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Abstract

Lightweight design is a major improvement path for sustainable transport as
it contributes to lower vehicles energy consumption and gas emissions. A
novel solution to weight savings is to store energy directly in the mechanical
structure of the vehicle with a multifunctional material, called structural bat-
tery, which could simultaneously bear mechanical loads and store electrical
energy. This is especially possible because the carbon fibre is a high perfor-
mance mechanical reinforcement for polymer composites and can also be used
as a lithium-intercalating electrode in lithium-ion batteries. In this thesis, the
performance of carbon fibres for use as a lithium-intercalating structural elec-
trode is investigated.

Electrochemical characterisation has shown that intermediate modulus poly-
acrylonitrile - based carbon fibres which have the highest strength also offer
the most promising electrochemical capacities when compared to other fibre
grades with different microstructures. The measured capacity of fibre bun-
dles was highly dependent on the current rate and at low rate the capacities
close to that of graphite electrodes were measured. In a mechanical charac-
terisation the carbon fibre was not affected by the number of electrochemical
cycles, up to 1000 cycles, but rather by the amount of intercalated lithium.
The tensile stiffness appeared to remain unchanged, but during lithation the
tensile strength dropped and partly recovered during delithiation due to a
first-cycle irreversible drop. A longitudinal expansion of the carbon fibre was
also measured during lithiation. An irreversible expansion in the delithiated
fibres highlighted that the first cycle-capacity loss is partly due to intercalated
lithium which is trapped in the carbon fibre. From these results, the carbon
fibre is without doubts suitable for structural battery applications.

A mechanical-electrochemical coupling in lithium-intercalated carbon fibres
was also measured, highlighting a piezo-electrochemical transducer effect re-
sulting in new functionalities for lithium-intercalated carbon fibres. The lon-
gitudinal expansion strain can be used for mechanical actuation. A response
of the cell open-circuit potential to an applied mechanical strain can be used
for strain sensing.
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Sammanfattning

Lättviktsdesign är en stor väg till förbättring för hållbara transporter eftersom
det bidrar till lägre energiförbrukning och utsläpp för fordon. Ett ny lösning
på viktbesparing är att lagra energi direkt i den mekaniska fordonskroppen
med ett multifunktionellt material, kallat strukturellt batteri, som samtidigt
skulle kunna bära mekaniska belastningar och lagra elektrisk energi. Det-
ta är möjligt eftersom kolfibrer är en högpresterande mekanisk förstärkning
av polymerkompositer och också kan användas för en litium-interkalerande
elektrod i litiumjonbatterier. I denna avhandling har användandet av kolfib-
rer som en litium-interkalerande strukturell elektrod undersöks.

Elektrokemisk karakterisering har visat att mellanmodul-polyakrylnitril-
baserade kolfibrer som har den högsta styrkan även erbjuder de mest lovande
elektrokemiska egenskaperna jämfört med andra fibersorter med annorlunda
mikrostrukturer. Den uppmätta kapaciteten hos fibrerknippen var starkt be-
roende av den aktuella spänningen och vid låg spänning kapaciteter nära den
för grafitelektroder mättes. Vid en mekanisk belastning påverkas kolfibrern
inte av antalet elektrokemiska cykler, upp till 1000 cykler, utan snarare av
mängden interkalerad litium. Dragstyvheten verkade vara oförändrat, men
under litiering sjönk draghållfastheten som dock delvis återhämtade sig ef-
ter delitiering men med en irreversibel förlust efter den första cykeln. En
längdexpansion av kolfibern mättes under litiering. En irreversibel expan-
sion efter delitiering av fibrer betonade att kapacitetsförlusten efter första
cykeln berodde delvis på interkalerat litium, som är instängt i kolfibrerna.
Utifrån dessa resultat är kolfibrer utan tvivel lämpliga för strukturella batteri-
tillämpning.

En mekanisk-elektrokemisk koppling i litiuminterkalerade kolfibrer mättes
också, vilket belyser en piezo-elektrokemisk effekt som kan ge nya funktioner
för litium-interkalerande kolfibrer. Expansionen kan användas för mekanisk
aktivering. Det svaret hos cellpotentialen vid en mekanisk deformation kan
användas för deformationsavkänning.
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ET : carbon fibre longitudinal modulus
νTT : carbon fibre transverse Poisson ratio
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εz,eng: longitudinal engineering expansion strain due lithium-intercalation
εz: longitudinal strain induced by lithium intercalation in the carbon fibre
εθ: tangential strain induced by lithium intercalation in the carbon fibre
εr: radial strain induced by lithium intercalation in the carbon fibre
σz: longitudinal stress induced by lithium intercalation in the carbon fibre
σθ: tangential stress induced by lithium intercalation in the carbon fibre
σr: radial stress induced by lithium intercalation in the carbon fibre
Pn: normalised carbon fibre property estimating the effect of lithium-intercalation
Pvirgin: sample mean for virgin specimens
Pcycling: sample mean for specimens after electrochemical cycling
µ: sample standard deviation for specimens after electrochemical cycling
σb: longitudinal stress in a carbon fibre bundle during tensile test
εb: longitudinal strain in a carbon fibre bundle during tensile test
L0: initial or reference gauge length of a carbon fibre bundle
Ef : tensile modulus of a filament
N0: initial number of filaments in a bundle before tensile test
Af : cross-section area of a single carbon fibre
Fb: tensile force in a carbon fibre bundle during tensile test
Eb: tensile modulus of a bundle affected by the system compliance in tensile test
εbc: calibrated strain in a carbon fibre bundle during tensile test
S0: ideal slope of the force-strain curve in a carbon fibre bundle test
ε0: Weibull scale parameter
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m: Weibull shape parameter
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εf : mean failure strain of single fibres

Abbreviations:
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EV: Electrical Vehicle
UAV: Unmanned Air Vehicle
DARPA: Defence Advanced Research Projects Agency
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PEO: Polyethylene oxide
SEI: Solid-Electrolyte Interphase
SPE: Solid Polymer Electrolyte
CFRP: Carbon-fibre Reinforced Polymer
ARL: Army Research Laboratory
PEO: Polyethylene Oxide
VARTM: Vacuum Assisted Resin Transfer Moulding
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Introduction 3

Chapter 1

Context and Background

1.1 Multifunctionality for sustainable transportation

In the pursuit of their aspirations humans are capable of ideas which can generate
decisive changes in the development of their life. With the rapid move of science
and technologies in the last century, man is now able to transform the environment
in countless ways which can be irreversible. In 1972, the Stockholm Declaration put
for the first time the environmental challenge in the centre of international concerns
and related it to an economic and socio-political development which should not
compromise the ability of the future generations to meet their needs. [1] The key
recommendation of sustainable development is certainly to help people realize the
relationship between their development activities and the environment since a moral
trade–off may be needed if humans are to preserve themselves and the environment.
[2] Indeed, the basis of human activity is the need for energy for example to power
people’s homes, electricity generation, industries and transportation. The situation
today is such that the world energy consumption is expected to grow by about 56%
between 2010 and 2040 [3] and the need for conservation of natural resources and
pollution control have become unavoidable challenges.
Mobility is one of the major characteristics of societies in an increasingly glob-

alized world. The transport sector represents about 19% of the global energy de-
mand and the related world energy consumption increases by average of 1.1% per
year [3,4], driven by the explosion of the world’s population together with the rise
of the standards of living. At the same time, nearly the entire energy consumption
of the transport sector is from fossil fuels, which raises two major problems: fossil
fuels are not renewable and their combustion results in greenhouse-gas emissions.
Transport accounts for example for about 23% of the global emissions of CO2,
the biggest greenhouse-gas contributor by volume to global warming [4, 5]. In this
context, there is a clear need for sustainability in transportation which, accord-
ing to the OCDE, should preserve public health and ecosystems while meeting the
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needs from renewable resources at below their rate of regeneration and before non-
renewable resources depletion. [6] More than ever, the time is for the development
of green-vehicle technologies and the improvement of the vehicle’s energy efficiency.
Road and air transport account for 83% and 13% of the total energy consumption

