was adopted for
individual cells based on the corresponding capacity measures obtained following the
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capacity determination step. All the cells were fully characterised using a Biologic
VMP3 as per the procedure outlined in Table 3.1. It should also be noted that the
connections to the Biologic VMP3 cycler were made through the outlet ports of the
thermal chamber.

Figure 3.2: Experimental setup illustrating the arrangement of the battery cells
inside the thermal chamber
The internal impedance of Li-ion batteries were examined by implementing EIS
in galvanostatic mode where an oscillating current perturbation was applied and the
corresponding voltage response was measured. EIS was used to monitor mechanisms
that affect the performance of Li-ion batteries as a function of the operating
conditions including conductivity, charge transfer properties as well as properties
of the passivating layer over a predefined frequency range. The following protocol
was implemented to obtain reproducible and repeatable EIS measurements for Li-ion
battery cells (see Table 3.2).
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Table 3.1: Performance characterisation protocol prior to mechanical tests
Step

Applied procedure

1

Allow up to 12 hours saturation time for the cells inside thermal chamber
stabilised at 35 o C. All the cells should be conditioned at this temperature
to ensure thermal equilibrium amongst cells prior to characterisation

2

1C constant current discharge from 4.2 V to 2.7 V followed by 1 hour of
rest for electrochemical equilibrium

3

1C constant current charge to 4.2 V followed by constant voltage charge
until I <0.05 A then followed by 1 hour rest

4

1C constant current discharge from 4.2 V to 2.7 V followed by 1 hour of
rest for electrochemical equilibrium

5

C/12 constant current charge to 4.2 V followed by constant voltage charge
until I <0.05 A, followed by 1 hour rest

6

C/12 constant current discharge from 4.2 V to 2.7 V followed by 1 hour
of rest for electrochemical equilibrium

7

1C constant current charge to 4.2 V followed by constant voltage charge
until I <0.05 A, followed by 1 hour rest

8

C/3 constant current discharge from 4.2 V to the corresponding voltage
for a given SOC followed by 1 hour of rest for electrochemical equilibrium.
The SOC of individual cells should be adjusted to 100% and 5% for high
g pulse testing and 50% for three point bending tests. The corresponding
voltage for each SOC is obtained from the charge-discharge profile

9

1C constant current discharge from the corresponding voltage at a given
SOC for 10 seconds followed by 30 minutes of rest for electrochemical
equilibration

10

C/3 constant current charge to the corresponding voltage at a given SOC
followed by 1 hour rest

11

Perform EIS in galvanostatic mode followed by 4 hours of relaxation time

12

Continue with EIS measurements for every 6 hours over a 24 hour period
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Table 3.2: Adopted protocol for EIS measurements
Step

Applied procedure

1

Select ’Galvanostatic Impedance’ mode

2

Set the amplitude of the current, Ia =200 mA

3

Set the frequency range between fi =10 kHz and ff =50 mHz

4

Take measurements between the specified frequency range with 15
frequency points per decade

5

Take an average of 10 measures per frequency point

6

Set the DC current to 0, regular cycling condition is paused during EIS
measurements

3.2

Development of advanced techniques

In order to address the challenges associated with the problem statement of this
research, it was necessary to design, build and develop novel experimental methods
and techniques. In the following subsections, these experimental methods and
techniques are introduced and the necessary developments which led to novel findings
with regards to mechanical events on Li-ion batteries are described in detail.

3.2.1

High g pulse tests

The need to better understand the effects of exposure of Li-ion batteries to varying
speeds and accelerations under severe impacts has motivated this part of the
research. An experiment was designed and developed to acquire an extensive
knowledge of the behaviour of Li-ion batteries under mechanical events such as pulse
testing. The long term objective was dedicated to the exploration of the research
problem focusing on the link between mechanical events on Li-ion batteries and its
electrochemical response. This section discusses the development of experimental
strategies for high g pulse testing on Li-ion pouch cells followed by methods
implemented in order to carry out performance characterisation.
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3.2.1.1

Design of the test rig

In the context of this work, pulse testing was the primary focus in which a custom
designed Instron spring assisted drop tower was used to subject the battery cells
to high g pulses. In order to enable testing of the battery cells using the drop
tower, a fixture was designed and manufactured to be mounted on the plate of the
impactor as can be seen in Figure 3.3. This adopted experimental setup comprised
of four cells sandwiched between two rigid steel plates at any time during the course
of pulse testing. All the cells had to be sandwiched between the two plates in
the horizontal orientation in order to comply with the safety regulations in the
laboratory at the University of Warwick. Also, testing the cells in the vertical
orientation was understood to add more complications to the test protocol in terms
of fixture design and instrumentation for output parameter measurements.
An important consideration of the fixture design and development was to ensure
that the plates are both parallel and rigid, in order to establish that the cells
experience similar pulses in the event of a drop test. For this reason, the plates
were manufactured out of stainless steel to ensure rigidity which also guaranteed a
consistent setup. The stainless steel plates were able to contain the heat generated
from an event of fire and avoid the risk of fire hazards.

Figure 3.3: Manufactured fixture used to secure the battery cells on the impactor
plate of the drop tower
Prior to securing the fixture to the impactor plate, the two plates encompassing
the cells were held together using 6 × M10. The cells had to be secure inside
the fixture in a manner such that uniform pressure was imposed on them. The
pressure on the cells were also controlled by applying 20 Nm tightening torque on
each bolt. The torque magnitude was selected based on the grade of the bolt and
their dimensions as well as the effect of the hard mating surfaces (i.e. stainless steel).
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It should be noted that during the course of preparation for each drop test, the
cells were sandwiched between the plates for 10 minutes including the duration of
the drop test.
3.2.1.2

A laboratory method for pulse testing

The instrumented drop tower had a maximum of 10 kJ impact energy which could
be delivered from 2 springs with the impactor moving in free fall. This drop tower
is generally used for impact testing of small and large structures with different
materials for crash safety related transport applications. As mentioned earlier,
the drop tower setup adopted for pulse testing on Li-ion batteries consisted of an
impactor plate and crush cans fabricated out of stainless steel. The crush cans
served to absorb the energy of impact whilst the impactor plate was released from
the springs on the drop tower. Four cells were tested at any given time, sandwiched
horizontally between two rigid plates secured to the drop tower’s impactor plate.
Accelerometers on the top and bottom plates of the fixture allowed for tracking
the movement of the two plates relative to each other as well as measuring the
acceleration experienced by the battery cells at the point of maximum impact
(Figure 3.4).
The acceleration and deceleration pulses exerted to the cells were influenced by
the energy input to the system as well as the employed crush cans in the adopted
setup. The height of the drop tower impactor was adjusted to achieve the desired
energy level which was then discharged upon releasing the impactor. At the point of
impact, the energy of the drop tower was absorbed by the coupled steel crush cans
attached to the bottom of the impactor. The adopted energy for the current study
was 5000 J which allowed the possibility of subjecting the battery cells to severe
pulses. This energy level was also within the maximum energy range that the steel
crush cans could endure prior to any damages to the drop tower system.
The cells were tested at either 100% (full) or 5% (low) SOC under two drop
treatments. The two drop treatments were namely dropped (experimental cells)
and not dropped (reference cells), rendering an orthogonal two-factor experimental
design with 6-8 replicate cells in each treatment and 32 cells altogether (see Table
3.3). It should also be noted that the behaviour of the cells were monitored prior to
a drop event, subsequent to a drop event and periodically during storage at 35 o C.
At each stage of the drop testing, there were 8 experimental cells (4 at each SOC)
subjected to high g pulses and 4 reference cells (2 at each SOC).
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a

b

Figure 3.4: Experimental setup; Instron drop tower with pouch cell Li-ion batteries
in place. a: accelerometers; b: batteries
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Table 3.3: Two-factor experimental design
dropped

not dropped

5% SOC

5% SOC : dropped

5% SOC : not dropped

100% SOC

100% SOC : dropped

100% SOC : not dropped

For the current study, the performance of the battery cells were characterised in
terms of both internal impedance and capacity. This served to provide an insight on
the state of health of batteries and allowed for comparison of the rate of performance
degradation over a defined interval. The performance of the cells were monitored
prior to drop testing (Table 3.1) and then subsequently after a drop test. Initially,
the cells were monitored over the course of 96 hours in storage, then over the course
of 55 charge-discharge cycles at the rate of 1C and finally over another 96 hours
of storage. At each stage, the internal impedance and capacity of the cells were
monitored by following an appropriate protocol. This protocol details the gradual
characterisation process employed on dropped and not dropped cells at any given
time.
For all the experiments, dropped cells and not dropped cells were characterised
simultaneously. The not dropped cells were monitored at both SOC levels whilst not
being subjected to any external loading. This was necessary to possess a baseline
batch of cells in order to evaluate and compare the effects of high g pulses on Li-ion
batteries. Also, subsequent to pulse testing, the cells were mounted back on to
the polycarbonate plate and allowed a soaking time inside the thermal chamber to
ensure consistency of the collected data throughout this study. The performance
of the battery cells were then characterised according to the procedure outlined in
Table 3.4.
3.2.1.3

Preliminary high g pulse tests – dummy cells

Due to the novel nature of the high g pulse testing on Li-ion batteries and the general
concerns associated with exposing live batteries to severe mechanical events under
laboratory conditions, safety aspects were of paramount importance and therefore
given careful consideration and significant amount of preparation was essential as it
was a subject of priority.
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Table 3.4: Performance characterisation protocol post drop testing
Step

Applied procedure

1

Allow up to 12 hours saturation time for the cells inside the thermal
chamber stabilised at 35 o C

2

Perform EIS over 96 hours, in 16 intervals. Follow the EIS procedure
outlined in Table 3.2

3

1C constant current discharge-charge cycles from 2.7- 4.2 V over 5 full
cycles, and then discharge the cell to the corresponding voltage at which
the tests are to be initiated. Follow step 4

4

Perform EIS, EIS measurements are to be performed on the cells
charged-discharged up to 55 cycles

5

Repeat step 3 up to 55 full electrochemical cycles

6

Perform characterisation procedure outlined in Table 3.1

As reviewed in chapter 2.2, one of the primary mechanisms responsible for
catastrophic failures in Li-ion batteries is thermal runaway. Thermal runaway is
usually triggered by a short circuit which can occur as a consequence of damages
imposed on the internal layers, i.e. separator membrane and direct contact between
cathode and anode layers. Therefore, prior to undertaking the actual experimental
procedure on Li-ion batteries, preliminary pulse tests were performed on dummy cells
(inactive cells) with similar internal structure whilst replicating the exact test setup.
The testing on dummy cells was an imperative process for complying with the safety
standards and regulations established by the managing team in the laboratory, where
the drop tower was located. This step was also considered critical in determining
the extent of damages endured by the cells under high g pulse testing which helped
to assess the effectiveness of the safety considerations in the laboratory.
For the stated reasons, four dummy cells were manufactured using the Solith
cell manufacturing equipment in the dry room at the Energy Innovation Centre at
WMG, University of Warwick. Prior to the assembly process, the coated anode
and cathode materials were prepared, calendared and guillotined into 200 × 150
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mm sheets. The separator membranes and pouch cover sheet material were also
cut to 300 mm length. The layers of anode and cathode were then alternately
stacked between the folded layers of the separator using the stacking ‘z fold’ machine.
Following the assembly step, the individual electrode tabs were trimmed to length
and welded to two external tabs. This was followed by sealing the tabs and the
pouch cell itself. The next step was to fill the cell with the required amount of
the electrolyte. In this case, lithium salt was excluded from the electrolyte as the
aim was to manufacture battery cells with the same internal constituents as in the
commercial cells whilst remaining inactive as a result of zero potential difference
across the cell tabs. The final step was then to vacuum seal the pouch cell. Figure
3.5 presents photographs of the pouch cell during its manufacturing and assembling
process.
Due to the limitations of the manufacturing capabilities within the battery pilot
line at WMG, it was not possible to construct cells replicating the exact dimensions
of Li-ion batteries entailed for this study. The dimensions of the manufactured
dummy cells were approximately twice the size of the Li-ion pouch cells which gave
rise to a limitation on the number of cells that could be mounted on the drop tower
impactor. Hence, only a maximum of two cells could be subjected to a drop test
simultaneously. Owing to this limitation, high g pulse testing on dummy cells were
carried out in batches of 2 cells and a total of 2 repeats. The test setup adopted for
testing on dummy cells is demonstrated in Figure 3.6.
Although high g pulse testing on dummy cells aimed to prevent dramatic events
such as initiation of a short circuit ann fire, it served to provide an insight into
the nature of physical damages that might occur under such an event. Following
the tests, every cell was visually inspected for damage, dent, tears and electrolyte
leakage. Subsequently, the cells were disassembled in order to determine any damage
of the internal structure or to observe possible rupture of the separator or electrodes.
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Figure 3.5: Dummy pouch cell manufacturing process
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Figure 3.6: Illustration of the dummy cells mounted on the fixture secured to the
impactor
The visual inspection of the dummy cells revealed no signs of internal or external
damage. Hence, it was clear that batteries can safely endure high g pulses under
the established experimental conditions without presenting any signs of rupture
and electrolyte leakage. The generated knowledge based on the performed tests
consolidated a secure base for the execution of pulse testing on Li-ion battery cells.

3.2.2

Three point bend testing

As identified in section 2.2, there exists another research opportunity to develop
knowledge base on the effects of severe events such as mechanical loading on the
electrochemical performance of Li-ion batteries in the long term. In view of this,
three point bending test was employed to establish an understanding of the effects
of mechanical loading on the structural and performance characteristics of Li-ion
batteries. The three point bending test of a battery cell was deemed to be the
most relevant load case to investigate since it is analogous to the mechanical
deformation imposed on Li-ion batteries inside an EV under a severe impact or
crash. The primary focus was to study the interaction between the internal
components of a pouch cell undergoing a three point bending load whilst monitoring
its electrochemical performance in the long term. Therefore, a considerable amount

68

CHAPTER 3. METHODOLOGY
of work focused on developing methods and experimental techniques that allowed
to explore the mechanical and electrochemical integrity of Li-ion batteries subjected
to severe mechanical loads.
It should also be highlighted that the aim of this work was not to capture
the failure modes of the cell under severe bending deformation, but to monitor
how the cell’s internal structure and long term performance evolves under such an
event. In order to take control of the experiments and allow a direct comparison
of the performance characteristics between experimental and reference cells, all
Li-ion batteries were examined at 50% SOC under constant temperature at 35 o C.
The external mechanical load in the form of three point bending was limited to a
deflection of 20 mm for the purpose of this study. The pursuit of the comprehensive
three point bending test regime undertaken on Li-ion batteries are outlined in the
proceeding sections.
3.2.2.1

Preliminary three point bending tests using Shimadzu universal
test frame

Preliminary quasi-static three point bend tests were performed using a Shimadzu
10 kN precision universal tensile tester in the laboratory at WMG, University of
Warwick. A three point bending fixture available at the laboratory was utilised for
this part of the experimental test (see Figure 3.7). The radius of the roller supports
and the loading nose was 10 mm. The distance between the roller supports (support
span) was chosen to be 75% of the length or width of the cell, depending on the
orientation of the test. For the current case, the support span was set to 65 mm
and the tests were carried out under a constant loading rate of 1 mm/min with a
pre-load of 10 N to ensure consistency in the loading regime for all the experiments.
In order to prevent sliding of the ends of the pouch cell from the supports under a
three point bend deformation, the loading nose travel was limited to 20 mm.
Prior to the three point bend tests, the cells were characterised and verified
for satisfactory operating conditions following the procedure outlined in section
3.1.3. The cell tabs were soldered to a wire that served to connect with the
MACCOR battery cycler and then mounted on to the test frame. Therefore,
after achieving a peak displacement of 20 mm by the loading nose, the system
was set to hold and maintain that displacement throughout the remainder of the
experiment. Maintaining a constant displacement was accomplished by adopting
a fixed displacement condition protocol whilst collecting load data against time
throughout the course of the experiment.
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Figure 3.7: Test setup for three point bending test on Li-ion battery cells using a
Shimadzu tensile test machine
Maintaining a constant displacement for 7 days enabled to capture the viscoelastic
behaviour of the cell subjected to mechanical load during the load relaxation phase
up to a level where constant load plateau was reached. This experiment was repeated
up to three times where all the load relaxation profiles were collected to determine
an estimate of the relaxation period required to reach a steady state. A typical plot
of load relaxation as a function of time is shown in Figure 3.8.
For the purpose of investigating the influence of electrochemical cycling on
the mechanically deformed Li-ion battery cell, it was important to ensure that
performance characterisation is not performed during the course of high rate
relaxation regime. Therefore, cell performance characterisation was undertaken after
load relaxation to a steady state being achieved. The evolution of the mechanical
load and the strain introduced to the cell constrained under bending deformation
was inspected at 1C cycling rate during the course of the experiment.
However, there were limiting factors associated with using the Shimadzu frame
for monitoring the longer term (>10 days) electrochemical performance of a battery
cell kept under bending deformation. As noted, the limiting factors were:
• The load cell incorporated within the Shimadzu test frame could only
record data up to a maximum of 10 days with a minimum sampling rate
of 1 Hz, resulting in a large data file. Therefore, the system collecting
the load-displacement data ceased to function on the 10th consecutive day
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following the application of the load
• Infeasibility to provide a consistent thermal condition under three point
bending test since the temperature of the laboratory housing the Shimadzu
test frame fluctuated from very warm to very cold from day to night
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Figure 3.8: Load relaxation regime of the cell kept under bending deformation as a
function of time
Therefore, the completion of the preliminary three point bending tests on the cells
and capturing load-displacement characteristics over a period of 7 days provided a
basis towards designing and developing the subsequent experiments.
3.2.2.2

Three point bend testing using a custom built fixture

Following the challenges discussed in the former section, a custom built fixture
was designed and manufactured to assess the longer term impact of three point
bending load on the cell architecture and its behaviour under constant mechanical
and thermal conditions. A fixture encompassing a simple three point bend setup
with a load cell was manufactured out of perspex material since it was intended to
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perform in-situ CT scans of the cell subjected to mechanical deformation (see Figure
3.9).