of the transport sector in European Union (EU) and the objective in terms of cut
in the transportation carbon emissions for the next decades is high, about 40-
60% by 2050. [5] Therefore it is not surprising if the EU has recognized the need
for greener, safer and more competitive road transports of critical societal and
commercial importance for Europe. [7] To meet this need, the main focus of the
European Green Car Initiative is on the electrification of mobility and road vehicles.
Internal combustion engines have low energy efficiency (less than 40%) as compared
to electric vehicles (EVs) which convert about 80% of the input energy into turning
the wheels. In addition, EVs can be charged from renewable power source or from
the electrical grid which is also getting cleaner. Figure 1 shows for example the
Tesla Model S which is rated at about 20kWh per 100km. Thus, 10 millions of
such EVs running 10000km per year would only increase the annual EU electricity
consumption of about 0.6%.

Figure 1: Tesla Model S during charge, duplicated from [8].

The Green Car Initiative has also recognized lightweight materials as a key point
in the development of EVs. In order to push the vehicle forward, the engine needs
to overcome resistive forces. At low speed like in city drive, the aerodynamic
resistance is low and more than 75% of the resistive forces may depend on the
vehicle mass. Thus, mass reduction can significantly lower the power required
and the energy consumption required [9]. The energy storage system of an EV is
typically a lithium-ion battery pack. The 85kWh battery pack of the Tesla Model
S weights about 600kg, i.e., about 30% of the EV’s weight which is about 2100kg.
The next heaviest subsystems are the aluminium frame and many other structural
parts of the exterior (such as the body reinforcements and panels) and the electric
motor with drive train [10].

As illustrated in Figure 2, the EV structure does not contribute to the storage
of energy and the battery pack has no structural function. The masses of the two
subsystems simply add to each other in the total mass of the EV. Thus, a novel
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solution to mass reduction is foreseen if the battery contributes to the vehicle struc-
ture with a single lightweight material entity, called "structural battery", able to
simultaneously store electrical energy and carry mechanical loads. Using a struc-
tural battery, the total mass of the system performing these two functions msystem
should be lower than the cumulative mass of the battery pack mbatt and the inert
structure mstruc.

Figure 2: Concept of a structural battery.

This multifunctional concept was evaluated in previous work [11]. A structural
mass efficiency σs is defined as the structural property of the multifunctional battery
material relative to the inert structure material. Similarly, an energy mass efficiency
σe is defined as the energy density of the multifunctional material relative to the
non-structural battery material. Thus, σs and σe take their values between 0 and 1.
If the battery material is multifunctional, it has a structural contribution. Assuming
the Telsa Model S consists only of a 600kg battery and a 1500kg structure, the
system mass in kg is given by

msystem = 600
σe︸︷︷︸
mbatt

+ 1500−
(

600
σe

)
× σs︸ ︷︷ ︸

mstruct

(1)

In the nominal design, the battery is not structural: σs = 0, σe = 1 and the vehicle
mass msystem is 2100kg. We can easily show from Eq. 1 that the multifunctionality
of the battery material allows a reduction of the vehicle mass (msystem < 2100kg)
if and only if σs + σe > 1. For example, if σs = σe = 0.7, the structural-battery
efficiencies are lower than those of the mono-functional materials (which are equal
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to 1). However, a system-level mass reduction of 343kg is possible because the
structural battery is performing multiple functions at the same time.
Future applications are not limited to EVs, and are typically possible for any

systems which require electrical energy and include structural components. For
example, structure and battery were found to contribute each 20-40% to the total
weight of an unmanned air vehicle (UAV). As illustrated in Figure 3, simply adding
a structure function to an existing battery was already shown to allow improvement
of the UAV flight endurance primarily by reducing the vehicle weight. [12] Wearable
devices such as mobile phones and laptops could also be areas of applications.

Figure 3: Radio–controlled DARPA wasp micro–air "flying–wing" reconnaissance
aircraft. Battery–material layers are stacked and packed with mechanical reinforce-
ment, duplicated from [12].

The framework of the present thesis is the development of a structural battery
material. In order to understand and highlight the major unresolved research issues,
two of the main engineering areas involved, carbon fibre composites and lithium-
ion batteries, and the results arising from initial research work are presented in the
next section.

1.2 Fibre composites

Composite materials are particularly attractive in the development of structural
batteries for different reasons which need to be explained. A composite material
consists of two or more different materials which are combined into a single material
entity in such a way that the undesirable properties of the constituent materials
are suppressed in favour of desirable properties. The resulting material performs
better than single constituent competitors.

In load-bearing applications, most of the composites usually comprise of two
constituents: a fibrous phase imbedded in a bulk phase. [13] The fibres are the
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constituent with the highest stiffness and strength. They are used as reinforcement
and can be discontinuous (short) or continuous. The bulk phase, also called matrix,
is used as binder to hold the reinforcement in desired patterns, to protect it from
environmental hazards (such as corrosion) and also to transfer external loads to
the fibres via shear mechanisms. The load transfer in the material is much better
with continuous fibres and the degree of orientation of the fibres is critical to the
macroscopic properties of the composite. The composite properties are the best
in the direction of the fibres whereas they are matrix dominated in the directions
transverse to the fibres because the load must be transferred by the matrix. Typical
fibre composites are available as laminates, i.e., a stack of layers, and in each layer
the fibres are oriented in a single or in several directions depending on the desired
properties. Therefore, composite materials are generally anisotropic. Figure 4
shows a bidirectional layer made of woven carbon fibres.

Figure 4: Carbon fibre bidirectional [0◦/90◦] woven fabric for use as reinforcement.

For applications where weight reduction is a priority the two constituents have
low densities, typically 1-2g/cm3 against 7.8g/cm3 for steel. Typical fibre types
include carbon (high stiffness and strength), glass (high strength at reasonable
cost), polyester (low density) or aramid (toughness and corrosion resistance). The
matrix is often a polymer resin. Thermosetting resins are popular because they
are liquid at room temperature which allows convenient impregnation of the fibres.
They cure by chemical cross-linking and cannot be reformed. General usage in-
cludes epoxy, vinylester or unsaturated polyester with high, moderate and lower
mechanical properties, respectively. Thermoplastic resins such as polypropylene
have higher toughness but lower stiffness and strength. [13] Polymer composites
have excellent specific stiffness and specific strength which is far beyond the per-
formance of conventional materials. A carbon-fibre reinforced epoxy composite
has a specific stiffness and specific strength of about 50MN.m/kg and 500kN.m/kg
against about 27MN.m/kg and 220kN.m/kg for aluminium. Polymer composites
are attractive to a wide range of applications, and one reason is also that their
geometric shape and properties can be tailored to suit the particular application
during manufacture. They are particularly attractive for high-performance appli-
cations such as aerospace or sporting goods (golf clubs, fishing rods or sports cars
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as illustrated in Figure 5). Despite the high raw material costs, the demand in the
automobile industry is also supported by the resistance to corrosion and low tooling
and assembly costs. [13] Other examples of applications include ship constructions
and wind turbine blades.

Figure 5: Monocoque carbon-fibre reinforced polymer frame of the Lamborghini
Aventador at the conference ECCM15.

The use of polymer composites in the development of a structural battery ma-
terial is not only justified by their lightness, but also by the fact that a material
which consists of several constituents is by nature a good candidate to become
multifunctional if each constituent performs one or several different functions. The
multifunctionality depends on the mechanical, thermal and electrical properties
of the fibre and the polymer matrix, and more generally on their microstructures
resulting from the manufacturing process.