Figure 3.9: Custom built fixture incorporating a three point bend setup
The custom built fixture incorporated a single acting roller with a radius of 10
mm which could apply a bending load on the cell as the handle connected to the
threaded rod was rotated. A Kistler strain gauge miniature load cell with a capacity
of 2 kN was located on top of the plate connected to the loading nose which can
measure the load applied to the cell under a three point bending test. The radius
of the support rollers were also 10 mm and the distance between the two rollers was
60 mm.
Prior to mounting the cell on the three point bending fixture, banana clip mates
were soldered to the tabs of the cells for electrical connection to the Biologic VMP3
cycler via a banana plug as shown in Figure 3.10. The cell temperature was also
monitored at three different locations on the cell using T-type thermocouples with
Pico Tech TC-08 instrumentation. Before initialising the tests, the load cell was
connected to a data acquisition system to record the output parameters from the
load cell. The sampling rate for data acquisition from the load cell was set to 0.05
Hz (1 sample for every 20 seconds of elapsed time). It should also be noted that the
cell was initially pre-loaded to 10 N to ensure consistency in the loading regime for
all the experiments.
Measuring an axial bending deflection of 20 mm using the designed fixture was
a challenging process. However, the load-displacement data obtained from the
preliminary experiments indicated that an applied load of around 200 N on the cell
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Figure 3.10: Test setup adopted for three point bending of a Li-ion pouch cell inside
a thermal chamber
results in an approximate deflection of 20 mm. The duration of the load application
on the cell was also measured in order to ensure that the load is applied at a
consistent and constant rate for all the tests.
Prior to the tests, both experimental and reference cells were characterised as
prescribed in Table 3.1. Three point bending tests on the cells were then performed
at 50% SOC inside the thermal chamber at 35 o C. It should be noted that there were
two reference cells subjected to the same performance characterisation procedure
whilst the experimental cell was exposed to three point bend testing. Employing
the established performance characteristics of the reference cells as the premise for
all the tests allowed for investigating the effects of mechanical loads in the form of
three point bending on Li-ion batteries.
Table 3.5 prescribes the electrochemical characterisation stages employed in order
to study the influence of bending on the behaviour of the cell during the course
of three point bending test. The electrochemical characterisation was initiated
concurrently with the application of bending load. After the mechanical bending
regime was completed, a thread locking adhesive was applied to the threaded rod
to prevent it from slackening during the cycling portion of the test.
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Table 3.5: Performance characterisation protocol adopted for Li-ion pouch cells
subjected to bending load
Step

Applied procedure

1

Allow up to 12 hours saturation time for the cells inside the thermal
chamber stabilised at 35 o C

2

Perform EIS concurrently with the application of mechanical load, whilst
setting the frequency range between fi =3 kHz and ff =1 mHz. This step
was repeated 30 times with a time interval of 30 seconds

3

Perform EIS over 96 hours, in 16 intervals. Follow the EIS procedure
outlined in Table 3.2

4

1C constant current discharge-charge cycles from 2.7- 4.2 V over 5 full
cycles, and then discharge the cell to the corresponding voltage at 50%
SOC at which the tests are to be initiated. The corresponding voltage
for each SOC was extracted from charge-discharge profile corresponding
to each cell. Proceed to step 5

5

Perform EIS

6

Repeat step 4 up to 55 full electrochemical cycles

7

Perform characterisation procedure outlined in Table 3.1

3.2.2.3

X-ray computed tomography of a Li-ion battery under bending
deformation

The three point bending tests were followed by in-situ X-ray CT. The design of
the existing fixture presented in Figure 3.9 was optimised and further modifications
were carried out to accommodate for usage under CT scanning. In the originally
designed three point bending fixture, the battery cell would be placed horizontally
such that the long and thin layers of the electrodes were in parallel plane to the
beam path. As a result, it was likely to produce low quality scans independent of
the resolution of the system. Hence, it would have been reasonably challenging to
distinguish between the internal layers of the cell for the current case and for the
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stated reason, a support stand to incline the entire fixture at an angle of 20o was
considered. Performing X-ray tomography with the current setup at an inclined
angle would ultimately reduce the noise introduced to the obtained CT scans.
This work focused on evaluating the inherent mechanical integrity of Li-ion
batteries exposed to severe mechanical loads. The aim was to monitor the
internal architecture of a Li-ion battery cell prior to mechanical loading, track the
deformation post load application and thereby capture the progressive evolution of
the internal layers relative to each other under constrained conditions subsequent
to electrochemical cycling. In this work, Zeiss Xradia 520 Versa (see Figure 3.11)
was used to attain detailed information on the structural dynamics associated with
electrochemical cycling of Li-ion batteries under three point bending.
X-RAY Source

Filter

Three point bend fixture
Objective lenses

Detector

Connecting stand fixed
on the sample stage

Figure 3.11: Internal setup of ZEISS Xradia 520 Versa with the three point bend
fixture secured on the sample stage
For tomographic imaging, a connecting stand was designed and manufactured to
assist in mounting the fixture at an inclined angle to the manipulator Table of the
Zeiss machine. To begin with the alignment, 0.4X optical magnification was used
to have a fixed centre of rotation along all directions. The Versa was then set to the
source voltage of 50 kV with an exposure time of 25 seconds per projection, collecting
a total of 4500 projections over the complete 360o rotation. The mechanical and
electrochemical procedure undertaken for this stage of the experiment are outlined
in Table 3.6.
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Table 3.6: Adopted protocol for X-ray CT of a Li-ion pouch cell under bending
deformation
Step

Applied procedure

1

Allow up to 12 hours saturation time for the cells inside the thermal
chamber stabilised at 35 o C

2

Discharge the cell to the corresponding voltage at 50% SOC

3

Pre-load the cell to 10 N in order to ensure consistent mechanical loading
regime for all the experiments. Perform X-ray CT at this stage

4

Apply a bending load of 200 N to the cell and then use thread locking
adhesive to prevent slackening of the threaded rod during X-ray CT and
electrochemical cycling phase of the test

5

Perform X-ray CT at this stage

6

The next step is to electrochemically cycle the cell over 55 full cycles
between 2.7 and 4.2 V, and then discharge the cell to the corresponding
voltage at 50% SOC

7

Perform X-ray CT at this stage

The following chapter brings together the knowledge collected from chapter 3, it
presents and discusses the outcomes of the experimental testing on Li-ion batteries
and summarises the final results.
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Results and discussion
This chapter presents the interpretation of the experimental results, where the
primary aim is to characterise the electrochemical performance of Li-ion batteries
under different mechanical loading scenarios such as high g pulse testing and
three point bending. The outcomes are discussed and the long term behaviour
of Li-ion batteries are explored with a principal focus on the battery performance
and degradation subsequent to mechanical events. In addition, statistical models
are implemented to study the causal connection between mechanical events and
electrochemical performance of Li-ion batteries thoroughly, besides addressing
the importance of various sensitivity factors associated with each experiment.
Subsequently, the generated knowledge with their implications will be summarised
and discussed with reference to the original hypothesis.
In the following sections, the effects of high g pulse tests on the electrochemical
performance of commercially available Li-ion batteries (4.1) and their performance
characteristics under three point bend tests (4.2) are critically evaluated and
summarised respectively.

4.1

High g pulse tests

This section evaluates the performance characteristics of Li-ion batteries subjected
to high g pulse testing under both storage time and usage, categorised as calendar
ageing and cycle life. It is primarily concerned with quantifying the impedance and
capacity measurements in response to mechanical stimuli with particular emphasis
on reviewing performance degradation as a function of SOC, storage time (hours)
and number of electrochemical cycles. As stated in section 2.5, it is hypothesised
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that high g pulses will affect the performance characteristics of Li-on batteries over
time and lead to accelerated ageing.
To evaluate the stated hypothesis, the impedance responses of Li-ion batteries
subjected to high g pulses were characterised using EIS technique. The impedance
analysis is then used as an effective method of diagnosing the internal state of Li-ion
battery cells, providing information towards estimation of ageing effects and fault
detection. This is accompanied by a comprehensive analysis of the capacity of all
the cells upon cycling in order to investigate the effects of high g pulses on the rate
of capacity fade. In most cases, impedance variation and performance degradation
are distinctly correlated. To substantiate this reasoning, it is important to state
that the available capacity is prone to diminish due to the rise in cell impedance.
Herein, the ageing mechanisms coupled with a rise or significant deviation in cell
impedance that yields a proportionate change in capacity response are investigated.
The first subsection deals with the analysis of Nyquist plots and extracting
impedance characteristic points (4.1.1) whilst the second subsection is devoted to
studying the relationship between impedance characteristics and high g pulse testing
through the implementation of statistical models (4.1.2). The third subsection
summarises the results (4.1.3) and the final subsection addresses the underlying
hypothesis with reference to the main findings (4.1.4).

4.1.1

Impedance studies

To investigate the effects of high g pulses on the impedance characteristics of
Li-ion batteries, both experimental (dropped) and reference (not dropped) cells
were required. The reference cells are regarded as the benchmark for all the tests
performed in order to study the relationship between performance characteristics
of Li-ion batteries and high g pulses whilst considering other sensitivity factors
associated with the experiment. The evolution of impedance for all the experimental
and reference cells were monitored using EIS prior to and post high g pulse testing.
The impedance measurements were taken periodically every 6 hours during storage
and after every 5 cycles during electrochemical cycling.
Figure 4.1 presents the Nyquist plots of impedance measurements for two
experimental and two reference cells at different SOC levels, 5% and 100%
respectively. As shown in Figure 4.1, the Nyquist plots consists of general
features that are similar at both SOC levels and demonstrate the electrochemical
characteristics of Li-ion batteries. The Nyquist plots comprises of an inductive tail
at high frequencies, which is attributed to the wrapped design of the current collector
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structure and connecting leads to the battery cell. The high frequency intercept on
the real axis represents the ohmic impedance of the cell, which includes the limitation
of ion conduction through the electrolyte into the active layers and electronic charge
through the conductive parts. The depressed semicircle at intermediate to high
frequency can be ascribed to the Li-ion diffusion through the SEI layer whilst the
semicircle in the intermediate to lower frequency range denotes the characteristics of
charge transfer at the electrode/electrolyte interface. The tail at the low frequency
is caused by Li-ion diffusion into the active materials of the electrodes.
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Figure 4.1: EIS plots of Li-ion battery cells at 5% SOC (A , B) and (C , D) at
100% SOC levels; A and C: Li-ion battery cells taken as references; B and D: Li-ion
battery cells exposed to high g pulses (evolution of impedance follows the sign)
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The first apparent effect to be noticed is the substantial difference in the
impedance response between Figure 4.1 (A and B) and Figure 4.1 (C and D). This
difference is more significant at moderate frequency range where the diameters of
the semicircles are approximately two times bigger at lower SOC levels for both
experimental and reference cells. This behaviour is ascribed to a different rate of
the charge transfer reactions on the interface of the active material particles of both
electrodes. The combined charge transfer reaction rate is therefore faster at high
SOC.
Also, it is observed that the diameter of the semicircles at higher frequency
range increases with a decrease in SOC. This could be explained by the decrease
in lithium ion mobility through the passivating film layers on the electrodes as
the SOC decreases. Conversely, as the concentration or mobility of lithium ions
through the SEI layers increases with an increase in SOC, a drop in SEI layer
impedance is expected. Moreover, the real axis impedances at high frequency
intercepts demonstrate no apparent variation between the two SOC levels. The
resistance component of the current collectors as well as the electrolyte remains
unchanged regardless of SOC levels.
This indicates that the electrochemical behaviour of Li-ion battery cells are
significantly influenced by its SOC and vary moderately at different voltage regions.
Indeed, this observation is in accordance with literature which establishes that the
nature of kinetic processes such as ionic conduction, electron transfer, diffusion and
absorption of reacting species in Li-ion battery cells are intrinsically connected with
its SOC level [91],[92].
Figure 4.1 also shows significant reduction in the diameter of the semicircles
emerging in the moderate frequency range post storage and subsequent to the
first electrochemical cycle, which continued to grow at a slower pace in the
following cycles. Evidently, the SOC level has more influence on the impedance
measurements in comparison with increasing number of electrochemical cycles. A
possible reason that could describe this phenomenon is that the charge transfer
impedance is cross-dependant on the relaxation period during storage. Barai et
al. have demonstrated that the electrochemical impedances measured by EIS vary
significantly as a function of time [74]. Relaxation period leads to an electrochemical
equilibrium where concentration of lithium ions within the bulk of the particles have
equalised, thus modifying their respective electronic properties which is reflected in
the observed trend. Comparatively, Li-ion cells at lower SOC levels exhibit higher
charge transfer impedance during relaxation [74].
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Conversely, comparing both experimental and reference cells at the same SOC
level, Figure 4.1 shows no distinct deviation in the level of impedances measured
over time and during the course of electrochemical cycling. Hence, it is not possible
to investigate the effects of high g pulses on the impedance of a Li-ion battery
in the absence of a systematic and integrated comparison technique. This is an
important step to distinguish between different degradation mechanisms accelerated
upon exposure of Li-ion batteries to mechanical events.
In order to understand the variations in impedance parameters as a function of
high g pulses and operating conditions, the Nyquist plots were analysed using Z-View
software. Based on the established knowledge of the internal functioning mechanisms
of Li-ion batteries and underlying physical processes, the ECM presented in Figure
4.2 is proposed. The model combines a selection of passive electrical components,
such as resistors and capacitors to parameterise the characteristic points of all the
EIS plots.

Figure 4.2: Equivalent circuit proposed for the analysis of EIS plots for the current
study
To understand the behaviour of Li-ion batteries, a number of key parameters
were adopted. In the current model, the inductive behaviour is assigned to an
inductor (L), which takes into account the measurement artefacts introduced at
high frequencies. The total impedance of the cell is regarded as the sum of series
impedance (ohmic impedance), SEI impedance and charge transfer impedance and
are represented as R1, R2 and R3 respectively. The depressed semicircle at high
frequency is modelled by R2//CPE2, relating to the resistance and capacitance
of the SEI. The semicircle in the intermediate frequency region is represented by
R3//CPE3, which is assigned to the charge transfer impedance and the double layer
capacitance respectively. For solid electrodes, a constant phase element (CPE) is
introduced in place of pure capacitive element to compensate for the inhomogeneity
of the electrode surface such as roughness or porosity [69],[70],[93]. The diffusion of
Li-ion batteries inside the active material is modelled by a Warburg element (W).
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The adopted ECM was used to estimate the impedance characteristics of Li-ion
batteries with different experimental treatments and SOC levels. Figure 4.3
compares the fitted and measured impedance data of a reference Li-ion battery
cell at 35 o C and 5% SOC. The ECM has been fitted with good agreement, which
highlights the fact that the underlying electrochemical processes can be characterised
with sufficient precision. It is worth noting that during data fitting process, it is
necessary to provide an initial value for elements of ECM which can usually be
obtained by using an instant fit in Z-view software.