1.3 PAN-based carbon fibres

Among all fibre types, the carbon fibre is particularly attractive in structural ap-
plications because it is a high performance reinforcement. It can also be used as
electrode because it has a good electrical conductivity and contains graphite crys-
tallites which are commonly used as electrode in lithium-ion batteries. The first
carbon fibres were made by pyrolysis of cotton thread and bamboo filaments and
invented by T. A. Edison who commercialized them for the first time in 1879 as
incandescent lamp filament. [14] Despite their low mechanical properties, they were
used for their tolerance to heat and high electrical conductivity. R. Bacon at Union
Carbide discovered in 1958 high performance carbon fibres with low weight, high
stiffness and high strength. Today, carbon fibres are made by carbonization of
precursor materials which are mainly rayon, petroleum pitch and polyacrylonitrile
(PAN) and contain about 99% of carbon. The production of carbon fibres made
from rayon, regenerated cellulose, is limited due to high production costs. [14]
Pitch and PAN-based carbon fibres represent about 10% and 90% of the carbon
fibre market, respectively. Pitch-based carbon fibres are capable of modulus levels
over 800GPa (Cytec Thornel P120) and close to the theoretical value of graphite
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(1030GPa) and are often used for their electrical and thermal conductivities which
are better than those of PAN-based fibres. In addition, the raw materials for pitch,
typically coal tar and petroleum refined residue, are cheap and abundant, but high
modulus (HM) carbon fibres are very brittle and have low failure strain which can
be as low as 0.3%.
The main precursor for mechanically high performance carbon fibres is PAN poly-

mer. Despite high raw material cost, PAN-based carbon fibres can have very high
tensile strength (HTS), up to 6000MPa at intermediate modulus close to 300GPa
(Toho Tenax IMS65) which corresponds to a low failure strain of about 2% since
they can be considered as linear elastic to failure. Their density is only about
1.8g/cm3 and they still exhibit a good electrical conductivity in their length direc-
tion. PAN-based carbon fibres seem to be ideal for use as electrode in structural
batteries where light weight, strength, stiffness and electrical conductivity are re-
quired. Electrochemical requirement are therefore decisive.

1.3.1 Manufacture

The properties of PAN-based carbon fibres depend on their microstructure resulting
from the manufacturing process described in Figure 6.

Figure 6: Manufacture steps of PAN-based carbon fibres. [14]

The manufacturing process is important in this work to understand the origin
and the description of the carbon fibre microstructure which governs the properties
that are studied. The process occurs in the following way [14] :

- The polymerization of acrylonitrile monomer forms long chains of PAN poly-
mer [(CH2CHCN)n]. The main challenge is to keep these chains aligned and
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to avoid chain scission during subsequent thermal treatments. A commoner
may be added during polymerization for this purpose.

- A common spinning technique is wet spinning [14]. The PAN polymer is
extruded through spinnerets holes (determining the number of filaments per
fibre bundle) into a coagulation bath where it precipitates into gelled fibres
which are then stretched to enhance the molecular orientation (lower the
elongation at break). Spinning and stretching can reduce the fibres diameter
by more than a factor of three to about 10µm and determine the filament
shape. The degree of crystallinity, i.e., structural order, in the PAN-fibres is
not more than 50%.

- Stabilization is an operation during which the fibres are stretched and heated
at low temperature (200-300◦C) in an oxidizing atmosphere. The step starts
with a dehydrogenation and a cyclization of the molecular chains to form
double bonds and a condensed ring structure which provides thermal stability.
The purpose is to avoid losing molecular orientation or chain scission during
final heat treatment. Oxygen groups are then formed during oxidation and
will help cross-linking the chains during carbonization.

- Carbonization consists of heat treatment in inert atmosphere and under low
heating rate. The final heat treatment temperature (HTT) and tensile mod-
ulus can be up to about 1500◦C and 300GPa, respectively. All non-carbon
atoms are eliminated, the stable ring-structured chains cross-link by dehydro-
genation and denitrogenation to form graphite-like planar structure, that is a
structure made of graphite crystallites. The final fibre diameter is 5-7µm and
the carbon content is about 99% (some oxygen and nitrogen remain). Figure
7a is a schematic of the AB stacking sequence of the unit cell of graphite.
In amorphous carbon it is randomly oriented, but in graphite it is oriented
to a plane. Figure 7b shows a graphite crystallite, i.e., an ordered stack of
graphitic layers.

- For high and ultra-high modulus fibres (>350GPa), the degree of graphiti-
zation and crystallinity can be improved pushing the heat treatment up to
2000-3000◦C during a step called graphitization. The graphite crystallites
grow bigger, are more aligned, but for heat treatment higher than about
1600◦C the strength starts to drop which might be due to a lower cross-link
density in the fibre which becomes more brittle and flaw sensitive. [14]

- The carbon fibres are then subjected to surface treatments which aim at
improving the fibre-matrix interfacial bonding and the interlaminar shear
strength (ILSS) in polymer composites (typically using epoxy as matrix).

The last step is the coating of the fibres with a thin layer of resin called "matrix-
compatible sizing", which is believed to be beneficial for several important reasons:
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(a) Unit cell of hexagonal graphite, du-
plicated from [15].

(b) Graphite crystallite.

Figure 7: Graphite microstructure.

to hold the fibres together and avoid damage during handling, to prevent the in-
troduction of surface flaws due to fibre to fibre contact, to protect the surface
treatment, to improve the wetting ability of the fibres by the matrix and thus en-
hance the composite mechanical properties. [14] Carbon fibres are classified in three
types according to the final HTT.

- Type I: high final HTT (1800-3000◦C), high modulus fibres (>350GPa),
highly graphitized.

- Type II: intermediate final HTT (1100-1600◦C), intermediate modulus fibres
(230-300GPa) and HTS fibres (3000-6000MPa).

- Type III: low final HTT (<1000◦C), low modulus fibres (<200GPa) and good
strength-to-cost ratio.

1.3.2 Microstructure

PAN-based carbon fibres can be described as a microcomposite structure, made of
turbostratic folded and interlinked carbon layers (parallel but shifted or rotated)
forming fibrils of graphitic crystallites almost aligned with the fibre axis and im-
mersed in a micromatrix of quasi-amorphous carbon [16]. The fibre microstructure
can be described by a structure (crystal and amorphous structure, geometry) and a
texture (distribution of crystallographic orientations). Different important parame-
ters of the microstructure must be taken into account to understand the properties
and behaviour of carbon fibres:

- The crystallinity reflects the volume fraction of graphitic crystallites in the
microcomposite (as opposed to amorphous carbon), and was found to be
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typically in the order of 30-50% [16, 17]. It was found to be 29.6% for Toray
T300 and 31.6% for Toray T700 for example [17].

- The crystallites size relates to the basic structural unit (BSU) of the carbon
fibre. Figure 8 shows a schematic of a BSU. The direction a is for the fibre
axis. A BSU is basically a graphitic crystallite (stack of carbon layers) which
is described by a longitudinal length La, a lateral thickness Lc, a number of
layers N , and a transverse and a longitudinal radius of curvature rt and rl,
respectively. The average crystallite size can be measured by X-ray diffrac-
tion. Typical values for Lc and La are 1-8nm and 3-12nm [14, 18], but these
values increase during graphitization for high modulus fibres, i.e., for HTTs
above 2000◦C [19].

Figure 8: Carbon fibre BSU, duplicated from [20].