0.004

- imaginary impedance (Ohms)

0.003
0.002
0.001
0.000

−0.001
−0.002
−0.003

measured cell impedance
estimated cell impedance
0.004

0.008
0.012
0.016
real impedance (Ohms)

0.020

Figure 4.3: The Nyquist plot of a Li-ion battery cell at 5% SOC level was fitted
using the established ECM in Z-view software
Figure 4.4 and Figure 4.5 demonstrate global images of the estimated impedance
characteristics for 32 cells in total that includes both dropped and not dropped cells
at 5% (low) and 100% (Full) SOC levels. As described in chapter 3, the impedance
of the cells were monitored prior to and post high g pulse testing, initially over the
course of 96 hours of storage and then over the course of 55 charge-discharge cycles
at 1C. As can be seen from Figure 4.4 and Figure 4.5, a visible trend does not exist
that aids to identify the relationship between the impedance variations as a function
of high g pulse testing. However, the need to understand the effects of high g pulses
on the variation of impedances remain important for the undertaken study.
82

CHAPTER 4. RESULTS AND DISCUSSION
A
0.0068
0.0066
●

0.0064
series impedance (Ohms)

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●
●

●
●

●
●

●

●

●
●
●
●
●

●
●

●
●

●
●

●
●
●
●
●
●
●

●

●

●

●
●
●
●
●
●

●
●
●
●
●

●
●
●
●
●

●
●
●
●
●

●

●

●

●

0.0062
0.0060
0.0058

●

●

●

●

●

●

●
●

●
●
●
●

●
●
●
●

●

●

●
●

●
●

●
●

●
●

●
●
●
●
●
●

●

●

●

●

●

●
●
●
●

●
●
●
●

●
●
●
●

●
●
●
●
●
●

●
●
●
●

●

●

●
●

●
●

●
●

0.0056
0.0054
0.0052
0.0050

●

●

●
●

●
●

●

●

●

●
●

●

●

●

●

●

●
●
●
●

●
●

●
●

●
●

●

●
●
●
●
●
●

●

●
●
●
●
●
●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●
●

●
●

●
●

●
●
●
●
●
●
●
●
●
●
●
●

●

0.0048

●
●
●
●

●
●
●
●
●

●

●

●

●

●

●

●
●

●
●

●
●

●
●

●
●
●
●
●
●

●
●
●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

B
0.0065
0.0060
0.0055

SEI impedance (Ohms)

0.0050
0.0045
0.0040

●

●

●

0.0035
0.0030
0.0025
0.0020

●
●

●
●

0.0015
0.0010
0.0005

●
●
●
●
●
●
●
●
●

●
●
●
●
●

●

●

●
●
●

●
●

●

●
●
●
●
●
●
●
●
●
●

●

●

●
●
●
●
●
●
●
●

●
●
●
●
●
●
●
●
●
●
●

●

●

●

●
●

●

●
●
●
●

●
●
●
●
●
●
●

●
●
●
●
●
●
●
●
●

●
●
●
●
●
●

●

●

●

●

●
●
●
●
●
●
●
●
●
●

●

●

●

●

●

●
●
●

●

●
●

●
●

●
●

●

●
●
●
●
●
●
●
●
●

●
●
●
●
●
●
●
●
●

●

●

●

●
●
●
●
●
●
●
●
●

●
●

●
●

●
●
●
●
●
●
●

●
●
●
●
●
●
●

●

●

●

●

C
0.013

charge transfer impedance (Ohms)

0.012
0.011
0.010
0.009
0.008
0.007
not dropped
dropped

0.006
0.005
0.004
0.003
0.002

●
●
●
●
●
●
●
●
●

●
●

10

●
●
●
●
●
●
●
●

●
●
●
●
●
●
●

●
●

●
●

20

●
●
●
●
●
●
●

●
●
●
●
●
●
●

●
●
●
●
●
●
●

●
●
●
●
●
●
●
●

●
●
●
●
●
●
●
●

●

●

●

●

●

●

●

●

●

●

30

40

●
●
●
●
●
●
●

●
●
●
●
●
●
●

●
●
●
●
●
●
●
●
●

●
●
●
●
●
●

●
●
●
●
●
●
●
●
●
●

●

●

●

●

●

●

●

●

●

●

50
60
time(hours)

70

80

SOC
full low

●
●
●
●
●
●
●
●

●
●
●
●
●
●
●
●
●

●

●

●

●

90

●
●
●
●
●
●
●
●
●
●

100

Figure 4.4: Estimated impedances during storage post–drop (A — C). Series
impedance (A); SEI impedance (B); charge transfer impedance (C)
83

CHAPTER 4. RESULTS AND DISCUSSION
In addition, Figure 4.4 and Figure 4.5 reveal that there is a significant amount
of discrepancy amongst the estimated parameters in each category including the
batch of not dropped cells. It is also worth noting that the SEI and charge transfer
impedances for both dropped and not dropped cells (Figure 4.4 (B, C) and Figure
4.5 (B, C)) tend to be higher at 5% SOC level. This phenomenon again emphasises
that the impedance response of Li-ion batteries is strongly influenced by its SOC
level, which is in good agreement with the literature as stated earlier.
The following section therefore investigates the nature of the observed discrepancy
amongst the collected impedance and capacity data for all reference cells prior to
any further analysis.
4.1.1.1

Variations in electrochemical performance among–cells

As mentioned in section 2, the electrochemical performance of a Li-ion battery
cell depends on its operating conditions such as ambient temperature, current rate
and SOC [59],[94],[95]. In general, Li-ion batteries exhibit gradual decrease in
performance as a function of both storage time and usage, which is due to gradual
and inevitable irreversible processes. Besides these factors, there is also a substantial
amount of variation in the electrochemical performance among cells that are not
clearly attributable to any cause other than the variations in the manufacturing
process. To quantify this variation, the impedance characteristics and capacity
profiles of 11 reference Li-ion battery cells are examined which includes 6 cells at
100% and 5 cells at 5% SOC levels.
The impedance measurements were carried out prior to, during and post
electrochemical cycling. All the cells were kept inside a thermal chamber at 35
o
C and a cycling rate of 1C was used. For every cell at each point in time, the
series, SEI and charge transfer impedance characteristics were extracted by means
of fitting to the ECM depicted in Figure 4.2 as a standard for this study. Figure
4.6 (A) and Figure 4.6 (B) demonstrate the capacity and series impedance profiles
of all 11 reference cells over the course of 55 electrochemical cycles. Herein, the
functional responses of the collected impedance and capacity profiles are estimated
using linear regression. In the linear regression model, the relationship between the
dependent variable y (i.e. impedance or capacity) and the independent variable x
is assumed to be linear. The implemented model is expressed as:

y = Bx + 
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Figure 4.6: Discharge capacity and series impedance of 11 reference cells during
electrochemical cycling. A: Individual regression fits for discharge capacity (cycles
1–55); B: Individual regression fits for estimated series impedance
This approach allows the relationship between impedance and capacity to be
modelled for all the reference cells as a function of electrochemical cycling at both
SOC levels. For a better comparison, the regression coefficients (slope coefficients)
for both impedance and capacity were studied and a summary is provided in Table
4.1. Following this, a set of statistical measures were obtained from the slope
coefficients, as can be found in Table 4.2 and Table 4.3.
The estimated means of slope coefficients (±95%CI) show that the series
impedance response of cells at full SOC is 8.81 · 10−6 (±2.01 · 10−6 ), and at low
SOC is 1.40 · 10−5 (±5.04 · 10−6 ) Ω-cycle . The estimated means of slopes for capacity
response of the cells at full SOC is -1.57 (±0.29), and at low SOC is -1.71 (±0.22)
mA.h-cycle . The conducted analysis therefore confirms that SOC directly influences
the response of the cell to the electrochemical cycling, as already reported in the
literature [91, 92, 96].
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Table 4.1: Regression coefficients of individual cells
capacity slope
impedance slope
SOC (%)
-cycle
[mA.h
]
[Ω-cycle ]

cell
reference
reference
reference
reference
reference
reference
reference
reference
reference
reference
reference

5
5
5
5
5
100
100
100
100
100
100

1.29 · 10−5
1.24 · 10−5
1.24 · 10−5
1.11 · 10−5
2.11 · 10−5
9.31 · 10−6
8.22 · 10−6
8.70 · 10−6
5.78 · 10−6
9.14 · 10−6
1.17 · 10−5

-1.57
-1.52
-1.79
-1.74
-1.94
-1.33
-1.25
-1.75
-1.42
-1.79
-1.92

Table 4.2: Estimated means of slopes for series impedance
)
SOC (%)
mean [Ω-cycle ]
SD
SE
CI
ratio( max
min
5
100

SOC (%)
5
100

1.40 · 10−5
8.81 · 10−6

4.06 · 10−6
1.91 · 10−6

1.82 · 10−6
7.84 · 10−7

5.04 · 10−6
2.01 · 10−6

Table 4.3: Estimated means of slopes for capacity
mean [mA.h-cycle ]
SD
SE
CI
-1.71
-1.57

0.17
0.27

0.08
0.11

0.22
0.29

1.91
2.03

ratio( max
)
min
1.28
1.64

The results also show that the functional responses of the cells kept under
controlled conditions and given the same SOC, can also vary substantially. By
referring to Table 4.2 and Table 4.3, it is clear that the series impedance and
capacity response varies among fully charged cells by about two-fold and among
low charged cells, series impedance varies about two-fold whilst the capacity varies
by about 30%. These results reflect the limitations of numerous studies on the
electrochemical performance of Li-ion cells that employ one or two replicates
(e.g.,[55]). This quantification also highlights that more sophisticated statistical
methods are required to analyse experiments based on commercial Li-ion cells, and
one such method is outlined in the following section.
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4.1.2

Statistical analysis

In principle, the traditional analysis involves averaging of the dataset. Whilst the
average value provides a bigger picture and allows to identify a standard measure for
the centre of the distribution of the data, it essentially disregards sample to sample
variation within a dataset. In this study, it is pertinent to take into account the
complete dataset in order to investigate the significance of the observed trends. An
effective analysis such as Linear Mixed–Effects model accounts for the entire dataset
and sources of variation with much more flexibility. Linear Mixed–Effects model is
an extensive version of linear regression model for dataset that are collected and
categorised in groups which incorporate associated random effects.
Since the working hypothesis is based on investigating the effects of mechanical
events on the electrochemical response of Li-ion batteries, it is of paramount
importance to examine the variations in the levels and slopes of both impedance
and capacity response of the cells over storage time and under cycling subsequent
to high g pulse tests. The question of interest therefore is, whether “high g pulses
influence the rate of impedance variation and capacity retention over storage and
usage”. To answer this question, firstly the intercepts and slopes of individual cells
are characterised. Then, the relationship between experimental treatments (dropped
cells versus not dropped cells) and SOC are studied under both storage time and
usage by implementing Linear Mixed–Effects model analysis. It should be noted
that the variations among cells are also accounted for in the proposed model by
introducing battery cells as random variables.
The Linear Mixed–Effects model carefully considers both the dependent and fixed
effects (independent) parameters besides incorporating the random effect parameter.
It should be highlighted that the random effect parameter allows for consideration
of the different baseline response values for the individual cells.
All impedance and capacity profiles collected in this study are analysed using R
programming language, by implementation of the lme function in the nlme package.
The analysis is established following a comprehensive study on the Mixed–Effects
models in R: “An Appendix to An R Companion to Applied Regression”, by John
Fox and Sanford Weisberg [97]. The proposed Linear Mixed–Effects model can be
described in simple form as follows:

y = d + s + t + d:s + s:t + d:t + d:s:t + random|cell + 
(4.2)
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where:
• y is the dependent variable (e.g., series impedance, capacity)
• d is the effect of drop testing
• s is the effect of low versus high SOC level
• t is the effect of time or electrochemical cycling
• d:s is the interaction between drop testing and SOC level
• s:t is the interaction between SOC level and time or electrochemical cycling
• d:t is the interaction between drop testing and time or electrochemical cycling
• d:s:t is the interaction between dropping, SOC level and time or
electrochemical cycling
• random|cell is the random effect due to cell
•  is the residual error
Section 4.1.2.1 describes the steps required in order to fit Linear Mixed–Effects
models to the dataset using R programming language. This section deals with fitting
Linear Mixed–Effects models to the dataset for the series impedance of the cells
during the course of 96 hours of storage. It is important to note that an exact
similar analysis was undertaken for all other dependent variables (i.e. impedance
and capacity measurements) under both storage time and electrochemical cycling.
For the sake of clarity, several questions are considered throughout the analysis of
the series impedance dataset, such as:
• Does SOC level have an effect on the level of series impedance response ?
• Does treatment (dropped cells versus not dropped cells) have an effect on the
level of series impedance response ?
• Does SOC have an effect on the level of series impedance responses at different
treatments ?
• Does storage hours have an effect on the level of series impedance response ?
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• Does SOC and treatment have an effect on the impedance response over storage
hours ?
In fact, of all the questions outlined, the last one is of most interest for the current
research. It is expected that series impedance will vary linearly with storage time,
and therefore important to investigate whether the impedance response, “the rate
of change or slope” is affected by the treatment. In order to answer this question,
the following analysis is implemented.
4.1.2.1

Fitting linear mixed–effects model

The initial examination of the data begins with the full model:
> LME.1 <- lme(R1 ∼ I(time-6)* soc* drop,random=I(time-6)|cell,d=data)
where:
• lme is the Linear Mixed-Effect funtion
• R1 is the dependent variable, series impedance
• I(time-6) corresponds to the point in storage time when impedance
measurement is taken, and - 6 allows to set the first time measurement to
zero (the intercept)
• SOC levels are defined as full (100%) or low (5%)
• drop is the effect of high g pulse testing; the levels are dropped and not
dropped
• cell is a random effect, represented by |cell
• d is the full dataset corresponding to the series impedance measurements taken
during the course of 96 hours storage
The function summary(lme) in R is used to display the full result of the model,
as presented in Table 4.4.
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effect

Table 4.4: Summary of LME.1 model
estimate
SE

intercept
time
drop(not dropped)
SOC(low)
time:drop(not dropped)
time:SOC(low)
drop(not dropped):SOC(low)
time:drop:SOC

−4

50 · 10
6.60 · 10−7
-1.59 · 10−4
2.84 · 10−4
2.10 · 10−7
-3.10 · 10−7
4.13 · 10−4
-1.60 · 10−7

−4

1.32 · 10
1.29 · 10−7
2.12 · 10−4
1.80 · 10−4
2.01 · 10−7
1.78 · 10−7
3.07 · 10−4
3.04 · 10−7

DF
476
476
28
28
476
476
28
476

t
41.87
5.14
-0.75
1.58
0.98
-1.78
1.34
-0.55

P
0.0000
0.0000
0.4592
0.1260
0.3203
0.0760
0.1897
0.5803

By default, R performs the standard statistical tests and outputs the estimates
for each regression coefficient with the associated p-value from the fitted Linear
Mixed–Effects. The slope coefficients in the estimate column report on the average
change due to a corresponding effect, whilst the interaction terms can be interpreted
as the estimated change in the relationship between the dependent and fixed effects.
The p-value indicates the significance of the effects or interactions,and if p-value is ≥
0.05, the interaction or effect is not significant and there is no interdependence. By
reviewing the obtained p-values, it seems fair to dismiss the hypothesis that dropping
Li-ion battery cells affects its performance in terms of series impedance response as
a function of storage time. Nevertheless, the full model requires optimisation to
accomplish a simpler model with only statistically significant parameters.
Boxplots of the estimated intercepts and regression coefficients of individual cells
are shown in Figure 4.7. This provides a good visualisation of the variation in
both the intercepts and slope measurements. The intercepts represent the level of
impedance of the cell at the start of storage time and slopes represent the relationship
between series impedance and storage time. As expected, there is a great deal of
variation in the intercepts for both dropped and not dropped cells. Although the
plots suggest that the medians of slopes are similar, there is a slight variation since
dropped cells at full SOC level and not dropped cells at low SOC level have steeper
slopes. The proceeding stages investigate the significance of this variation.
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Figure 4.7: Boxplots of the estimated intercepts and regression coefficients of
individual cells (series impedance during storage post–drop)
The term random=I(time-6)|cell takes into account the random effects in
relation to individual cells, implying both random intercept and slope unless it
is explicitly excluded. In the following models, the necessity of employing both
random intercept and random slope are tested, omitting each term in turn from
the full model. To test whether it is possible to disregard any random effects, the
effect of random slope is initially discarded by introducing the term random = ∼ 1
|cell to the original model as presented below:
> LME.2 <- lme(R1 ∼ I(time-6)* soc* drop,random=∼ 1 |cell,d=data)
In order to compare the significant difference between the presented models,
the likelihood ratio test is performed using anova( ) function in R. This function
calculates the likelihood ratio statistic including p-value, comparing the refitted
model LME.2 to the original model LME.1 rather than getting p-values from
individual models. The resulting output from the anova analysis can be obtained
by:
> anova (LME.1 , LME.2)
The corresponding p-value equates to 0.0001, revealing that the effects of
random slopes are significant and therefore LME.1 should be used. After all, it is
92

CHAPTER 4. RESULTS AND DISCUSSION
expected that impedance response of individual cells will differ with an increasing
storage time and in fact the degree of change is not the same for individual cells.
Subsequently, the effect of random intercept is discarded by introducing the term
random=∼ I(time-6)-1|cell to the original model:
> LME.3 <- lme(R1 ∼ I(time-6)* soc* drop,random=∼ I(time-6)-1|cell,
d=data)
The likelihood analysis is performed using anova (LME.1 , LME.3), yielding
a p-value <0.0001. The test is statistically significant, suggesting that random
intercepts are required to model the impedance differences in relation to individual
cells. Thus, the analysis returns to the original model LME.1. Moreover, it is also
imperative to measure the autocorrelation coefficient for the series impedance data
prior to any further analysis. The autocorrelation shows the correlation between
individual impedance measurements within a given cell, at successive time intervals
and hence estimates the linear relationship between impedance measures. In the
following step, the possibility of errors within successive impedance measurements
being correlated is considered. It is possible to capture autocorrelation effect with
the dataset, since the measurements are taken longitudinally for the impedances.
The LME function in R incorporates a correlation argument corCAR1 for specifying
the auto–correlated error. The LME.4 model with corCAR1 argument is fitted to
the dataset in order to test for the autocorrelation structure:
> LME.4 <- update(lme.1, correlation=corCAR1(form=∼ (time) |cell))
The autocorrelation error estimated is φ=0.92, implying a strong autocorrelation
amongst the errors. This is common for measurements collected over time since a
fluctuation in a value at any given time point may result in a fluctuation at the
successive time point. The likelihood ratio analysis is then performed by comparing
the refitted model LME.4 to LME.1, using the function anova (LME.1 , LME.4).
The resulting p-value <0.0001 suggests evidence of the need for reviewing LME.4 to
accommodate autocorrelated errors within the impedance measurements. Table 4.5
summarises the output from LME.4.
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effect

Table 4.5: Summary of LME.4 model
estimate
SE

intercept
time
drop(not dropped)
SOC(low)
time:drop(not dropped)
time:SOC(low)
drop(not dropped):SOC(low)
time:drop:SOC

−4

50 · 10
6.60 · 10−7
-1.62 · 10−4
2.84 · 10−4
2.64 · 10−7
-3.20 · 10−7
4.17 · 10−4
-2.70 · 10−7

−4

1.30 · 10
1.23 · 10−7
2.12 · 10−4
1.79 · 10−4
2.01 · 10−7
1.70 · 10−7
3.07 · 10−4
2.90 · 10−7

DF
476
476
28
28
476
476
28
476

t
41.93
5.38
-0.76
1.58
1.31
-1.90
1.36
-0.92

P
0.000
0.000
0.4503
0.1244
0.1895
0.0579
0.1854
0.3597

In an effort to obtain a sufficiently simple model with only the statistically
significant effects, the non-significant terms with large p-values are omitted one
at a time. By reviewing the summary Table 4.5, it is clear that the three-way
interaction (time:drop:soc) is not significant with a corresponding p-value of
0.359 and therefore should be omitted. The effect of the three-way interaction is
disregarded by implementing update( ) function in the proceeding model:
> LME.5 <- update(lme.4, ∼.- I(time-6):soc:drop)
To assess the significant difference between the full model LME.4 and the reduced
model LME.5, the likelihood ratio test is performed. In this case, it is established
that the difference between the likelihood of the stated models is not significant
since p-value >0.05 and therefore the analysis will proceed with LME.5 model. The
summary output from LME.5 model along with the associated p-values are presented
in Table 4.6. In this particular case, it is concluded that LME.5 is the significant
model since it includes only statistically significant terms. Throughout the analysis,
both the effect of drop and its interaction with another effect are retained regardless
of being significant or not significant, since these are the parameters of interest.
The preceding analysis is adopted for all the remaining datasets (impedance and
capacity measurements) during both storage time and electrochemical cycling. It
should be noted that each dataset may require more or fewer model reduction
steps, depending on the variables under investigation, verifying at each stage of
the analysis whether the model is improved sufficiently until the most applicable
model is obtained.
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effect

Table 4.6: Summary of LME.5 model
estimate
SE

intercept
time
drop(not dropped)
SOC(low)
time:drop(not dropped)
time:SOC(low)
drop(not dropped):SOC(low)

−4

54.8 · 10
7.09 · 10−7
-2.31 · 10−4
2.35 · 10−4
1.37 · 10−7
-4.14 · 10−7
5.60 · 10−4

−4

1.20 · 10
1.06 · 10−7
1.88 · 10−4
1.62 · 10−4
1.39 · 10−7
1.32 · 10−7
2.49 · 10−4

DF
477
477
28
28
477
477
28

t
45.65
6.65
-1.23
1.45
0.98
-3.14
2.25

P
0.0000
0.0000
0.2285
0.1569
0.3254
0.0018
0.0325

The summary of Linear Mixed–Effects model analysis for all impedance and
capacity datasets can be found in appendix A. Besides, a more principled method
is implemented in order to provide a better visualisation of the overall estimated
fit attained from the analysis for each category of the data. The effects function
in R is used to demonstrate the Mixed–Effects in the final linear model, fitted
to the impedance data during both storage and electrochemical cycling, i.e. the
interaction between impedance measurements and time or impedance measurements
and electrochemical cycling at both SOC levels. As a result, the subsequent 6 plots
were produced, see Figure 4.8. In the proceeding sections, the outcomes of the
Linear Mixed–Effects for all the datasets will be discussed in detail.

4.1.3

Impact of high g pulse tests on the electrochemical
performance of Li-ion battery cells

4.1.3.1

Variation of impedance characteristics of the cells as a function
of storage time

As demonstrated in section 4.1.2, a variation in the impedance response of Li-ion
batteries at both SOC levels is clearly evident from Figure 4.8. Both dropped and
not dropped cells exhibit a clear relationship between impedance response and SOC
level, which is in good agreement with the presented Nyquist plots in Figure 4.1.
In other words, the effect of SOC on the impedance response of the cell becomes
more apparent with a decreasing SOC level. This observation is also consistent with
the established knowledge in section 4.1.1 which also accompanies the perceived
trends from the Nyquist plots. More importantly, the simulated results indicate the
reliability of the statistical method considered for this study, which bears significant
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Figure 4.8: Linear mixed–effect plots demonstrating the overall average of the
impedance estimates with corresponding 95% confidence intervals: during storage
post–drop (A — C); during electrochemical cycling post–drop (D — F). Series
impedance (A , D); SEI impedance (B , E); charge transfer impedance (C , F)
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implications as will be discussed in the proceeding segments.
Given the output from the Linear Mixed–Effects model analysis, it is noticeable
that the storage time influences the series impedance response at both 5% and 100%
SOC levels since the corresponding p-value to the time effect equates to 0.00 which
is below the conventional threshold of 0.05 (Table A.1). Another clear observation
is that the series impedance response grows gradually as a function of increasing
storage hours. The changes exhibited can be linked to the effect of relaxation period
on the impedance measurements, during which the concentration of lithium ions
within the bulk structure equalises as reported by [74].
Figure 4.8 (A) also shows that the series impedance response of Li-ion batteries
is correlated with storage hours, independent of the drop effect. The time:soc
relationship is observed to represent a significant interaction, implying that the
response of series impedance over time differs among SOC levels. This relationship
is more apparent at higher SOC level, since both dropped and not dropped cells in
this category have steeper slopes. As described in section 4.1.1, the series impedance
arises from the ionic resistance of the electrolyte as well as the electronic resistance
of current collectors.
Figure 4.8 (A) demonstrates no significant variation between the level of series
impedance responses at both SOCs, supported by a statistical probability value of
0.1569. Although, it is observed that there is a deviation between the levels of
series impedance responses at both SOCs, they are not significantly different and
exhibit overlaying confidence intervals. With increasing SOC level, the electrolyte
conductivity of Li-ion batteries enhances moderately. However, this doesn’t yield a
substantial deviation in resistive behaviour of electrolyte and current collectors.
The next notable feature from Figure 4.8 (A) is that the effect of drop on
series impedance is not significant. This means that the level of series impedance
measurements does not differ between the dropped and not dropped cells for both
SOC levels. Subsequently, the interaction term time:drop is not substantial at both
SOC levels since the associated p-value equates to 0.3254, which is above 0.05. As
can be seen from Figure 4.8 (A), it is evident that dropping a cell does not change the
response of series impedance over storage time. Although, both SOC levels have an
effect on the slope of the series impedance over storage time, the effect of dropping
the cell on the rate of change of series impedance is perceived to be negligible.
Figure 4.8 (B) displays the Linear Mixed–Effects estimates with the associated
95% confidence intervals for the SEI impedance measurements as a function of
storage time. From the output of the corresponding analysis outlined in (Table A.2),
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it is clear that the effect of time and SOC levels on the SEI layer impedance are both
significant, since p-value=0.00. This underlines that the SEI layer impedance is
directly correlated with the storage hours, which is also supported by the gradual
increase observed in the slopes for both dropped and not dropped cells at both
SOC levels. Moreover, the distinct deviation between the SEI layer impedance
measurements at low and high SOC levels conforms to the established knowledge
in section 4.1.1. At higher SOC level, the ionic conductivity of SEI layer increases
due to the high concentration of lithium ions, thus a sharp decrease in SEI layer
impedance measurement is expected. It is also perceived that once the SEI layer
is formed, it remains stable and persistent to a certain extent [98]. Hence, the
interaction term time:soc is not significant, implying that the rate of change of SEI
impedance over storage time is independent of the SOC level.
It is also apparent that the effect of drop has no influence on the response of
SEI layer impedance at both SOC levels. Although a marginal variation between
the impedance responses of the dropped cells and not dropped cells is perceived,
this difference is not statistically significant. This observation is supported by
the statistical p-value=0.4644 as well as the overlapping confidence intervals. In
addition, the effect of drop on the rate of change of SEI layer impedance over storage
time is deemed to be negligible (p-value=0.2106). Therefore, dropping a cell does
not alter the response of SEI impedance over time. Consequently, this also implies
that the rate of change of SEI impedance remains almost constant for both dropped
and not dropped cells since it does not affect the lithium ion mobility through the
SEI layer vastly.
Figure 4.8 (C) demonstrates the effect of drop testing on the charge transfer
impedance response of Li-ion batteries at both SOC levels. Evidently, the variation
of charge transfer impedance response as a function of SOC is perceived, supported
by the statistically significant p-value=0.00. Pertinently, this statistical outcome is
in good agreement with the established knowledge discussed in section 4.1.1. It is
known that at higher SOC levels, the rate of charge transfer processes are accelerated
and the ionic conductivity of the active materials on the electrodes increases. Thus,
the charge transfer impedance decreases abruptly at higher SOC levels.
Furthermore, the relationship between SOC and storage time followed by the
changes exhibited by charge transfer impedance response are linked to the physical
processes within Li-ion battery cells during relaxation period [99]. Over the course
of storage period, Li-ion batteries reach an electrochemical equilibrium state where
the concentration of lithium ions within the bulk and the surface of the particles
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balances, modifying their respective electronic properties reflected in the perceived
trend. As a result of this, the rate of change in charge transfer impedance is
higher at lower SOC level during storage time, owing to the changes in lithium
ion concentration and the properties of the electrodes. This makes it more difficult
for intercalation/de-intercalation processes to take place at the electrode/electrolyte
interface.
On the contrary, Figure 4.8 (C) shows that drop has no effect on the charge
transfer impedance response, independent of the SOC levels (there is no apparent
difference between the levels of charge transfer impedances for both dropped and
not dropped cells). This is also supported by the statistical p-value equating to
0.8086, accepted as being insignificant. On the other hand, the results are almost
identical for the time:drop interaction term, suggesting no significant correlation
between drop testing and charge transfer impedance response over storage time.
Also, Figure 4.8 (C) reveals that the overall estimates for both dropped and not
dropped cells overlay each other for both SOC levels, affirming that dropping a cell
does not alter the response of charge transfer impedance as a function of storage.
4.1.3.2

Variation of impedance characteristics of the cells as a function
of electrochemical cycling

Figure 4.8 (D, E, F) demonstrates the Linear Mixed–Effects estimates for all
the impedance characteristics of the cells, thereby showing the effects of SOC
and drop on the series, SEI layer and charge transfer impedance responses as a
function of number of charge/discharge cycles respectively. The results are almost
similar to the impedance characteristics of the Li-ion battery cells observed during
storage time. Once again, it is apparent that the cells exhibit strong dependencies
of SOC upon electrochemical cycling, since the interaction term cycles:soc is
statistically significant for all impedance characteristics (p-value <0.05). Likewise,
this observation also reflects the fact that impedance responses of Li-ion batteries
are intrinsically related to its SOC level under electrochemical cycling.
The fundamental rule is that the impedance characteristics of Li-ion batteries
vary over lifetime and the degree of variation is greatly dependent on the operating
conditions whilst under application [72],[100]. In order to substantiate this
dependency, it is important to underline the fact that the kinetics of electrochemical
mechanisms such as ionic conduction, electron transfer and diffusion and absorption
of reacting species in Li-ion battery cells are fundamentally interrelated with their
SOC levels [91],[92].
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Despite the similarities in the depicted Figure 4.8 (D, E, F), there exists a
noticeable difference between the impedance responses under electrochemical cycling
at different SOC levels for both dropped and not dropped battery cells. It is evident
that the relationship between SEI and charge transfer impedance are strongly
correlated with charge/discharge cycles at different SOC levels. Conversely, the
overall estimated fit of series impedances for both dropped and not dropped cells
does not vary significantly with SOC levels for a given electrochemical cycle.
In the preceding section, it was noted that the series impedance is dominated
by the impedance of both the electrolyte and current collectors. The electrolyte
used in Li-ion battery cells has a high concentration of salt, maintaining high
electrolyte conductivity throughout the cycle life. However, the salt in the electrolyte
does not participate in the overall electrochemical reactions taking place inside
Li-ion batteries, hence its conductivity is not prone to change with increasing
electrochemical cycles. This theory is in good agreement with the presented plot
in Figure 4.8 (D), which indicates that there is a small variance between the series
impedance responses of the cells at both SOC levels. For a given cell (dropped
or not dropped), the series impedance response falls within the same confidence
interval at both SOC levels. Thus, the effect of SOC during electrochemical cycling
on the series impedance response can be regarded as negligible. Comparatively, it
is apparent that the SEI and charge transfer impedances are more influenced by the
SOC level during the course of electrochemical cycling.
As described in section 4.1.3.1, the SEI layer remains stable and persistent
once formed and changes gradually over subsequent cycles [27],[59],[92]. The
gradual increase in SEI layer impedance can be explained by different ageing
mechanisms experienced by Li-ion batteries such as SEI ageing processes (i.e. SEI
dissolution, SEI reformation and growth), yielding a rise in SEI impedance upon
electrochemical cycling [59]. The implications of SEI growth are twofold under
ageing mechanisms. Primarily, SEI growth will result in the loss of reversible lithium
ions which directly impacts the capacity fade. Secondly, it modifies the double
layer at the electrode/electrolyte interface, resulting in an increase in the charge
transfer impedance [27],[50],[59],[101],[102]. Therefore, it is established that the SEI
impedance response under electrochemical cycling is fundamentally linked to charge
transfer impedance.
Whilst it is clear that the SEI layer and charge transfer impedance responses
increase under electrochemical cycling, Figure 4.8 (E, F) also shows that the
impedance responses are higher at lower SOC levels. This observation is ascribed
100

CHAPTER 4. RESULTS AND DISCUSSION
to the decrease in exchange current density and concentration gradient due to the
changes in electrode potential [59],[102]. Consequently, the rate of intercalation and
de-intercalation of lithium ions is further reduced due to a rise in SEI impedance.
Concurrently, the after–effects of drop testing on the impedance response of
Li-ion batteries under electrochemical cycling are examined. Figure 4.8 (D, E, F)
shows that for both SOC levels, the level of series, SEI layer and charge transfer
impedances does not differ substantially between dropped and not dropped cells
under electrochemical cycling. Hence, it can be conceded that the effect of drop
on the impedance responses of Li-ion battery cells are not significant. This is also
in good agreement with the resulting outcomes from the implemented statistical
models, since the corresponding p-value to the drop effect is bigger than 0.05 for
all impedance characteristics. Although a difference in the level of series and SEI
layer impedance responses are observed between dropped and not dropped cells at
both SOC levels, the overlapping confidence intervals for the estimated slopes in
both categories reveals that the effect of drop is statistically insignificant.
More importantly, it is essential to examine the effects of drop or high g pulse
testing on the rate of change of impedance characteristics (impedance slopes) as
a function of number of charge/discharge cycles. In particular, it is necessary to
explore the interaction term cycles:drop in order to understand the effects of
drop on the performance of Li-ion batteries. Despite the fact that there is a gradual
increase in the impedance responses of both dropped cells and not dropped cells
at both SOC levels (see Figure 4.8 (D, E, F)), the overall effect of drop on the
estimated slopes is not significant. Therefore, it is perceived the dropping a cell
does not influence the response of impedances under electrochemical cycling.
Additionally, it is also noticeable that the response of series impedance for
dropped cells is marginally different to the counterpart for the not dropped cells
category at both SOC levels. As can be seen from 4.8 (D), the series impedance
responses of dropped cells have shallower slopes under electrochemical cycling at
both SOC levels. Although there may be an overall effect of dropping a cell on the
rate of change of series impedance under electrochemical cycling, this effect is not
statistically significant to note since the corresponding p-value for the interaction
cycles:drop equates to 0.1774.
Consequently, it is perceived that the effect of high g pulse testing on the
electrochemical performance of Li-ion batteries in terms of impedance response is
less pronounced as the conducted analysis demonstrates no overview of significant
impedance rise.
101