- The degree of graphitization is usually defined as a decreasing function of the
average crystallite interlayer spacing d (which is 3.35Å for pure graphite as
illustrated in Figure 7a [15, 17]. For PAN-based carbon fibres, d is generally
higher and goes from 3.60Å for low modulus fibres down to 3.40Å for high
modulus fibres as the final HTT increases which means an increasing degree
of graphitization [18]. For T300 (230GPa modulus), previous research reports
3.58Å and 3.43Å [15, 17].

- Another important parameter is the degree of orientation g of the carbon
crystallites fibrils with respect to the fibre axis which is over 70% and increases
with the final HTT, close to 90% at 3000◦C [19].

Figure 9 shows a schematic of a HM-fibre turbostratic transverse cross-section
[21]. It shows that a concentric skin of very ordered and continuous carbon layers
may also be seen around the random core, so that basal planes are exposed to
the surface rather than edges. This observation is not general and depends on the
fibre grade. While increasing the final HTT during the manufacture of PAN-based
carbon fibres, the crystallite size, the degree of preferred orientation g and the
crystallite average interlayer spacing d increase together with the degree of skin
core [19]. The electrical conductivity of the carbon fibre is also higher for fibres
very graphitized, i.e., with higher modulus as shown in Table 1. The next section
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focuses on the fibre modulus and strength and the relationships with the final HTT
and the microstructure.

Figure 9: Lamellar model of high modulus fibres, duplicated from [21].

Material Tensile modulus
[GPa]

Electrical resis-
tivity [Ω.m]

Toray T800H 6K 294 1.4× 10−5

Cytec P-120 2K (Pitch) 828 2.2× 10−6

Copper 1.7× 10−8

Table 1: Comparison between the electrical resistivity of copper and the ones of
carbon fibres with different modulus.

1.3.3 Tensile modulus and tensile strength

Lamellar models of high strength (low to intermediate modulus fibre) and high
modulus fibres have been offered in other work [14, 20–22]. These models describe
and discuss the mechanisms governing the tensile modulus and strength of carbon
fibres.

The carbon fibre modulus increases gradually and continuously with the final
HTT because it increases with the degree of orientation g of the graphitic fibrils
with respect to the fibre axis. [19] The modulus is also higher with longer crys-
tallites size (bigger and continuous crystallites should provide less flexibility in the
fibre direction than smaller crystallites linked together in a discontinuous zig-zag
configuration [20,21]).
The tensile strength of the carbon fibre depends on the amount of flaws. From

experimental data (such as the fibre compactness) the strength was also offered to
increase with the density of so-called "defective areas". The latter were described as
lateral bonds (which might be cross-linking or strong tetrahedral bonds) between
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adjacent carbon layers which provide lateral cohesion [21], enhance shear transfer of
external loads from skin to core, reduce flaw sensitivity (impede transversal microc-
racks propagation) and permit a larger elongation before catastrophic fracture [20].
Lateral bonds in the carbon fibre microstructure would occur when stretching the
fibres during the carbonization step of the manufacture. Graphitic crystallites are
formed and adjacent carbon layers could come into contact and establish these
lateral bonds via the "Watt mechanism" which corresponds to denitrogenation or
elimination of N2. [14] Thus, these lateral bonds have higher chances to arise during
heat treatment in a turbostratic (disordered) and compact texture with high num-
ber of folds per crystallites. As the final HTT increases up to about 1500◦C, the
tensile modulus increases up to about 300GPa and the strength reaches an optimum
(which may be up to 6000MPa). However, for final HTT higher than ∼1600◦C the
modulus keeps increasing but the tensile strength starts to decrease. [14] This has
been attributed to a higher degree of structural order and graphitization. The crys-
tallites grow bigger, become more aligned, the density of lateral bonds decreases
and crack propagation is favoured. [20] The fibres become then more brittle and
sensitive to flaws. Thus, different parameters such as the compactness, the crystal-
lite size and average radius of curvature, and the amount of surface flaws may be
used to describe the fibre strength.
The texture (crystallites orientations) may also contribute to the lateral cohesion

in the fibre and cross-linking crystallites have been shown to govern the tensile
failure mode of carbon fibres as described by the "Reynolds and Sharp mechanism"
represented in Figure 10. [22] According to this mechanism, when a tensile stress
is applied to the fibre, the crystallites align until their movement is restricted by
misoriented crystallites (carbon layers stacks linking crystallites parallel to the fibre
axis) which will rupture prematurely and relieve shear stress. Catastrophic failure
of the fibre was reported to occur if the ruptured crystallite is (i) larger than the
critical flaw size in the transverse directions or (ii) sufficiently continuous with the
neighbouring crystallites for a crack to propagate. [22] Thus, structural organization
may be more important than flaw population for fibre strength.

The graphitic content of the carbon fibres does not only provide good mechanical
and electrical properties. It also suggests the possibility for using the fibre as
lithium-intercalating electrode in lithium-ion batteries.

1.4 Lithium-ion batteries

Rechargeable batteries are the primary considered energy-storage medium for to-
day’s mobile and wearable electrical devices such as mobile phones and watches.
Among them, lithium-ion batteries offer particularly high volumetric and gravi-
metric energy density, 400Wh/L and 150Wh/kg, respectively, up to five time more
than lead-acid batteries. They not only address applications such as consumer elec-
tronics, but also open the way for energy storage in electrical vehicles, aircrafts and
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Figure 10: "Reynolds and Sharp mechanism", duplicated from [22]. A misoriented
crystallite links two crystallites parallel to the fibre axis along which the tensile
stress is applied. Layer plane rupture is measured in the direction La⊥ and the
crack propagates along La⊥ and Lc.

other weight and volume sensitive applications. In addition, they have high operat-
ing voltage, in the range of 2.5 to 4.2V, slow self-discharge rate (∼5%/month), no
memory effect and a wide temperature range of operation. [23] Perhaps the main
disadvantages of lithium-ion batteries is the need for a protective circuit to pre-
vent over-charge or over-discharge, in which case the cell will overheat and possibly
catch fire due to limited thermal stability. In addition, lithium is quickly oxidized
by air and water and lithium-ion batteries must be manufactured under inert at-
mosphere. As illustrated in Figure 11, lithium-ion batteries generally consist of a
positive electrode which is typically a metal oxide and a negative electrode which is
usually graphitic carbon. These materials are coated on an aluminium and copper
foil current collector, respectively, with a binder which is typically polyvinylidene
fluoride (PVDF) and a conductive diluent (carbon black). [23] The electrodes are
isolated by an electrolyte which conducts lithium ions from the negative to the
positive electrode during charge and with a reverse flow during discharge through
a porous separator which prevents short-circuiting of the electrodes.

In lithium-ion batteries, stored chemical energy is converted into electrical energy
by means of reversible oxidation-reduction reactions leading to the transfer of elec-
trons between the electrodes via an outer circuit. During electrochemical cycling of
the cell, lithium intercalation and extraction occur in the active electrode materials
which should not undergo significant structural change to have a long cycling life
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Figure 11: Schematic of a lithium-ion battery.

and avoid material damage. In the present work, the term lithiation is used to indi-
cate lithium-intercalation in the carbon electrode. Let C be the graphitic negative
electrode material and a metal oxide LiMO2 be the positive electrode where M is
for metal, such as LiCoO2. The cell reactions are [23]:

LiMO2
charge−−−−−−⇀↽−−−−−−−
discharge

Li1-xMO2 + xLi+ + xe– (2a)

C + xLi+ + xe–
charge−−−−−−⇀↽−−−−−−−
discharge

LixC (2b)

LiMO2 + C
charge−−−−−−⇀↽−−−−−−−
discharge

LixC + Li1-xMO2 (2c)

Two properties which characterize the battery performance are used in this thesis
and can be defined as follow:

- The electrochemical specific capacity Cs is defined as the amount of electric
charges received or delivered by the cell for lithiation or delithiation, respec-
tively. It reflects the amount of intercalated lithium in the carbon electrode
and is calculated from
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Cs =
∫
Idt

m
(3)

where
∫
Idt is the definite integral of the electric current over the charging

time and m is the mass of carbon electrode. Electrode materials need a lay-
ered or tunnel structure which allows lithium intercalation and determines
the electrochemical properties such as the electrode specific capacity and po-
tential.