CHAPTER 4. RESULTS AND DISCUSSION
4.1.3.3

Variation of overall cell impedance as a function of storage time
and electrochemical cycling

Although it has been ascertained that there is no substantial change in the
impedance characteristics of Li-ion battery cells (series, SEI layer and charge
transfer impedances) as a result of high g pulse testing, the effects of high g
pulses on the total impedance responses of the cells are also monitored in order
to globally examine the overall changes at the cell level. The total impedance
of the cell is regarded as the sum of the series, SEI layer and charge transfer
impedances. The Linear Mixed–Effects analysis is then performed on the total
impedances during both storage time and upon electrochemical cycling. This was
an imperative step to ensure that the overall effect of high g pulse tests on the
total cell impedance responses are not disregarded, by merely investigating the
response of individual impedance characteristics during both storage time and upon
electrochemical cycling.
Figure 4.9 (A, B) displays the Linear Mixed–Effects estimates for the total
impedance response of the cells, demonstrating the effects of both SOC and drop as
a function of storage time and number of charge/discharge cycles. As can be seen
from Figure 4.9, SOC level directly influences the total impedance responses of both
dropped and not dropped cells during storage and upon electrochemical cycling,
which is consistent with the results discussed in the preceding section. Additionally,
Figure 4.9 reveals no significant variations in the total impedance responses of the
cells due to the effect of drop over storage time and upon electrochemical cycling.
Once again, this is in good agreement with the obtained statistical results as the
total impedance responses for both dropped and not dropped cells show overlapping
confidence intervals for the estimated slopes at both SOC levels. This implies
statistically insignificant differences between the total impedance responses of both
dropped and not dropped cells during both storage time and upon electrochemical
cycling.
As inferred from Figure 4.8 and Figure 4.9, the internal impedances of both
dropped and not dropped cells vary significantly with SOC, with impedance being
higher at the low SOC level. It is also perceived that SEI layer impedance is
a contributing factor to the total impedance rise during both storage and upon
electrochemical cycling. Moreover, no significant change in the series impedance
responses is observed with electrochemical cycling, whilst the SEI layer and charge
transfer impedances increase with increasing cycle number, thereby increasing the
total cell impedance.
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Figure 4.9: Linear mixed–effect plots demonstrating the average of the total
impedance estimates with corresponding 95% confidence intervals: during storage
post–drop (A); during electrochemical cycling post–drop (B)
4.1.3.4

Variation of discharge capacity with cycle number

The impact of high g pulses on Li-ion batteries is also investigated by monitoring
capacity retention behaviour over the course of 55 electrochemical cycles. This allows
to characterise the relationship between the effects of high g pulses and capacity fade,
hence the contribution of high g pulses on the performance degradation of the cells
can be determined.
Li-ion battery cells are susceptible to performance degradation during storage
time and upon electrochemical cycling.
They exhibit degradation due to
irreversible electrochemical processes, which gradually competes with reversible
lithium intercalation in the electrodes. In most cases, the capacity fade is
accompanied by an increase in the internal impedance of the cells. Although the
conducted impedance analysis shows no significant rise in the impedance response
of Li-ion batteries during storage time and upon electrochemical cycling, the effects
of high g pulses on the performance of the cells cannot be conceded by merely
depending on the impedance analysis. Thus, the performance of the cells are further
assessed by monitoring their discharge capacity behaviour.
Figure 4.10 (A) shows the global overview of the discharge capacity profiles
for dropped and not dropped cells at both SOC levels over the course of 55
electrochemical cycles. A most apparent feature of the plot is that the capacity
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Figure 4.10: Discharge capacity profiles during post–drop electrochemical cycling.
(A) Individual cells with linear regression estimates (cycles 1-55); (B) Linear
mixed–effect plot demonstrating the average of the capacity retention estimates
with corresponding 95% confidence intervals
of all the cells decline gradually as a function of increasing cycle number, which
is evidently described by the ageing mechanisms leading to a notable reduction in
capacity (see section 2.3). Nevertheless, the dropped cells exhibit no significant loss
in discharge capacity in comparison to the not dropped cells as visually depicted.
To better understand the effects of drop testing on the capacity retention
behaviour of the cells, the capacity profiles are further evaluated by implementing
Linear Mixed–Effects analysis for the discharge capacity of all 32 cells, considering
both the effects of SOC and drop. Once again, a notable feature from Figure 4.10
(B) is that the capacity retention behaviour of Li-ion battery cells over the course of
electrochemical cycling are different at both SOC levels, supported by a significant
probability value of 0.0238. The implication of this is that, there is an interaction
between the discharge capacity behaviour and the SOC level. The increasing SOC
level may possibly increase the irreversible capacity loss moderately due to maximum
reactivity as reported by several research publications [46],[59].
Another notable feature of the Linear Mixed–Effects estimates for both dropped
and not dropped cells lies in the interaction between drop and discharge capacity
responses (cycles:drop) upon electrochemical cycling, as illustrated in Figure 4.10
(B). The computed average estimates demonstrate marginally shallower slopes for
the dropped cells at both SOC levels, advocating a slower rate of capacity fade due
104

CHAPTER 4. RESULTS AND DISCUSSION
to the effect of drop. Despite this, the interaction cycles:drop is not statistically
significant as the corresponding p-value equates to 0.0867, suggesting that the
observed differences are not substantial to be taken into consideration. Also, the
overlapping confidence intervals of the estimated average slopes for both the dropped
and not dropped cells infer statistically insignificant differences between the data.
Subsequently, the conducted analysis ascertains that the effect of dropping a
cell does not alter its capacity retention behaviour with increasing cycle number,
corroborating that the ageing mechanisms leading to capacity fade are independent
of the effect of drop. This means that the capacity measures of all the cells are not
influenced by drop, thereby nullifying the notion of a link between mechanical events
in terms of high g pulses and cell performance degradation. It is also important to
highlight that the correlation between capacity retention and impedance rise is not
influenced by the effects of high g pulse testing and the ageing mechanisms are
independent of the effect of the undertaken tests.

4.1.4

Summary of the effects of
electrochemical performance

high

g

pulses

on

In the context of studying the effects of severe mechanical events on the
electrochemical performance of Li-ion batteries, a custom designed Instron spring
assisted drop tower with a maximum of 10 kJ impact energy was employed to subject
the battery cells to high g pulses. The adopted input energy for the current study
was 5000 J, resulting in acceleration/deceleration pulses up to 1500 g at the point
of maximum impact. The accelerometers secured on the top and bottom plates of
the fixture encompassing the battery cells allowed for tracking the movement of the
plates relative to each other upon releasing the impactor from the springs of the
drop tower. Besides, this enabled measurements of the accelerations experienced by
the battery cells at the point of maximum impact.
The acceleration and deceleration pulses experienced by the bottom and top
plates on the impactor of the drop tower are approximately 1500 g and 1000 g
respectively (see Figure 4.11 (A)). Although the measurements recorded by the
accelerometers are significantly high, the particular interest of this research lies in
the acceleration and deceleration pulses exerted on the battery cells incorporated
between the two plates. A notable feature of the Figure 4.11 (A) is the considerable
deviation in the measured accelerations between the top and bottom plates,
particularly at the point of maximum impact. This feature can be attributed to the
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damping characteristic associated with the viscoelastic properties of Li-ion battery
cells. At the instant of maximum impact as the impactor plate deforms the crush
can, the top plate is subjected to deceleration by the battery cells. The slowdown
in the movement of the fixture’s top plate results in an instantaneous compression
of the cells, which was also captured by using a slow motion camera.
As can be seen from Figure 4.11 (A), at the point of maximum impact, the bottom
plate is accelerating at approximately 1500 g whilst the top plate is decelerating at
around 1000 g respectively. As a result, the four battery cells incorporated between
the two plates are subjected to a sudden compressive load, equating to the weight of
the top plate (10 kg) multiplied by the maximum relative acceleration experienced
at (approximately 500 g) (see Figure 4.11 (B)). This translates to approximately
49 kN load magnitude experienced by four Li-ion battery cells for a duration of
less than 0.1 second at the point of impact. Despite the fact that none of the cells
in this study exhibited noticeable mechanical damages at such high magnitudes of
load or posed any safety hazards, it was however necessary to characterise their
electrochemical performance in order to address the current research challenges.
Additionally, the performance characterisation allowed for investigating the long
term effects of the imposed mechanical load which may have caused damages to the
internal components of the cells, resulting in serious implications concerning the life
of the batteries. Thereby, it was critical that the long term effects of high g pulses
are understood and eliminated if possible.
To assess the nature of the instantaneous compression subjected to the battery
cells upon exposure to high g pulse tests, a series of working hypotheses were
initiated and constantly referred to whilst achieving the goals of this study (section
2.5). The empirical evidences collected in section 4.1.3 have provided support to
address all the working hypothesis as described in the succeeding paragraphs. This
allows to reflect on the findings of this study, thus answering the research questions.
Firstly, it was hypothesised that the sudden compressive load associated with
high g pulse testing will cause delamination of the electrode layers or fracture
within individual electrodes. Subsequent to this theory, a decrease in the surface
conductivity of electrodes is expected and the resulting degradation mechanism is
the loss of ohmic contacts due to mechanical deformation and fracture. In an effort
to examine the postulated theory, both physical and electrochemical performance
analyses were adopted. However, all the cells exhibited no apparent signs of physical
damage, spontaneous failure or safety hazards and were deemed to be in good
working condition.
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Figure 4.11: Acceleration profiles collected from the high g pulse test; (A)
acceleration pulses, (B) relative acceleration
To a certain extent, the effects of induced compressive load were anticipated to
directly influence the series impedance of the cells, since the loss of ohmic contacts
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due to mechanical deformation and fracture are directly dependent on the active
surface area of the electrodes. To validate this reasoning, the effects of high g
pulses on the series impedance responses of the cells during both storage time and
upon electrochemical cycling were assessed and it was established that there was no
definite correlation between the rise in series impedance response and high g pulses.
Therefore, the absence of a notable rise in series impedance as a function of high
g pulse testing dismisses the notion that the sudden compression and expansion of
the layers induces damage to the internal structure of the cell. Additionally, no
signs of unusual loss of capacity were observed amongst the dropped cells which is
consistent with the impedance results as no abrupt rise in the interfacial resistance
was perceived.
Secondly, it was speculated that the induced stresses on the internal structure
of the cells as a result of high g pulse testing may damage the separators besides
deformation and shrinking of the electrode layers. One underlying mechanism is
that the separator strain and deformation leads to closure of the separator pores,
which in turn limits the ability of the lithium ions to travel across the barrier (shuttle
between the electrodes during charging and discharging). This means that the ionic
transport between the electrolyte and the electrodes is restricted, resulting in a
significant decrease in capacity. The extent of damage to the separator subsequent to
mechanical testing was assessed by characterising the cell performance degradation.
Thereby, the capacity analysis was conducted by examining the capacity retention
behaviour as a function of increasing cycle number. The analysis demonstrated that
all the Li-ion batteries exhibited a gradual loss in capacity, regardless of the effect
of drop. This reflects that high g pulse tests did not accelerate the normal ageing
processes limited by slow electrochemical processes as outlined in section 2.3. More
importantly, there were no signs of cell failure due to severe separator damage and
rupture. Hence, it is corroborated that the effect of instantaneous compressive load
on the separator is negligible.
Thirdly, the prime degradation mechanism in Li-ion batteries focuses on the
study of SEI formation. As foreseen, a hypothesis based on the theory of SEI
formation and its stability was motivated by the nature of high g pulse tests.
The theory was extended by considering the effects of crack formation on the SEI
layer and exfoliation on the graphite electrode. It was regarded that the effect of
sudden pulses on Li-ion batteries will risk the stability of the SEI layer, resulting
in further formation of this layer. Hence, this fosters the SEI layer to grow thicker,
directly affecting the surface conductivity and arrangement of the double layer at
108

CHAPTER 4. RESULTS AND DISCUSSION
the anode/electrolyte interface.
In an attempt to assess the notion of the relationship between the impacts of
high g pulses and the SEI layer stability, the growth of internal impedances were
monitored. This was followed by a capacity analysis as the fundamental source of
performance degradation is known to be the loss of cycleable lithium ions to the
SEI layer. In general, the limitations concerning the SEI layer are accompanied
by a rise in SEI layer impedance, charge transfer impedance and a decline in
measured capacity. However, this study has confirmed that the mechanical events
have no significant effect on the SEI layer properties. Accordingly, no significant
growth of SEI and charge transfer impedances were observed. Besides, it was also
ascertained that the discharge capacity decreases as a function of electrochemical
cycling independent of the effect of dropping. Consequently, the undertaken analysis
revealed that the cells have not encountered rapid capacity loss pertaining to the
accelerated SEI formation which vindicates that the aforementioned theory can also
be dismissed.
This research anticipated that a comprehensive analysis of the internal
impedance and capacity measurements of Li-ion batteries would provide evidence
of performance degradation as a function of high g pulse tests. However, no
remarkable influence of high g pulse testing on the electrochemical performance
of Li-ion batteries were observed. In view of performance characteristics such as
capacity retention and internal impedance or safety, the negative impacts of high
g pulses should therefore be disregarded. Contrary to this, if only the response
of series impedance and capacity measurements were considered, the results may
elucidate the limited significance of the effects of high g pulses on the improvement
of the battery performance. As discussed in section 4.1.3, the rate of impedance rise
and capacity retention of Li-ion batteries decelerate as a function of high g pulses.
Although this improvement is not statistically significant, the nature of this slow
degradation may be attributed to a better ionic conductivity and enhanced ionic
movement between the electrodes. As mentioned previously, the internal layers of
the cells are subjected to a sudden compression and expansion upon exposure to high
g pulses, resulting in a better connection between the electrodes and electrolyte.
In summary, the study has proven important in reflecting the changes observed in
the electrochemical characteristics of Li-ion batteries during storage time and upon
electrochemical cycling, subjected to severe external mechanical impacts such as high
g pulses. To study the complex interaction between experimental data and various
sensitivity factors, robust statistical techniques were developed. Throughout the
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entire study, none of the analyses demonstrated evidence of statistically significant
relationship between the specified parameters, and therefore the possibility of
correlating the impedance rise and capacity retention behaviour with high g pulses
are dismissed.

4.2

Three point bending tests

This section deals with the mechanical and electrochemical characterisation of
Li-ion batteries under three point bending tests. The influence of mechanical
bending load on the mechanical and electrochemical ageing of Li-ion batteries are
investigated comprehensively in the succeeding sections. The context is based on the
consideration of the hypothesis that mechanical bending load will yield mechanical
ageing and as a consequence amplify the degree of capacity retention as a function
of increasing cycle number.
Firstly, the mechanical load evolution post bending deformation is investigated
(section 4.2.1) besides considering its direct effect on the electrochemical
performance of Li-ion batteries, in terms of internal impedance growth and capacity
retention (section 4.2.2). Secondly, the collected X-ray CT images of the battery
cells are analysed in order to observe the internal deformation of Li-ion batteries
under bending loads subsequent to exploring the interaction between the internal
layers of the cell retained under bending deformation upon electrochemical cycling
(section 4.2.3). Finally, the results are summarised and the underlying hypotheses
are addressed with reference to the main findings (section 4.2.4).

4.2.1

Mechanical load evolution as a function of time and
electrochemical cycling

Figure 4.12 shows the temporal load response of a Li-ion battery cell held under a
three point bending load for the initial period post application of the load and over
the duration of electrochemical cycling. Initially, as the battery cell is undergoing
bending deformation up to approximately 20 mm deflection, the bending load
increases and thereafter drops to a lower level following the completion of the loading
regime. Subsequent to the application of bending load, the cell is secured in position
to maintain the same degree of deformation whilst the load is free to evolve.
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Figure 4.12: Mechanical load evolution of the cell constrained under bending
deformation. (A) load relaxation regime of the cell as a function of time; (B)
load evolution as a function of electrochemical cycling; (C) load relaxation post
electrochemical cycling
Evidently from Figure 4.12, the cell experiences the applied load instantaneously
and then exhibits a gradual reduction in load as a function of time. The viscoelastic
properties of Li-ion batteries are accountable for the perceived load reduction
effect, especially at the early stages post application of a load. The viscoelastic
effect is a common deformation mechanism of polymers subjected to quasi-static
loads. Therefore, it be noted that the viscoelastic properties of Li-ion batteries are
attributed to the presence of three sources of polymeric materials, comprising of
the external packaging, the electrode binder and the separator. Since the nature of
the materials used in Li-ion batteries exhibit both viscous and elastic characteristics,
upon deformation the cell experiences an increment in load briefly which then relaxes
to an equilibrium arbitrary value over a period of 4 days approximately. The attained
equilibrium state is greatly influenced by the rate of application of load as well as
the properties of the Li-ion battery cell subjected to the bending deformation.
As described in section 3.2.2.1, in order to investigate the influence of
electrochemical cycling on the mechanically deformed Li-ion battery cell, it was
important to ensure that performance characterisation was not undertaken during
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the course of high rate relaxation regime. Therefore, load relaxation profiles were
collected to determine an estimate of the relaxation period required to reach a
steady state. As depicted in Figure 3.8, the cell subjected to mechanical bending
load reaches a steady state approximately after 4 days. Although the presented
load profile in Figure 4.12 may suggest that the cell has not reached a steady
state load after a period of 4 days, this observation can be explained by several
experimental factors influencing the load measurements over the duration of the
test. The observed load profile is influenced by limiting factors associated with the
use of the designed three point bending rig, the accuracy of the incorporated load
cell and the test operating environment.
The time dependent behaviour of Li-ion batteries under bending deformation can
also be explained by considering a Maxwell model of viscoelasticity presented by the
expression 4.3. The load relaxation of a viscoelastic system can be understood by
considering a Maxwell material, having the property of both elasticity and viscosity
presented by a spring element (elastic component with Young’s modulus E) and
dashpot element (viscous component with viscosity η) respectively. The theory of
Maxwell system implies that a viscoelastic system undergoing deformation exhibits
time dependent relaxation, which results in a reduction of the initial load to a lower
level at equilibrium once the load is applied. As demonstrated in Figure 4.12, the
initial imposed bending load on the battery cell evolves freely to a steady level
through the effect of viscoelastic relaxation, which is more apparent during early
time period.

σ(t) = σ oe− Eη t

(4.3)

Subsequent to bending deformation, the load fluctuation of the cell constrained
under bending was also captured upon electrochemical cycling as depicted in Figure
4.12. The battery cell under bending deformation exhibits further load relaxation
as a result of electrochemical cycling. It is evident that the bending load attained at
equilibrium state decreases to a lower level over the course of 55 electrochemical
cycles. This effect is attributed to the load dissipation internally, manifested
by the movement and sliding of the internal layers in the horizontal plane upon
electrochemical cycling.
Another notable feature of the load evolution plot is that load state of the cell
constrained under bending varies with respect to its charge-discharge state. This
is due to the mechanical load being transferred to the internal layers of the cell
as a result of electrochemical cycling. Hence, the observed load fluctuation as a
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function of increasing cycle number helps to further reduce the externally imposed
mechanical load on the Li-ion battery cell constrained under bending deformation.
This observation can be explained by the intercalation and de-intercalation of
lithium ions into the host lattice as a result of electrochemical cycling, inducing
volumetric changes in Li-ion batteries which is the source of the observed load
fluctuation [103]. The relationship between the thickness changes of the electrodes
in Li-ion batteries with regards to electrochemical cycling has been investigated
by several research groups [104],[105]. Reiger et al. have examined the graphite
electrode expansion with lithiation and have reported that the graphite electrode
contributes significantly to the thickness changes in Li-ion batteries. Their results
demonstrated that the graphite electrode expands into the separator by 5.2% or 4
µm in the battery’s operating range and by approximately 7% at complete lithiation
to LiC6 .
Although the cell is constrained centrally by the bending roller, the internal
volume expansion of the Li-ion battery cell owing to the expansion and contraction
of the electrodes into the separator upon electrochemical lithiation and de-lithiation
manifests constant movement and sliding of the internal layers relative to each other
in the horizontal plane. Thereby, it is anticipated that the load fluctuation promotes
the dissipation of the imposed mechanical load through the evolution of the internal
structure to a more relaxed state. It should also be noted that the structural
changes induced as a result of electrochemical cycling are expected to have a minimal
impact in the central region of the cell, thereby resulting in a non-uniform structural
evolution internally.
It is therefore ascertained that the electrochemical cycling of Li-ion battery cells
constrained under bending deformation helps to release the load experienced by the
stacked layers, introducing relaxation of the internally deformed layers by partially
releasing the subjected strain. The nature of this theory is also evaluated with CT
imaging for more comprehensive insights, as will be described in section 4.2.3.
Although the response of Li-ion batteries under mechanical bending load has not
led to any instantaneous failure, the external loads may have caused damages to the
electrodes, amplifying its mechanical degradation in the long term under application.
Mechanical degradation can have detrimental consequences, which ultimately result
in a reduction in electrochemical performance leading to faster rates of capacity
fade. In the following section, the electrochemical degradation of Li-ion batteries
subjected to bending deformation is quantified with respect to capacity retention
and internal impedance measurements.
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4.2.2

Impact of three point bending tests on the
electrochemical performance of Li-ion battery cells

4.2.2.1

Variation of discharge capacity with cycle number

The impact of three point bending tests on Li-ion batteries is also investigated by
monitoring its capacity retention behaviour over the course of 55 electrochemical
cycles. This allows to characterise the relationship between the effects of restrained
three point bending load and capacity fade. Hence, the contribution of mechanical
bending load on the performance degradation of the cells can be determined. Figure
4.13 shows the discharge capacity profiles as a function of cycle number for three
cells subjected to bending loads and three cells nominated as reference (not bent)
cells at 50% SOC level. The first notable feature from the presented profiles is that
the cells exhibit no significant loss of capacity as a function of imposed bending load
with increasing cycle number.
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Figure 4.13: Discharge capacity profiles of Li-ion battery cells during post–bend
electrochemical cycling (cycles 1-55)
As described in section 2.3, Li-ion batteries are susceptible to capacity fade
due to different degradation mechanisms triggered primarily by the irreversible
114

CHAPTER 4. RESULTS AND DISCUSSION
consumption of cycleable lithium. Hence, in order to probe the degradation
mechanisms stimulated from the three point bending load besides quantifying the
degree of capacity retention for each cell, the functional responses of discharge
capacity profiles are estimated by considering the drop in capacity from the
initial to the final electrochemical cycle. Subsequent to this, the relationship
between the discharge capacity and the increasing cycle number was estimated
using linear regression technique for both bent and reference cells. A set of
statistical measurements were obtained from both the absolute drop in capacity
measurements and the estimated slope coefficients, as presented in Table 4.7 and
Table 4.9 respectively.
Figure 4.14 shows the estimated means of capacity retention with the 95%
confidence intervals for both bent and reference Li-ion battery cells. A notable
feature observed from Figure 4.14 is that the estimated mean of capacity retention
corresponding to the bent cells exhibit enhanced measurements over the course of 55
electrochemical cycles. This is supported by the functional responses summarised in
Table 4.7. The estimated means (±95%CI) show that the average capacity retention
of the bent cells is -89.83 (±29) mA.h, in comparison to -94.99 (±22) mA.h for the
reference cells.
Another analysis considered the rate at which the discharge capacity declines as a
function of electrochemical cycling for both reference and bent cells. For comparison
purposes, the regression coefficients of the individual cells are studied as summarised
in Table 4.8. Moreover, the statistical measures calculated from the slope coefficients
are also compiled in Table 4.9. Although the linear regression analysis examines the
rate of capacity decline as a function of increasing cycle number, it also reflects on
the improvement of the rate of capacity retention for the bent cells in comparison
with the reference cells. The corresponding estimated means of the rate of capacity
retention for the bent cells is -1.82 mA.h-cycle , in contrary to an observed value of
-1.94 mA.h-cycle for the reference cells.
Although the bent cells demonstrate an improved capacity retention over the
course of 55 electrochemical cycles, the overlapping confidence intervals indicate
that the observed differences between both categories are not necessarily significant
(see Figure 4.14 and Table 4.9). It is also clear that the study estimates have
variability with wide confidence intervals, distinctly emphasizing on the presence of
a small sample size. Therefore, the quantification of capacity profiles highlights the
necessity to increase the sample size in order to substantiate the true nature of the
effect of bending load on the electrochemical performance of the cells.
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Figure 4.14: Estimated means of capacity retention with the corresponding 95%
confidence intervals (cycles 1-55)

treatment
bent
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Table 4.7: Means of capacity retention
mean [mA.h]
SD
SE
-89.83
-94.98

11.67
9.03

6.74
5.22

CI
28.98
22.44

In summary, bending a cell does not alter its capacity response significantly
based on the investigated sample size. However, it is not necessarily true that the
observed capacity retention trend for the reference and bent cells are not different,
as the investigated sample size is small and there is a weak positive relationship
between bending load and capacity retention of Li-ion cells. In the following section,
the notion of coupling between the mechanical bending load and electrochemical
performance of Li-ion battery cells is investigated further by analysing the internal
impedance of the cells.
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Table 4.8: Regression coefficients of individual cells
capacity slope
cell
SOC (%)
[mA.h-cycle ]
bent
bent
bent
reference
reference
reference

50
50
50
50
50
50

-1.583
-1.814
-2.064
-2.046
-2.056
-1.714

Table 4.9: Estimated means of slopes for capacity retention
treatment mean [mA.h-cycle ]
SD
SE
CI
bent
reference
4.2.2.2

-1.82
-1.94

Influence of mechanical
characteristics of the cells

0.24
0.19

0.14
0.11

bending

on

0.59
0.48
the

impedance

The influence of mechanical deformation on the impedance characteristics of Li-ion
battery cells was captured whilst a bending load was applied to the cell. Figure 4.15
demonstrates the evolution of the internal impedance of a cell prior to, during and
post application of the bending load. The impedance measurements were collected
periodically for every 30 seconds, initiated 1 minute prior to bending, proceeding
for a duration of 30 minutes. Primarily, it was anticipated that as the battery
cell undergoes bending, the electrodes may experience mechanical damages such as
deformation and fracture, which directly influences the measurable ohmic response
of the cell.
Figure 4.15 provides no clear evidence of mechanical damages to the electrodes
under a bending load, as the ohmic response of the cell does not vary significantly
during and post application of the bending load. To evaluate the instantaneous effect
of bending deformation on the internal structure of the cell, the evolution of series
impedance of both reference and bent cells were characterised by implementing the
proposed ECM presented in Figure 4.2. Figure 4.16 demonstrates an overview of
the estimated series impedances of all the cells over the course of 30 minutes. The
estimated impedances suggest that all 6 cells exhibit a moderately upward trend in
the series impedance responses. However, the bent cells do not reveal any noticeable
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increment in series impedance measurements in comparison to the reference cells.
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Figure 4.15: EIS plots of a Li-ion battery cell at 50% SOC prior to, during and post
application of the bending load for a duration of 30 minutes
To quantify the contribution of the bending effect on the rise in series impedance
of the cells, the functional responses of the estimated impedances over the duration
of 30 minutes are calculated. The increment in series impedance responses for
individual cells are monitored and a set of statistical measures are obtained from
the absolute variation in the estimated series impedances, as can be found in Table
4.10. Figure 4.17 also depicts the estimated average of the absolute variation in series
impedances for both reference and bent cells, besides indicating the corresponding
confidence intervals.
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Figure 4.16: Estimated series impedance responses prior to, during and post
application of the bending load for a duration of 30 minutes

Table 4.10: Estimated means of the absolute variation in series impedances
treatment
mean [Ω]
SD
SE
CI
bent
reference

-3.22 · 10−5
4.67 · 10−5

1.06 · 10−4
4.19 · 10−5

6.12 · 10−5
2.42 · 10−5

2.63 · 10−4
1.04 · 10−4

The presented impedance analysis reveals no signs of structural damages
internally, as it would have affected the measurable internal impedance of the cell
greatly. However, it should also be noted that the bent cells show a drop in series
impedance response as a consequence of bending. A notable feature from Figure
4.17 is that the estimated mean of the variation in series impedance response of
the bent cells exhibit a reduced measure when compared with reference cells. The
estimated means (±95%CI) show that the series impedance response of the bent
cells is -3.22 · 10−5 (±2.63 · 10−4 ) Ω in comparison to 4.67 · 10−5 (±1.04 · 10−5 ) Ω
for the reference cells. It is therefore perceived that the mechanical bending load
may improve the series impedance of Li-ion batteries, which can be attributed to the
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enhancement of ionic movement between the electrodes. This behaviour is correlated
to the fact that mechanical bending deformation yields better connection between
the electrodes and the electrolyte, resulting in a drop in series impedance.
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−0.00005

●
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−0.00025
−0.00030
bent

not bent

Figure 4.17: Estimated means of the absolute variation in series impedances with
the corresponding 95% confidence intervals
Although the estimated means imply an improvement in the series impedance
response of the bent cells as a function of bending deformation, the overlapping
confidence intervals suggest that the observed differences between both the
categories (reference and bent cells) are not necessarily significant. It should also be
mentioned that the examined sample size is insufficient to reflect on the significance
of the outcome. This merely highlights the fact that the observed trends are not
considerably different and bending deformation in this study has no adverse effects
on the series impedance characteristics of the cell. In summary, bending deformation
on the cell does not affect its resistance for ionic movement.
Despite establishing that there are no significant mechanical damages imposed
on the internal structure of Li-ion batteries as a result of bending deformation, it
is however important to evaluate the individual impedance characteristics (series,
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SEI layer and charge transfer impedances) as a function of charge-discharge cycles.
Figure 4.18 (A, B, C) demonstrates a global image of the estimated impedance
characteristics over the course of 55 charge-discharge cycles for a total of 6 cells (3
bent and 3 reference cells). It is evident that none of the cells show any signs of
noticeable degradation subsequent to bending deformation in spite of the substantial
discrepancy observed amongst the impedance characteristics of the individual cells.
However, in order to substantiate the influence of mechanical bending load on
the impedance responses during the course of 55 electrochemical cycles, functional
responses of the absolute variation of the individual impedance characteristics are
estimated for both bent and reference cells, as summarised and discussed in the
succeeding paragraphs.
Figure 4.19 demonstrates the estimated means of the absolute variation in series
impedance responses over the course of 55 electrochemical cycles for both reference
and bent cells, with the corresponding 95% confidence intervals. One notable
feature from Figure 4.19 is that the estimated mean for the variation in series
impedances of the bent cells is considerably higher within the investigated dataset.
This indicates that there is an increase in series impedance response of the bent
cells in comparison to reference cells upon electrochemical cycling. The increment
in series impedance response of the bent cells upon electrochemical cycling can be
related to the mechanical effect of bending deformation on the electrodes.
As described in section 4.1.1, the series impedance response of Li-ion cells reflects
on the impedance of both the electrolyte and the current collectors. Hence, the
associated series impedance rises as a result of an increase in ionic resistance of the
electrolyte and current collectors. The implication of bending deformation on the
series impedance is two-fold. Primarily, the bending deformation will impose both
tension and compression on the electrodes, leading to better adhesion of the active
materials and electrical connection in the central region. Hence, ionic movement
will be facilitated. Secondly, the bending deformation on the cell at the mid span
introduces separation between the layers where the cell is in contact with the support
rollers of the three point bend fixture. The gap introduced by this separation leads
to an increase in the ionic transfer path between the electrodes, therefore a rise in
series impedance is anticipated.
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Figure 4.18: Estimated impedances during electrochemical cycling post–bending;
series impedance (A); SEI layer impedance (B); charge transfer impedance (C)
Whilst under electrochemical cycling, the separation between the layers has a
counterbalancing influence on the mechanically mediated effect of compression,
resulting in an overall rise of series impedance. This is a valid rationale, because
the series impedance is associated with the ionic path between the electrodes and
for optimum performance the ionic transfer path should be the shortest. However,
the gap introduced by the separation between the electrodes establishes an elevated
ionic path under electrochemical cycling.
As mentioned previously, Figure 4.19 underlines that the series impedance
responses of Li-ion ion batteries are correlated to the mechanical bending
deformation under electrochemical cycling. Despite this indication, the overlapping
confidence intervals imply that the observed differences between the reference and
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bent cells are not necessarily significant based on the sample size allocated for
this study. Therefore, the effect of bending a cell on its series impedance upon
electrochemical cycling is less pronounced and reveals no overview of significant
impedance rise in direct comparison with the reference cells.
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Figure 4.19: Estimated means of the absolute variation in series impedances during
electrochemical cycling with the corresponding 95% confidence intervals
On the other hand, Figure 4.20 demonstrates that the estimated means for the
variation in SEI layer impedances are moderately higher for the bent cells in contrast
to the reference cells upon electrochemical cycling. This implies that there is a
change in SEI layer impedance response of the cell as a result of mechanical bending
load, indicating an increment in SEI impedance due to the bending effect. This effect
could be attributed to a drop in mobility of lithium ions. Therefore, a decrease in
ionic conductivity at different sites of the lattice of the electrode material is expected
as a consequence of inhomogeneity of the stress introduced to the layers. However,
since the cells have not experienced significant capacity loss due to mechanical
bending deformation, any major degradation mechanism pertaining to accelerated
SEI growth is dismissed.
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Figure 4.20: Estimated means of the absolute variation in SEI layer impedances
during electrochemical cycling with the corresponding 95% confidence intervals
Although Figure 4.20 shows that there is a difference between the impedance
responses of both reference and bent cells, the overlapping confidence intervals
indicate that the observed differences are not necessarily substantial. Therefore, it
can possibly be established that bending a cell does not affect its SEI layer impedance
significantly.
Concurrently, the effect of mechanical bending deformation on the charge transfer
impedance of the cell during electrochemical cycling is investigated. As depicted in
Figure 4.21, the bent cells exhibit a smaller variation in charge transfer impedance
response in comparison to reference cells, indicating on the enhancement of the
charge transfer reactions at the electrode/electrolyte interface. The bending
deformation of the cell yields to densification of the electrode materials, resulting
in more accessibility of the active materials. Thus, the charge transfer processes
are accelerated and enhancement in charge transfer impedance is expected at the
electrode sites under a compressive load. In accordance with the observed results, it
may be possible to elucidate that the gap introduced by the separation of the layers
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is not large enough to dispense for the enhancement of charge transfer impedance
owing to the positive impact of mechanical bending deformation.
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Figure 4.21: Estimated means of the absolute variation in charge transfer
impedances during electrochemical cycling with the corresponding 95% confidence
intervals
As illustrated in previous sections, there is a significant amount of discrepancy
amongst the collected data as established by the presence of wide confidence
intervals. Although it has been established that the charge transfer impedance
responses appeared to enhance due to the impact of a mechanical load, the
overlapping confidence intervals indicate that the observed differences are not
necessarily substantial.
In summary, it has been established evidently that bending a cell does not alter
its impedance characteristics for the investigated sample size in this study. In the
following section, the effect of mechanical bending load on the internal structure
of Li-ion battery cells are investigated further by analysing the obtained X-ray CT
scans.
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4.2.3