- The rate capability qualifies the capability to intercalate lithium at different
current rates (current-to-electrode mass ratios). Energy storage in lithium-
ion batteries is limited by the transport of lithium ions in the electrolyte from
one electrode to the other one. The charging time and the measured capacity
may depend on the current rate or C-rate. Therefore, the rate capability is
important in the battery performance. In this thesis, the 1C-rate is defined
as the required current per mass of carbon electrode to obtain a 1h charging
time and xC-rate is for x times the 1C-rate in mA/g. Lithium-ion batteries
have in this respect high rate capability since significant amount of lithium
can still be intercalated during charge at high rates [23]. Many parameters
can influence the rate capability such as the conductivity of the electrolyte,
the distance between the electrodes, the diffusivity of lithium-ions into the
electrode (the electrode design), and the electrical conductivity.

The most common positive electrode material is LiCoO2 due to its high spe-
cific capacity (about 155mAh/g), but the use of Co is expensive and the material
has poor thermal stability at high temperature which can cause thermal runaway.
LiMn2O4 electrodes are less costly, have better thermal stability but lower specific
capacity (100-120mAh/g) and higher rate of capacity fade which can be due to dis-
solution of the material or decomposition of the electrolyte at the electrode surface.
Recent development has focused on LiFePO4 electrodes which offer good specific
capacity (170mAh/g) at low cost, good thermal, chemical and structural stability
(and therefore longer lifetime than LiCoO2). [23] Pure lithium metal has a theo-
retical capacity of 3860mAh/g but forms dendrites in contact with the electrolyte
during electrochemical cycling which may cause short-circuiting.
The negative electrode materials are commonly carbonaceous due to the good ca-

pacity, electronic and ionic conductivities of graphite. A good material would have
high specific capacity without irreversible capacity. [23] The irreversible capacity
is due to the formation of a thin passivation layer about 10nm thick, the solid-
electrolyte interphase (SEI), at the surface of the carbon electrode (and depends on
the electrode surface area). The SEI is caused by a decomposition of the electrolyte
during the first cycle and consumes lithium ions. It is electrically insulating but
conducts lithium-ions and is crucial for the lifetime of the battery because it pre-
vents further reaction of the electrolyte and allows the carbon electrode to work in
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its stability range. Graphite electrodes (the unit cell of graphite was shown in Fig-
ure 7a) have a theoretical maximum capacity of 372mAh/g. Alternatives are soft
carbon which are less ordered but can be graphitized at temperatures higher than
2000◦C, and hard carbon which are non-graphitizable and may offer higher specific
capacity, higher cycle life due to no volume change upon lithium-intercalation and
lower cost than graphitic materials. However, hard carbons have low density and
exhibit larger irreversible capacity than graphitic materials [24]. Other types of
negative materials include lithium-titanate which is known to have lower reversible
capacity than carbon and which operates at low voltage (about 2.4V which reduces
the energy density), but no SEI is formed and very fast charge and high currents
are allowed when needed.

Table 2 shows typical cell voltages for different electrode materials. Then maxi-
mum voltage corresponds to the cell voltage in the charged state and the nominal
voltage can be considered as representative for an average value of the cell voltage
during charge/discharge. With this conventional battery materials, the charge of
the battery (increase in the cell voltage) corresponds to the lithiation of the carbon
electrode which is the negative electrode. In this thesis, the laboratory cells use
lithium metal as negative electrode which has a lowest standard electrode potential
(about -3.05V). The carbon fibres are the positive electrode and the charge of the
half-cell corresponds to the delihtiation of the carbon fibre electrode.

Cell reaction Maximum volt-
age [V]

Nominal voltage
[V]

LiCoO2 + 3C → Li0.5CoO2 + 0.5LiC6 4.2 3.7
LiMn2O4 + 6C →Mn2O4 + LiC6 4.2 3.7
LiFePO4 + 6C → FePO4 + LiC6 3.7 3.2

Table 2: Typical commercial cell voltages for different cell reactions.

Lithium-ions batteries use non-aqueous electrolytes which are mainly liquid, gel
or polymer. Liquid electrolytes are solutions of a lithium salt in one or more organic
solvents, typically carbonates. Polymer electrolytes are solvent-free solid materials
which include ionically conducting lithium salts. In gel electrolytes salts and solvent
are dissolved in a polymer. [23] The compatibility of lithium-ion battery chemistry
with solid polymer electrolytes (SPEs which can conduct lithium-ions) is clearly ad-
vantageous for use in structural battery applications. Most electrolytes use LiFP6
as the salt for the high ionic conductivity it provides (>10−3S/cm) [23]. Typical
solvent include carbonates such as ethylene carbonate and diethyl carbonate which
can solvate lithium salts to high concentration. Eventually, separator materials are
typically 10-30µm thick micro porous electrically insulating films [23]. Microporous
polyolefin materials made of polypropylene and polyethylene are commonly used
for their chemical and mechanical properties, which include compatibility with the
electrolyte and resistance to puncture by electrode materials for example.
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1.5 Structural energy storage composites

From the previous section, it is seen that the performance of a lithium-ion battery
is, like for composite materials, a multi-parameter and multi-scale problem which
involves several constituents. It opens for a wide range of research topics and is
favourable for the development of multifunctional technologies such as structural
batteries. The interest in lithium-ion battery technology to develop a structural
battery is primarily related to the need for high energy density at reasonable power
density, lifetime and cost. Carbon fibres contain graphite which is a common elec-
trode material in lithium-ion batteries and put carbon fibre composites in favourable
position for use as energy storage material.
A first approach to the development of a structural energy storage material was

offered by Thomas and Qidwai [12] as already illustrated in Figure 3 and con-
sisted of adding a structure function to an existing battery system. All-solid-state
thin-film lithium-ion batteries were embedded into carbon-fibre reinforced polymer
(CFRP). The results of the design optimization of a composite laminate with en-
ergy storage capability for UAV showed improvement in flight endurance time at
the same weight as a conventional design. However, in this approach the structural
and energy storage constituents are still separate within the laminate. Another
approach was offered by Neudecker et al. [25] and consisted of adding an energy
storage function to an existing structure. As shown in Figure 12, the basic concept
was to perform the structural and energy storage functions directly at the fibre
level, i.e., by assembling a thin-film battery layers around a 33-150µm diameter
fibre core which serves as inert structural reinforcement. A potential advantage of
these so-called "PowerFibers" when used in a composite over flat thin-film batteries
of similar volume was their inherently larger surface area. However, thinner core
material needed to be developed to achieve the same electrochemical performance
as with a flat geometry.

Figure 12: Concept of the "PowerFibres", duplicated from [25].

The presented structure-battery materials still include structural components
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which are not electrochemically active. A research team at the US Army Research
Laboratory (ARL) developed the concept of a structural battery for applications in
ground vehicles and soldier systems such as helmets with ballistic protection and en-
ergy storage capabilities [11]. The structural composite battery could be integrated
in the structure and be used as a secondary power source. For multifunctionality,
each individual constituent should participate in energy storage and carry mechan-
ical loads simultaneously. This idea relies on the use of carbon fibres as structural
electrode, i.e., as composite reinforcement and as electrode for lithium-ion battery
simultaneously. Indeed, it is possible to intercalate lithium directly in the graphitic
microstructure of carbon fibres and it can be used as electrode material. Inves-
tigation of a structural battery concept as a composite laminate was performed.
Figure 13 shows a schematic of the laminate and a lamina cross-section. [26, 27]
The negative electrode is a carbon fibre fabric. The positive electrode is made of
LiCoO2 or LiFePO4 particles mixed with acetylene black carbon powder (enhanc-
ing electronic conductivity) and binded together with polyethylene oxide (PEO) on
a metallic mesh. The separator is a glass fibre fabric and the electrolyte is mixture
of lithium-salts and solvent-free copolymers. The mechanical and electrochemical
performances were investigated and a non-functional composite laminate prototype
was manufactured using vacuum assisted resin transfer moulding (VARTM). A spe-
cific stiffness of 3.6GPa/(g/cm3) was measured, which was lower than expected, and
the metallic cathode failed before the carbon fibres. It was put forward that the
carbon fibres never failed because of a poor fibre-matrix interface and a poor load
transfer to the carbon fibre fabric due to weak matrix (electrolyte polymer) and
insufficient sample size. [27]

The main challenge is the development of a good multifunctional polymer elec-
trolyte which allows lithium-ion transport and fulfils structural requirements. The
ionic conductivity and lithium-ion diffusion is greatly enhanced by the mobility of
the polymer chains whereas the structural stiffness and strength are enhanced by
a high cross-link density which limits the polymer mobility. These requirements
are conflicting and a strategy has been to mix a structural polymer with a con-
ductive polymer in different ratios. Adding fillers (such as fumed silica) to some
extent increased both conductivity and stiffness, but in most of the attempts the
ionic conductivities of structural electrolytes, ∼10−6S/cm, were much lower than
liquid electrolytes (∼10−2S/cm) and also lower than conventional SPE. In addition,
the high distance between the electrodes (∼0.1mm) limits the charge rate of the
battery.

In order to improve the ionic conductivity within the structural battery, Liu
et al. have offered a design using a continuous porous poly(vinylindene fluoride)
PVDF-based polymer matrix with liquid electrolyte pervasive throughout the bat-
tery, which eliminates the electrode/separator interface [28]. However, to achieve
load-bearing capabilities, the need for a separator region reinforced with insulat-
ing glass-fibres was identified. The need for non-porous electrode regions was also
underlined, and it was offered to use polyethylene oxide (PEO)-based polymer elec-
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(a) Concept of a structural-battery laminate.

(b) Lamina cross-section.

Figure 13: Hybrid laminate, schematics duplicated from [26,27].

trolyte compatible with PVDF. Carbon nanofibres were also used in the electrodes
to enhance electrical conductivity with chemical activation of their surface to im-
prove ionic conductivity and structural properties via improved interaction with
the polymer matrix. However, the fabrication of the structural electrolyte was crit-
ical and the measured ionic conductivities were not higher than 10−5S.cm−1. A
tensile modulus of 3.1GPa and an energy density of 35Wh/kg at C/20-rate were
measured using a polymer gel electrolyte. Thus, the development of a true-solid-
state electrolyte with sufficient ionic conductivity and of electrodes in the fibre form
remains a challenge. An alternative to the issue with the ionic conductivity of SPE
has been to develop structural super capacitors which store energy by collecting
electric charges at the surface of electrodes when a voltage is applied [29,30]. Thus,
very fast charge time and high power density are allowed, but the energy density of
super capacitors is typically 100 times lower than for lithium-ion batteries. Routes
for improvement of the capacitance have also been considered, for example by acti-
vation of the carbon fibres to increase their surface area. [31] Perhaps resistance to
crash, damage and short-circuiting will remain among the highest challenges facing
the use of structural batteries in EVs.

At Swerea SICOMP, another idea to bypass the low ionic conductivity of SPE
has been to shorten the distance between the electrodes. As for the concept of
PowerFibres, the idea consists in performing the structural and energy storage
functions directly at the fibre level. Thin-film battery layers are assembled around
a 5µm diameter carbon fibre core which would in this case be active and serve as
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structural electrode, i.e., as negative electrode and composite reinforcement. This
approach offers significant advantages:

- all the constituents are multifunctional, which is the best approach for weight
reduction because it allows better structural and energy efficiencies for the
multifunctional material. As explained in section 1.1, the higher these effi-
ciencies, the higher the system mass reduction.

- at the fibre level, the distance between the electrodes would be reduced by
more than 100 times as compared to the laminate level. The micro-structural
battery could exhibit an improved apparent ionic conductivity of ∼10−3-
10−4S/cm which is significantly better than previous attempts.

- the energy density of such a multifunctional material could be very high, i.e.,
close to that of conventional lithium-ion batteries.(10−3S/cm)

- the use of a non-porous SPE-would enables high structural performance prop-
erties.

In this configuration, the multifunctional performance of the carbon fibre structural
electrode becomes a major issue which is still unknown and needs to be investigated.
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Chapter 2

Objectives and scope

The aim of this thesis is to investigate the possibility of using lithium-intercalated
carbon fibres as reinforcement and electrode simultaneously in structural batteries.
The electrochemical performance of carbon fibres is studied in order to understand
whether carbon fibres with favourable mechanical properties can intercalate lithium
and provide good energy storage capabilities to a structural battery. The change
in the mechanical properties of carbon fibres induced by lithium-intercalation is
also investigated to understand whether the mechanical performance of the fibres
remains satisfying when used as active electrode and load-carrying reinforcement
simultaneously. The focus is on the expansion and the changes in the tensile prop-
erties of the carbon fibre which are important issues in the development of a multi-
functional composite material. Lastly, the mechanical-electrochemical coupling in
lithium-intercalated carbon fibres is investigated to understand whether a mechan-
ical load can have an effect on the electrochemical properties of the carbon fibre
electrode.

The scope of this work includes the framework of structural energy storage com-
posites. New multifunctionalities also extend the range of future applications and
research areas to strain sensing, actuation and energy harvesting. Composite ma-
terials are particularly suited to tailor the properties and performance of such
multifunctional materials and devices. In this work the structural functionality
of continuous carbon fibres also highlights a new route to study the mechanical-
electrochemical relationship in electrode materials which is an important factor for
lifetime of lithium-ion batteries. The next chapters present and discuss the main
results of the appended papers.
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Chapter 3

Electrochemical characterisation

3.1 Electrochemical capacity

From a mechanical point of view, high-modulus pitch-based carbon fibres are more
brittle, have significantly lower strength and are also more costly than PAN-based
carbon fibres. From an electrochemical point of view, pitch-based carbon fibres have
higher electrical conductivity and are more graphitized which make them typically
favoured for battery applications due to the high lithium-intercalation capabilities
of graphite crystallites. However, previous work on small fibre strands used in
coin cells has shown that PAN-based carbon fibres unexpectedly outperform pitch-
based carbon fibres with respect to the electrochemical capacity [32]. In pitch-based
carbon fibres large graphitic layers may close the microstructure and the surface
in many locations. On the contrary, in PAN-based carbon fibres the graphitic
crystallites are smaller and in higher disorder which might make the microstructure
less compact and simply ease the diffusion of lithium from the surface to the fibre
core resulting in a higher reversible capacity.
The electrochemical behaviour of a wide range of different commercially-available

PAN-based carbon fibre grades were tested in Paper A. Figure 14 shows a carbon
fibre specimen. The carbon fibre specimens were manufactured for use as electrode
and to allow mechanical testing in subsequent papers. Carbon fibres bundles were
used because they are easier to handle, especially in mechanical tests, and the high
number of filaments per bundle is also representative for the scatter of the filaments
properties.
Figure 15 is a schematic of a laboratory cell. It is seen that the carbon fibre bun-
dles were used simultaneously as electrode and current collector since the copper
collector was only in contact with some fibres. Using packed bundles of continuous
fibres was expected to ensure sufficiently high electrical conductivity and this was
confirmed from the tests. (Intercalated lithium or other compounds might even
be expected to enhance the electrical conductivity [14]). Electrochemical measure-
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Figure 14: Finished carbon fibre specimen (from Paper B-D).

ments in Paper A highlighted a good reproducibility of the cell behaviour. In Paper
A, the electrochemical capacity of a wide range of PAN-based carbon fibre bun-
dles was investigated at current-rate of 100mA/g which is realistic for use in actual
applications and commercial batteries.