X-ray computed tomography analysis

As corroborated in the previous sections, the cell subjected to mechanical bending
load does not experience severe mechanical damage internally, promoting no
accelerated performance degradation. Despite this, the examination of the cross
sectional information of the cell using X-ray CT reveals further insights on the
interactive processes between the individual layers of the cell upon bending and
subsequent to electrochemical cycling. The sequence of CT scans of a cell prior
to and post electrochemical cycling allows for examining the healing effect of
charge/discharge cycles by quantifying its structural evolution whilst constrained
under bending.
The working hypothesis that motivated this area of the study is that
electrochemical cycling manifests further load relaxation as a result of which the
load and strain is released further within the internal layers of the Li-ion battery cell
under bending. Thus, in order to associate further load reduction to electrochemical
cycling, an understanding of the internal structure of the cell is achieved by the
analysis of the reconstructed images from the data obtained from the X-ray CT
machine that were volume rendered using the Avizo Fire software package. It should
be noted that all the attained CT scans have a voxel resolution of (13.55 µm)3 .
Figure 4.22 demonstrates the internal structure of a cell prior to bending deformation
captured under CT, presenting the direction for the reconstructed image.

Y

X

Figure 4.22: Acquired CT scan of a cell prior to bending deformation
Figure 4.23 (A, B) illustrates two sections on the bent surface captured under
X-ray CT, the upper section close to the tabs and the lower section away from the
tabs. Initially, the visual inspection of the scans gathered post bending deformation,
before and after electrochemical cycling reveal no distinct differences. However,
the assertion of non-uniform load distribution within the internal layers can be
captured under detailed CT image analysis. A prominent feature is that the bending
deformation introduces separation between the internal layers of the cell, which
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yields dissociation of the electrodes directly adjoining the support rollers. A possible
explanation for this observation is the presence of the reaction force at the support
rollers perpendicular to the layers in contact with the rollers. The separation induced
between the layers adjoining the support rollers is the result of deformation of the
stack of layers, where the layers in compression under the bending roller are in
contact with the layers in tension above the support rollers.
As stated earlier, the visual inspection of the CT scans of a cell constrained
under a bending load prior to and post electrochemical cycling shows no clear signs
of changes in the mechanical structure. However, the evolution of the internal
structure of the cell and the position of the current collectors prior to and post
electrochemical cycling are analysed further by superimposing the cross sectional
CT scans proximate to the support rollers whilst taking roller A and roller B as the
reference points.

A

Bent - before electrochemical cycling

B

5 mm

5 mm

C

Bent - before electrochemical cycling

Bent - post electrochemical cycling

D

Bent - post electrochemical cycling

5 mm

5 mm

Figure 4.23: Acquired CT scans of the cell constrained under bending deformation
prior to and post electrochemical cycling; CT scans demonstrating the cross sections
of the cell proximate to support roller A (A , C); CT scans demonstrating the cross
sections of the cell proximate to support roller B (B , D)
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Figure 4.24 (A, B) presents the internal structure of the cell under bending
deformation prior to and post electrochemical cycling by superimposing the support
rollers. The scans obtained prior to electrochemical cycling are coloured in
grey/white and those subsequent to electrochemical cycling are shown in red/yellow.
The superimposed CT scans at both reference rollers (rollers A and B) demonstrate
the draping effect of the pouch material under a bending load as well as the
upward displacement of the electrode layers in the vertical plane which is a result of
electrochemical cycling as apparent in Figure 4.24 (A) and Figure 4.24 (B). Another
prominent feature observed from the superimposed cross sectional CT scans is that
the internal layers exhibit an internal sliding inwards post electrochemical cycling.
The examination of the internal structure of the constrained cell under bending
also reveals that electrochemical cycling induces further relaxation, owing to the
competing effects of the viscoelastic relaxation of the internal structure of the
cell. Whilst the cell is retained under bending deformation, the mechanical load
gradually evolves and reduces further through lithiation induced expansion and
contraction during charge/discharge respectively. As explained in section 4.2.1, the
graphite anode expands as lithium becomes intercalated and contracts with lithium
de-intercalation, resulting in volume changes of up to 10% upon electrochemical
cycling. This yields structural evolution of the cell upon electrochemical cycling as
a function of the state of lithiation. Hence, the internal layers experience an upward
movement to a more relaxed state evidently from Figure 4.24.
In addition, it is perceived that the mechanical load evolution through lithiation
induced expansion and contraction prompts sliding of the electrodes on top of each
other. This leads to dissipation of the induced strain within the internal layers,
resulting in further load relaxation within the internal structure of the cell, which
once again is supported by the Maxwell theory of viscoelasticity. The notion of
coupling between relaxation of the internal structure of the cell and electrochemical
cycling was further corroborated by superimposing the cross sectional CT scans prior
to and post electrochemical cycling by taking the pouch material as the reference
point. This aids to monitor the core relaxation taking place between the layers. This
is a valid rationale, because during electrochemical cycling the aluminium-laminate
foil pouch resists the cell’s expansion. Thus, the induced stresses as a function
of the state of lithiation of the battery cell are accommodated through separator
deformation.
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Figure 4.24: Superimposed cross sectional CT scans of the cell constrained under
bending deformation prior to and post electrochemical cycling by taking support
rollers as the reference points
Evidently from Figure 4.25 (A, B), the electrode layers experience both sliding
and displacement internally as a result of electrochemical cycling. The relaxation
of the layers occurs internally by in-plane sliding of the layers relative to each other
besides the upward movement in the vertical plane. To support this observation,
the degree of upward displacement of the layers post electrochemical cycling has
been quantified by measuring the displacement experienced by the copper current
collectors prior to and post electrochemical cycling. It should be noted that the
grayscale image analysis was implemented in order to measure the displacement
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between the copper current collectors proximate to the support rollers (see Figure
4.26). The obtained measurements are depicted in Figure 4.27 and Figure 4.28.
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B
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Gray/white : Bent cell prior to
electrochemical cycling
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Red/yellow : electrochemically
cycled cell

Figure 4.25: Superimposed cross sectional CT scans of the cell constrained under
bending deformation prior to and post electrochemical cycling by taking the pouch
material as the reference points
In grayscale analysis, the images are composed of shades of gray, varying from
black at the weakest intensity to white at the strongest. As it is evident from
Figure 4.25, copper current collectors carry maximum intensity and appear at the
strongest shades close to white. In computing the displacement experienced by the
copper current collectors of the cell post electrochemical cycling, the intensity of
each pixel sample was measured. The differences between the corresponding pixel
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number of the copper current collectors prior to and post electrochemical cycling
were computed. This provided a global image of the evolution of the internal layers
of a cell constrained under bending as a result of electrochemical cycling. It should
also be noted that, the measured displacements may be higher than expected and
caution should be taken when considering the absolute variation.

Figure 4.26: An illustration of grayscale analysis by superimposing the cross
sectional CT scans of the cell prior to and post electrochemical cycling by taking
pouch material as the reference points
As can be seen from Figure 4.27 and Figure 4.28, grayscale analysis also captured
the heterogeneity within the the internal structure of the cell as the electrode
layers have experienced different degrees of relaxation internally. Another prominent
feature from the undertaken analysis is that the separation between the electrodes
are considerably higher in the central region of the cell. This observation can
be supported by the schematic depiction of the stress profiles experienced by the
internal layers adjoining the support rollers (see Figure 4.29).
The stress profiles observed can be explained by the beam theory, which asserts
that the bending stress is zero at the neutral axis. In this case, the neutral axis is
coincident with the centre of the internal structure of the cell. The bending stress
is also known to increase from the centre (neutral axis) until the maximum value
of compression and tension at the bottom and top layers are reached respectively.
Hence, the maximum displacement can be observed adjacent to the central axis of
the stack of layers as the layers are subjected to minimum compressive and tensile
stresses. This is consistent with the internal separation observed between the layers
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at the upper part adjacent to the cell tabs as well as the end region of the cell.
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Figure 4.27: The measured displacement between the copper current collectors prior
to and post electrochemical cycling from the top electrodes to the bottom electrodes
proximate to the support roller A (measurement error is shown as error bar)
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Figure 4.28: The measured displacement between the copper current collectors prior
to and post electrochemical cycling from the top electrodes to the bottom electrodes
proximate to the support roller B (measurement error is shown as error bar)
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Figure 4.29: Schematic depiction of the stress profile experienced by the central
layers of the cell constrained under bending deformation [106]
As a result, it can be concluded that further internal load relaxation is associated
with the healing effects of electrochemical cycling. Whilst the cell experiences
non-uniform relaxation internally upon electrochemical cycling, the combined effects
of displacement and sliding contributes to the further reduction of the induced
stresses in addition to releasing the subjected strain within the electrode layers.
The observed relaxation phenomenon is therefore considered as the basis for further
non-uniform load evolution of the cell constrained under bending deformation
subsequent to electrochemical cycling.

4.2.4

Summary of the effects of mechanical bending load on
electrochemical performance

External mechanical bending load on a Li-ion pouch cell ultimately results in
accumulation of load within its internal structure and whilst constrained under
bending deformation, the cell exhibits state of charge dependent load fluctuation
upon electrochemical cycling. In this study, it was important to assess the influence
of bending load on the electrochemical performance of Li-ion batteries in addition
to understanding the healing contribution of electrochemical cycling on the load
relaxation in order to answer all the pertinent working hypotheses as described in
succeeding paragraphs.
As ascertained in section 2.5, it was postulated that the mechanical bending
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deformation will have a negative impact on the mechanical and electrochemical
characteristics of the Li-ion battery pouch cell, resulting in deterioration of
electrochemical performance. Although the visual inspection of the cell under
bending revealed no signs of rupture and posed no safety hazards, it was
nevertheless essential to understand the limitations of such loading conditions on
its electrochemical behaviour during application.
One of the main working assumptions of this study was that the mechanical
bending load applied on Li-ion pouch cells may initiate mechanical ageing in the
form of electrode damage. The integrity of the mechanical structure of the pouch
cell under bending load is directly interrelated to its electrochemical performance.
Hence, the electrode damage induced by the three point bending load may tend
to intensify under electrochemical cycling and lead to further deterioration of
the internal structure of the cell. Thus, it yields detrimental effects on the
electrochemical response of the cell, resulting in accelerated ageing of the cell in
comparison to its behaviour under normal operating conditions.
The ultimate consequence of three point bending load on Li-ion pouch cells
is reduction in electrochemical performance, manifesting higher rates of capacity
fade. Thus, the electrochemical performance of the cells were characterised in
terms of internal impedance, discharge capacity and structural evolution upon
electrochemical cycling. Again, this provided an insight on the state of health
of batteries subjected to three point bending load and allows for comparison of
its rate of performance degradation over a defined time interval. Sections 4.2.1
and 4.2.2 aimed at quantifying the influence of subjecting a Li-ion battery cell to an
external bending load by collecting empirical evidence concerning its electrochemical
performance and mechanical structural evolution under bending deformation.
Firstly, it was speculated that the three point bending load will lead to electrode
damage, introducing delamination of the layers within the cell, fracture of anodes
and cathodes. As a result, the loss of ohmic contacts were anticipated since
mechanical deformation and fracture yields reduction in surface conductivity of
the electrodes. Hence, a significant rise in series impedance was expected. As
discussed in previous section, the effect of mechanical bending deformation on the
series impedance of the cell was assessed prior to, during and subsequent to the test
over the course of relaxation. It was understood that substantial changes in the
mechanical structure of the cell may affect the measurable series impedance, which
is possible to be identified by EIS.
Conversely, the investigation of series impedance of the cell did not demonstrate
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any signs of mechanical degradation. There was no statistically significant
correlation between a rise in series impedance and bending deformation of the cell
due to the applied mechanical load. Therefore, it is reasonable to consider that
bending load did not damage the internal structure of the cell. This nullifies the
hypothesis which asserts that three point bending load within the bounds of this
study can result in mechanical degradation at the risk of structural damage to the
electrodes.
Secondly, it was anticipated that the induced mechanical deformation directly
impacts the internal impedance of the cell upon electrochemical cycling. Contrarily,
the pouch cells did not exhibit any significant rise in the internal impedance and no
substantial reversal in discharge capacity as a function of bending load. This means
that the three point bending load did not mediate any degradation mechanisms,
with no adverse effects on the electrochemical performance of the cells. In light
of the undertaken assessment of the internal impedance evolution and capacity
measurements of Li-ion batteries, the notion of coupling between mechanical bending
deformation and accelerated performance degradation should therefore be dismissed
within the bounds of the current study.
Furthermore, in view of cell performance, considering only the capacity and
charge transfer impedance measurements, the results may indicate that the
mechanical loading can possibly result in the improvement of electrochemical
characteristics of the cell. As discussed in section 4.2.2, the mechanical bending load
may appear to improve the capacity retention of the cell and the observed marginal
improvement can be correlated to the enhancement of the charge transfer impedance.
Whilst the observed trend is not statistically significant given the small dataset, the
nature of the marginal positive influence on the electrochemical performance of the
cell may be explained by the mechanical improvement of the electrodes due to the
positive effects of bending that can efficiently facilitate the charge transfer processes.
Considering the absolute measurements whilst discarding the statistical
uncertainty given the small dataset, the observed improvement could be attributed
to the mechanical deformation of the electrodes. This phenomenon affects the
electrode behaviour locally, leading to better adhesion of electrode materials on
the current collector besides providing a path of low resistance for ion transfer at
the compressive sites where the ionic transfer path should be the lowest. Hence, this
improves the capacity retention behaviour due to elevation of the reaction intensity
considering a shorter ionic transport distance.
On the other hand, it is important to highlight that the mechanical load
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introduced within the constrained pouch cell under bending is not uniform. This is
indicative of the reaction inhomogeneity and non-uniform transport of lithium ions
through the separator which may result in the capacity retention inefficiently. Hence,
it was important to consider the effects of bending deformation on the performance
of the cell, accounting for the counter effect it can have on the capacity retention
over its life time under application.
More importantly, it was considered that electrochemical cycling will have healing
effects on the internal structure of the cell retained under bending deformation,
resulting in attenuation of the load and strain release internally. The influence of
electrochemical cycling on further relaxation of the internal structure of the cell was
characterised by monitoring the load evolution, which was supported by assessing the
internal behaviour of the cell subsequent to bending deformation, prior to and post
electrochemical cycling using X-ray CT imaging. The observations are consistent
with the working hypothesis for the study and suggests a coupling between the
electrochemical cycling of the cell and load attenuation within the internal structure
due to the periodic sliding and displacement of the layers on top of each another.
The load evolution plot (see Figure 4.12) demonstrated that the load level alters
at different charge states with electrochemical cycling. Due to the charge dependent
nature of Li-ion battery cells, the cell experiences load fluctuation subsequent to
overall expansion and contraction of the internal structure under electrochemical
cycling. Thus, the internal layers of the cell undergo gradual displacement and
sliding, which results in further dissipation of the subjected load, ultimately
producing further strain relaxation. This is also indicative of the fact that the load
evolution is a dynamic quantity experienced by Li-ion battery cells retained under
bending deformation upon electrochemical cycling, which emphasises that the load
increases and decreases due to lithium insertion and extraction respectively. This
phenomenon helps to transform the internal structure of the cell retained under
bending deformation to a more uniform state of mechanical load, achieved upon
periodic electrochemical processes.
In summary, the study reflects on the fact that the mechanical bending
load on Li-ion battery cells given the deformation limits within the bounds
of the investigation are certainly not associated with detrimental influences on
the electrochemical characteristics over time and upon electrochemical cycling.
However, the study provides tantalising evidence, indicating that the mechanical
bending load subjected on Li-ion battery cells may improve the mechanical
properties of the electrodes, enhancing the capacity retention of the cell which
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has scope for further investigation. Throughout the entire study, the possibility
of relating the impedance rise and capacity variation of the cells with external
mechanical bending load is dismissed, since none of the assessments established
any signs of statistically significant relationship between the specified parameters.
Additionally, the study also corroborates the possibility of correlating the load
relaxation characteristic of the cell retained under bending deformation with the
healing effects of electrochemical cycling, owing to the viscoelastic properties
of Li-ion batteries and volume expansion of the electrodes during charging and
discharging.
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Chapter 5
Conclusions and perceived
contribution to knowledge and
practice
This chapter concludes the study and consolidates the pertained knowledge to
answer the problem statement posed in section 1.3. In this section, the perceived
contributions to both knowledge and practice accomplished through research,
analysis, deduction and discussion in the preceding chapters are outlined.
The literature reviewed in chapter 2 highlighted the gaps in the current
knowledge concerning the correlation between the effects of mechanical loading and
electrochemical performance of Li-ion batteries under real operating conditions over
longer periods of time. In order to address the identified gaps, it was necessary to
design, build and develop novel experimental methods and techniques which allowed
to simulate the effects caused by real world loads on Li-ion batteries under laboratory
conditions. The undertaken study aimed to investigate the influence of mechanical
loads on the electrochemical performance of Li-ion battery cells under severe events
such as in a vehicle crash, which has proven important as this part of research has
not been addressed in the literature.