Figure 15: Schematic of a laboratory cell.

Reversible capacities of different fibre grades - It is seen in Paper A that PAN-
based carbon fibre bundles can intercalate large amount of lithium. However, the
measured capacities appeared to depend on the fibre grade. With unmodified (as-
received) commercial carbon fibre bundles, the highest capacities were measured
with sized T800H and IMS65 and were of about 100mAh/g. These fibres have
similar intermediate tensile modulus (290GPa) which should also indicate similar
microstructures. Bundles of fibres with lower modulus UTS50 and T300 (230-
240GPa) had lower capacity at similar rate. Bundles of fibres with higher modulus
(which should be more graphitized) M40JB, M46JB and UMS45 (370-440GPa) also
exhibited lower specific capacities. Thus, it appears that the capacity increased
from low to intermediate modulus and decreases from intermediate to high modu-
lus fibres. Figure 16 plots the fibre strength and measured specific capacity of the
unmodified commercial carbon fibres bundles as function of the tensile modulus for
Toray and Tenax grades. The modulus reflects the final HTT (it increases contin-
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uously with the final HTT during carbonization and graphitization). From low to
intermediate modulus (200-300GPa) the fibres should be carbonized at less than
1600◦C, the forming microstructure is turbostratic which may favour the reversible
capacity [33, 34]. High modulus fibres (>350GPa) should be graphitized. They
have longer and more aligned crystallites which may tend to make it harder for
lithium to reach the fibre core. The fibre strength should also increase with the
final HTT during carbonization below 1600◦C and decrease during graphitization
(final HTT>2000◦C). This is supported by Figure 16 which shows that the strength
increases from low to intermediate modulus fibres and decreases from intermediate
to high modulus fibres. This remark suggests that intermediate modulus carbon fi-
bres like T800H and unsized IMS65 offer a capacity-modulus-strength combination
at a realistic rate which might be considered as close to an optimum or at least
particularly suited and promising for use in structural battery applications.
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Figure 16: Tensile strength and capacity measured at 100mA/g current rate as
function of the tensile modulus of unmodified commercial carbon fibre bundles
received from (a) Toray and (b) Toho Tenax (from Table 1 and 2 of Paper A).

Irreversible capacities - In Paper A, the measured irreversible capacities tend to
increase to a similar extent as the reversible capacities for unsized fibres. In pure
graphite the irreversible capacity is low in comparison (about 30mAh/g) with the
turbostratic microstructure of intermediate modulus PAN-based carbon fibres. The
irreversible capacity is commonly attributed to the SEI formation, and may also
relate to the reaction of lithium with functional groups at the surface of the fibre
and/or doping of lithium into reactive sites and cavities [35]. No additives (car-
bon black), heat treatment or chemical modification were considered to enhance
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the reversible capacity. This could damage the fibre and lower the mechanical
performance [36]. In addition, the surface passivation (SEI formation) with high
surface-area carbon materials should be much more extensive and may result in
a higher irreversible capacity [32]. The irreversible capacity was also found to re-
late to volume changes and irreversibly trapped lithium in Paper C. Lowering the
irreversible capacity might be a path for improvement of the carbon fibre elec-
trodes, although the use of solvent-free SPE should reduce the issue related to SEI
formation.

Sizing and number of filaments per bundle - Unsized fibres (sizing removed with
acetone) exhibited even higher capacities, although the changes were more or less
pronounced depending on the fibre grade. With unsized IMS65, the measured
reversible capacity was significantly improved to about 180mAh/g. The irreversible
capacity was similarly higher. This suggests that the sizing may simply affect
the mass of electrode which can be intercalated. Results on low modulus UTS50
suggested that sizing removal may also affect the cyclability of the fibre. With
T800H, the lighter bundles exhibited a higher capacity. It was highlighted in further
research [37] that both the number of filament per bundle and the sizing may affect
the measured capacity of the carbon fibre bundles. This might be due to changes
in the porosity or the electrolyte wettability of the carbon fibre bundle electrode.
As a consequence, it appeared that intermediate modulus fibres exhibit promising

and favourable electrochemical capacities for use in lithium-ion batteries. The
measured capacities (at a realistic current rate) and the tensile strength appeared
to be optimum for intermediate modulus fibres (Toray T800H and Toho Tenax
IMS65) which offer reasonably high and advantageous stiffness. Fibres of higher
modulus might also be too brittle for structural battery applications.

3.2 Rate capability

Kinetic issues associated with rate capability were highlighted on IMS65 and T800H
carbon fibre bundles. Rate capability is a recurring issue for lithium-ion battery
electrodes because it determines the highest current that the electrode is able to
deliver. For EVs for example, the battery needs to be charged quickly without
degradation with repeated cycling. When it comes to graphite, several parameters
influence the rate capability: the charge transfer at the electrode/electrolyte inter-
face, the conduction at the electrode/current collector interface and the graphite
particle size and surface area. A good solvent is also needed to allow a good solubil-
ity of the lithium salt and a diffusivity so that lithium transport in the electrolyte
does not become rate-limiting. However, the key parameters were found to be
the electrode engineering instead of the graphite material itself, i.e., the electrode
thickness, areal density and porosity [38]. Other factors such as the manufacturing
and the operating temperature may influence the rate capability. [23] Representa-
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tive values for graphite electrodes would be a thickness of 100-200µm, 5-10mg/cm2

areal density with rate capability up to 2-6C (for 50-80% capacity retention).

The effect of the charge rate on the measured capacity of the carbon fibre bundles -
Lithium metal can be considered as an infinite source of lithium ions which exhibits
a constant potential. Thus, any changes in the cell potential can be attributed
to the carbon fibre electrode as the concentration of lithium in the electrolyte is
constant. The change in the potential during lithiation and delithiation depends
on the concentration of lithium inserted in the fibres. Figure 17 shows lithiation
curves representative for the rate capability of unsized IMS65 bundles with ∼1mm
width, ∼3000 filaments with 5µm diameter, which means an areal density of ∼10.5
mg/cm2. A high dependency of the capacity with the C-rate is measured. From
1C to 0.1C, the current-to-mass ratio is divided by 10, but the measured capacities
were about twice as high, in the order of 300-350mAh/g with these T800H and
IMS65 bundles. From the investigation in Paper A, the effect of the rate on the
measured capacity of the carbon fibre bundles should be limited at rates lower than
0.1C. Therefore, at 0.1C the fibre bundles could be considered as fully lithiated. A
significant part of the fibre should be amorphous carbon (the crystallinity might
only be 30-50% for such fibres) and the measured capacities at 0.1C suggest that
the non-graphitic parts of the fibres (mainly amorphous carbon and pores) also
intercalate considerable amounts lithium.
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Figure 17: Lithiation curves at different C-rates for different unsized IMS65 car-
bon fibre bundles.