5.1

Do high g pulses influence the electrochemical
performance of Li-ion batteries?

In the first phase of the investigation, novel experimental methods and techniques
were designed and developed in order to address the challenges associated with the
138

CHAPTER 5. CONCLUSIONS AND PERCEIVED CONTRIBUTION TO
KNOWLEDGE AND PRACTICE
problem statement of this study. Based on the available resources in the laboratory,
a custom designed Instron drop tower was adopted to simulate the effects of vehicle
crash on Li-ion batteries by subjecting them to high g pulse tests. Primarily, it was
established that pouch Li-ion battery cells are resilient to the mechanical loading
experienced under high g pulses as the cells did not show any signs of structural
delamination or rupture of the pouch material and posed no safety hazards under
such an event. Consequently, it was ascertained that the effects of the induced
stresses on the internal structure of the cells as a result of high g pulses within the
limits of the test regime are negligible.
The study adopted a robust statistical technique from the field of physical,
biological and social sciences. The adopted statistical technique allowed for
investigating the complex interactions between the experimental data and various
sensitivity factors associated with high g pulse testing. The comprehensive analysis
of the internal impedance responses and capacity measurements have provided no
evidence of performance degradation as a function of high g pulse tests. Throughout
the entire study, none of the analyses suggested statistically significant relationships,
and therefore the possibility of correlating the variation in impedance characteristics
and capacity retention behaviour with high g pulses are dismissed within the bounds
of this study.
In view of cell performance, considering only the series impedance response and
capacity retention behaviour, the results may elucidate a mechanically mediated
performance improvement of the cell subjected to high g pulses. Although
the perceived improvement in the electrochemical performance of the cell is not
statistically significant, the nature of the mechanically mediated slow degradation
may possibly be attributed to better ionic conductivity and enhanced ionic
movement between the electrodes. The instantaneous compression subjected to
the internal layers of the battery cell upon exposure to high g pulse tests may
facilitate better connection between the electrodes and electrolyte, resulting in an
improvement of the performance characteristics over the life time of the cell.
This study also reflects on the real changes observed in the electrochemical
characteristics of Li-ion batteries subjected to severe external mechanical events
such as high g pulses during storage time and upon electrochemical cycling. In
view of performance characteristics such as internal impedance response, capacity
retention behaviour or safety, significant negative impacts of high g pulses for a
duration of less than 0.1 second are disregarded. This study therefore corroborates
that high g pulses within the experimental limits have no adverse influence on the
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electrochemical characteristics of Li-ion batteries under application as no evidence
of electrochemical performance degradation mediated by the subsequent effects of
such an event is substantiated.
In summary, it is important to note that the outcomes of this study are not
transferable to pouch cells with different mechanical characteristics or internal
architectures. However, the study has shown that external mechanical loading
subjected on a Li-ion battery cell under high g pulses may also provide tantalising
evidence, indicating improvement of its electrochemical characteristics. It is
therefore recommended that this phenomena is investigated further in future studies.

5.2

Do

externally

imposed

three

point

bending load influence the electrochemical
performance of Li-ion batteries?
In the first phase of this investigation, a custom built fixture encompassing a simple
three point bend setup was designed and manufactured to assess the longer term
impact of mechanical bending deformation on the cell architecture and its behaviour
under constant mechanical and thermal conditions. Initially, it was established that
pouch Li-ion battery cells are resilient to the subjected mechanical bending load,
indicating no evidence of rupture, failure or safety hazards under such an event.
This study has reflected on the fact that the mechanical bending load on
pouch Li-ion battery cells are not associated with detrimental influences on its
electrochemical characteristics over time or upon electrochemical cycling. This
means that the three point bending load did not mediate any degradation
mechanisms, with no adverse effects on the electrochemical performance of the
cells. Throughout the entire study, the possibility of relating the impedance rise
and capacity variation of the cells with external mechanical bending load was
dismissed, since none of the assessments revealed any signs of statistically significant
relationship between the specified parameters. In light of the undertaken assessment
of the internal impedance evolution and capacity measurements of Li-ion batteries,
the notion of coupling between mechanical bending deformation and accelerated
performance degradation is therefore dismissed within the bounds of this study.
In view of the cell performance, considering only the capacity and charge
transfer impedance measurements, the results may offer tantalising evidence that the
mechanical bending load can possibly improve the electrochemical characteristics
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of the cell. The improvement in electrochemical performance observed may be
attributed to the mechanical deformation of the electrodes which affects the
electrode behaviour locally, leading to better adhesion of electrode materials on
the current collectors besides providing a path of low resistance for ion transfer
at the compressive sites where the ionic transfer path should be the lowest. This
enhances the capacity retention behaviour due to elevation of the reaction intensity
considering a shorter transport distance. Despite this, the perceived improvement
is not statistically significant which highlights the necessity to increase the sample
size of the current study in order to substantiate the true nature of the effect of
mechanical bending load on the electrochemical performance of the cells.
More importantly, this work also examined the influence of charge/discharge
cycles on the load relaxation profile of the cell constrained under bending
deformation by quantifying its structural evolution prior to and post electrochemical
cycling. As a result, it was concluded that the cell subjected to bending deformation
experiences internal load relaxation which is associated with the healing effects
of electrochemical cycling. Whilst the cell experiences non-uniform relaxation
internally upon electrochemical cycling, the combined effects of displacement
and sliding contributes to further reduction of the induced stresses in addition
to releasing the subjected strain within the electrode layers. The observed
relaxation phenomenon is therefore considered as the basis for further non-uniform
load evolution of the cell constrained under bending deformation subsequent to
electrochemical cycling.
As summarized under section 5.1, the outcomes of the current study are
not transferable to the pouch cells with different mechanical characteristics or
internal architecture.
However, this study has indicated that the external
mechanical bending load subjected on a Li-ion battery cell may provide tantalising
possibilities to improve its electrochemical characteristics, which has scope for
further investigation.
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Future work
This study has explored the effects of severe mechanical events on the electrochemical
performance of Li-ion battery cells in an effort to address the gaps in knowledge on
the current topic. The study in combination with the reviewed literature have
demonstrated that this is an industry relevant research area which will continue for
many years to come. The undertaken study has provided a strong foundation for
further work and therefore the following areas of research are proposed to enhance
the current level of knowledge:
• The study investigated the effects of extreme loading conditions under severe
mechanical events (e.g vehicle crash) on battery pouch cells within a relatively
narrow scope due to the limitations associated with the laboratory equipment
in addition to time factor. However, the experimental methods concerning high
g pulse tests can be further expanded by investigating different orientations
of motion subjected to the battery cells under a drop event. This can be
achieved by considering different cell structures and mounting methods besides
investigating the effects of consecutive acceleration/deceleration pulses on the
long term behaviour of the cells.
• The high g pulse tests were dedicated to simulate the effects of extreme
loading conditions subjected to battery cells under a severe event such as
in a vehicle crash. It is therefore suggested to determine real load profiles
that are likely to be experienced by the batteries inside an EV by monitoring
the acceleration/deceleration profiles subjected to the battery pack under real
operating conditions as well as under a crash event. The obtained profiles
should then be employed to conduct tests where the acceleration/deceleration
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pulses subjected to battery cells are representative of the actual loading profiles
experienced under real world applications.
• Following on from the previous recommendation, it is proposed to expand
the experimental techniques by employing sled testing in order to simulate
the loading profiles of a crash event on the battery cells. The sled testing
should be accomplished by duplicating the acceleration/deceleration pulses
experienced by a vehicle on the battery cells up to the pack level. This allows
to monitor the long term effects of real load profiles on the behaviour of Li-ion
batteries comprehensively. Hence, this type of research will provide a better
understanding of the extent of effects crash pulses with different durations will
pose on the electrochemical performance of the cells.
• It is also recommended to develop CAE models that would allow for the
simulation of a wide range of dynamic loading profiles experienced by battery
cells inside a vehicle under severe loading conditions. Therefore, it will be
possible to predict the loads transferred to individual cells inside a battery
pack under a crash. This will provide a better understanding of the extent
of damages experienced by individual cells under different crash scenarios and
the corresponding consequences on its degradation behaviour.
• For the three point bend tests, it is recommended to improve the design of the
current three point bend rig in order to ensure that the bending deformation
subjected to the pouch battery cells are applied at a constant rate. It is also
suggested to investigate the effects of different bending deformations on the
long term behaviour of Li-ion batteries. The influence of mechanical bending
load may be expanded further by adopting different cell architectures as well
as implementing bending rollers with different diameters. Also, the current
study has indicated that an externally imposed mechanical bending load on
Li-ion pouch cell may possibly result in an improvement of its electrochemical
characteristics which will be beneficial to its long term performance. However,
it is important to highlight the necessity to increase the sample size under
investigation in order to substantiate the true nature of the mechanical bending
load on the electrochemical performance of the cells.
• In order to obtain a better understanding of the effects of mechanical
events on the behaviour of Li-ion battery cells, it is proposed to track the
performance changes over a longer period of time to determine whether the
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observed behaviour continues towards the end of life of the battery cells.
In particular, it is also recommended to monitor the effects of mechanical
events on the electrochemical performance of Li-ion battery cells by varying
its charge/discharge capacities.
• Furthermore, the study has shown that there may be prominent possibilities to
improve the performance characteristics of Li-ion battery cells by pre-treating
them mechanically prior to application. It is perceived that short term
dynamic stresses introduced to the pouch cells under mechanical events will
result in an intimate contact between the electrodes, which may improve the
adhesion of the active materials to the electrodes as well as enhancing the
ionic path between the electrodes and electrolyte. This provides new avenues
for industrial application of pouch battery cells in which new techniques or
methods may be implemented in order to obtain the best performance from
them under use and this has scope for further investigation.
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Appendix A
Summary tables of linear
mixed–effects models
Summaries of minimal Linear Mixed–Effects models. All the effects dropped from
the minimal model are indicated as “—” except for the three-way interaction which
is not shown since it was always non-significant at the p-value=0.05 level. The
time:drop and cycles:drop interaction are always retained regardless of whether
significant or not since it is the term of interest.

effect

Table A.1: Series impedance during storage after drop test
estimate
SE
DF
t

intercept
time
drop(not dropped)
SOC(low)
time:drop(not dropped)
time:SOC(low)
drop(not dropped):SOC(low)

−4

54.8 · 10
7.09 · 10−7
-2.31 · 10−4
2.35 · 10−4
1.37 · 10−7
-4.14 · 10−7
5.60 · 10−4
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−4

1.20 · 10
1.06 · 10−7
1.88 · 10−4
1.62 · 10−4
1.39 · 10−7
1.32 · 10−7
2.49 · 10−4

477
477
28
28
477
477
28

45.65
6.65
-1.23
1.45
0.98
-3.14
2.25

P
0.0000
0.0000
0.2285
0.1569
0.3254
0.0018
0.0325

APPENDIX A. SUMMARY TABLES OF LINEAR MIXED–EFFECTS
MODELS

effect

Table A.2: SEI layer impedance during storage after drop test
estimate
SE
DF
t

intercept
time
drop(not dropped)
SOC(low)
time:drop(not dropped)
time:SOC(low)
drop(not dropped):SOC(low)

−4

17.7 · 10
17.5 · 10−7
-2.49 · 10−4
26.6 · 10−4
-4.38 · 10−7
—
—

−4

2.56 · 10
2.05 · 10−7
3.37 · 10−4
3.12 · 10−4
3.49 · 10−7
—
—

478
478
29
29
478
—
—

6.90
8.56
-0.74
8.54
-1.25
—
—

P
0.0000
0.0000
0.4644
0.0000
0.2106
—
—

Table A.3: Charge transfer impedance during storage after drop test
effect
estimate
SE
DF
t
P
intercept
time
drop(not dropped)
SOC(low)
time:drop(not dropped)
time:SOC(low)
drop(not dropped):SOC(low)

33.2 · 10−4
12.1 · 10−7
0.71 · 10−4
62.4 · 10−4
-9.09 · 10−7
69.2 · 10−7
—

2.24 · 10−4
5.43 · 10−7
2.91 · 10−4
2.76 · 10−4
7.07 · 10−7
6.71 · 10−7
—

477
477
29
29
477
477
—

14.8
2.23
0.24
22.53
-1.28
10.29
—

0.0000
0.0262
0.8086
0.0000
0.1995
0.0000
—

Table A.4: Series impedance during electrochemical cycling after storage
effect
estimate
SE
DF
t
P
intercept
cycles
drop(not dropped)
SOC(low)
cycles:drop(not dropped)
cycles:SOC(low)
drop(not dropped):SOC(low)

56.06·10−4
69.7 · 10−7
0.447·10−4
2.89 · 10−4
12.21·10−7
64.4 · 10−7
—
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1.20 · 10−4
6.94 · 10−7
1.56 · 10−4
1.48 · 10−4
9.03 · 10−7
8.58 · 10−7
—

317
317
29
29
317
317
—

46.7
10.04
0.28
1.95
1.35
7.50
—

0.0000
0.0000
0.7769
0.0609
0.1774
0.0000
—

APPENDIX A. SUMMARY TABLES OF LINEAR MIXED–EFFECTS
MODELS

Table A.5: SEI impedance during electrochemical cycling after storage
effect
estimate
SE
DF
t
P
intercept
cycles
drop(not dropped)
SOC(low)
cycles:drop(not dropped)
cycles:SOC(low)
drop(not dropped):SOC(low)

14.45·10−4
1.70 · 10−6
-3.42 · 10−4
28.83·10−4
-64.3 · 10−6
3.83 · 10−6
—

2.39 · 10−4
1.18 · 10−6
3.11 · 10−4
2.96 · 10−4
1.54 · 10−6
1.46 · 10−6
—

317
317
29
29
317
317
—

6.03
1.44
-1.09
8.04
-0.42
2.61
—

0.0000
0.1500
0.2813
0.0000
0.6767
0.0093
—

Table A.6: Charge transfer impedance during electrochemical cycling after storage
effect
estimate
SE
DF
t
P
intercept
cycles
drop(not dropped)
SOC(low)
cycles:drop(not dropped)
cycles:SOC(low)
drop(not dropped):SOC(low)

29.49·10−4
1.76 · 10−6
0.354·10−4
43.34·10−4
-3.31 · 10−6
51.69·10−6
—

3.41 · 10−4
5.59 · 10−6
4.43 · 10−4
4.21 · 10−4
7.28 · 10−6
6.92 · 10−6
—

317
317
29
29
317
317
—

8.65
0.31
0.08
10.28
-0.45
7.46
—

Table A.7: Capacity during electrochemical cycling after storage
effect
estimate
SE
DF
t
intercept
cycles
drop(not dropped)
SOC(low)
cycles:drop(not dropped)
cycles:SOC(low)
drop(not dropped):SOC(low)

5323.99
-1.45
4.128
41.38
-0.117
-0.142
—
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10.36
0.0522
13.49
12.82
0.068
0.065
—

1597
1597
29
29
1597
1597
—

513.73
-27.83
0.306
3.23
-1.714
-2.195
—

0.0000
0.7533
0.9368
0.0000
0.6497
0.0000
—

P
0.0000
0.0000
0.7618
0.0031
0.0867
0.0283
—