Discussion of the effect of the microstructure and the electrode design on the rate
capability - Microstructural disorder seems to allow an open and accessible mi-
crostructure for lithium-intercalation capabilities without affecting the electrochem-
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ical capacity. The turbostratic microstructure of intermediate modulus carbon
fibres appears to be rather favourable for lithium intercalation. Turbostratic mi-
crostructures were already found in other research to be capable of capacities which
may even exceed the theoretical maximum of 372mAh/g of pure graphite [39]. The
diffusion coefficient of lithium in a single carbon fibre filament was found to reach
10−11m2s−1 at full charge. [37] This coefficient is higher than in MesoCarbon Mi-
croBeads (MCMB) which is used in state-of-the-art commercial lithium-ion batter-
ies (about 10−14m2s−1). This might be due to a higher average interlayer spacing
in the graphitic crystallites of carbon fibres than in pure graphite, as highlighted in
section 1.3.2. As a consequence, the diffusion of lithium in a bundle appears to be
primarily responsible for the rate capability of the electrode which may depend on
the bundle size and compactness. This was expected from the behaviour of porous
electrodes. These results highlight the need to spread the carbon fibre bundles for
a lower thickness, a lower areal density and a better rate capability.

As mentioned previously, another key issue of the safety and electrochemical
performance of the battery relates to the lifetime and structural changes in the
electrode materials. Thus, a mechanical characterisation of the carbon fibres upon
lithium intercalation is needed, especially for the development of a structural bat-
tery, and is presented in the next section. However, mechanical and electrochemical
characterisations should not be seen as separate issues, but rather as interdepen-
dent. Subsequent work focuses on intermediate modulus sized T800H and unsized
IMS65 due to their high electrochemical performance and particularly suitable me-
chanical properties.
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Chapter 4

Mechanical characterisation

4.1 Expansion induced by the intercalated lithium

Damage of negative electrodes in lithium-ion batteries is often related to a con-
sequence of structural changes such as volume strain. Silicon (Si) and Tin (Sn)
are promising future anode materials because they allows very high theoretical ca-
pacities, 3579mAh/g and 993mAh/g, respectively, but undergo very large volume
changes (∼300% for Li22Si5 and Li22Sn5) which can cause particle fracture and
lead to losses in the electrical connectivity or even delamination with the current col-
lector resulting in capacity losses [40,41]. In graphite, the structural changes upon
Lithium-intercalation are much lower. For saturated graphite LiC6, the transverse
expansion, i.e. between adjacent basal planes, was found to be in the order of 10%,
from 3.35Å to 3.70Å. A simultaneous expansion of ∼1% (from 4.26Å to 4.30Å) of
the unit cell along the basal planes was highlighted. [42,43] Graphite has high lon-
gitudinal and transverse modulus of about 1100GPa and 30GPa, respectively, and
the volume expansion in LiC6 can generate stresses high enough to cause particle
failure and losses in electrical conductivity of the electrode. The fractured particles
expose a fresh carbon surface to the electrolyte which leads to the formation of
additional SEI consuming lithium and resulting in capacity fade. [42]
Figure 18 shows the experimental setup used in Paper C to measure the longi-

tudinal expansion induced by intercalated lithium in carbon fibres during electro-
chemical cycling at different C-rates and capacities. An innovative in-situ method
was used. The specimen and the vacuum bag of the cell were clamped in the jaws
of a 300N microtester. Commercial carbon fibre bundles were splitted into lighter
ones to fit the 300N load cell of the microtester. Using a vacuum bag turned out to
be the best available option to allow good contact between all battery constituents
and to prevent electrolyte evaporation. A constant extension was applied to the
specimen and the bag simultaneously and in parallel. After 3h of load relaxation
in the bag, electrochemical cycling was started.
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Figure 18: Experimental setup for measurement of the longitudinal expansion
induced by lithium intercalation.

Longitudinal expansion - Figure 19 illustrates for some C-rates that the force in the
carbon fibres decreases during lithiation and partly recovers during delithiation.
Since the applied strain is constant, this reflects a longitudinal expansion strain
which develops during lithiation, releasing some mechanical strain, and that the
fibres contract during delithiation. After the first cycle, the measured capacity and
the expansion can be considered as reversible. The reversible expansion increased
almost linearly with the capacity up to ∼0.7% for 300-350mAh/g reversible capac-
ities measured at about 0.1C. The expansion was calculated as the force variation
divided by the specimen stiffness measured in a subsequent tensile test. The coeffi-
cient of variation for this measured expansion should include ∼10% on the specimen
stiffness and some limited variation could also be due to the extent of load relaxation
in each bag, the system compliance, the mass estimate and the alignment of the
fibres in the bundles (especially for bundles splitted into lighter ones). In Paper F,
a similar reversible expansion of 0.65% was measured at 0.1C at about 300mAh/g
reversible capacity with a bigger unmodified bundle and a more advanced setup,
which confirms the magnitude of the expansion. At 0.1C the expansion did not
vary linearly with the capacity during lithiation and the expansion rate slows down
at mid-lithiation as seen in the form of a plateau at 0.1C-rate in Figure 19. At the
first cycle this could be attributed to the SEI formation, but it is still observable
at the next cycles and might reflect a phase transition of lithium staging in the
carbonaceous microstructure or some changes in the structure surrounding inter-
calated lithium. There is no evidence and the results from cyclic voltammetry in
Paper A do not highlight clear microstructural heterogeneities and this might need
to be investigated in future research.

Irreversible expansion - At the first cycle, the force drop is not totally recovered
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Figure 19: Variation of the force carried by T800H carbon fibre bundles subjected
to a constant extension during electrochemical cycling at different C-rates.

and an irreversible expansion which remains in delithiated fibres was measured.
This indicates that the first-cycle capacity loss is not only related to SEI formation,
but also to lithium irreversibly trapped in delithiated carbon fibres. The trapped
lithium might for example be located in reactive cavities or in amorphous parts of
the fibre where higher driving force or electrical conductivity might be needed for
lithium removal. The main effect of the C-rate is seen on the first-cycle capacity
loss and on the amount of irreversibly trapped lithium, i.e., on the irreversible
expansion in delithiated fibres. At high rates, it was shown in Paper C that the
first-cycle capacity loss is smaller, the expansion in delithiated fibres is smaller and
less lithium is trapped in the fibres. At charge rates lower than 1C, the first cycle
capacity loss is higher and the irreversible expansion in delithiated fibres is also
higher, up to about 0.3% at 0.1C-rate. This trapped lithium is not likely to be
of any use, and if it could be reduced in future research it could either enhance
the reversible capacity or at least limit the total fibre expansion which could be
advantageous in composite design.

Total expansion - The total expansion in lithiated fibres is close to 1% during elec-
trochemical cycling at 0.1C, i.e., when the fibres are considered fully lithiated. The
expansion of graphite basal planes was shown to be about 1% in LiC6 [42, 43].
Therefore, the results suggest that the measured expansion is governed by the ex-
pansion of graphite crystallites which tend to be aligned with respect to the fibre
axis and ensure continuously the load transfer along the fibre. Therefore the order
of magnitude of the expansion may not be surprising. However, the carbon fibre
microstructure is turbostratic and other factors such as some crystallites misalign-
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ment, longitudinal crimp of graphitic layers and intercalation of amorphous carbon
should contribute to some extent to the measured expansion. The expansion was
measured under tension and no obvious effect of the applied strain was seen [44].

Transverse expansion - A number of lithiated carbon fibre cross-sections were im-
aged with scanning electron microscope (SEM). Cross-sections were reproduced by
layer on a binary image with the software Paint.NET. About 70 and 25 cross-section
areas at 2000× and 6000× magnifications, respectively, were processed with Mat-
lab. When the fibres were fully lithiated at 0.1C, 8-13% average expansion of the
transverse cross section was observed. This expansion is in the same order as the
expansion of the interlayer spacing of graphite in LiC6, but in the carbon fibre,
pores which should be parallel to the fibre axis might accommodate some trans-
verse expansion and other factors related to the turbostratic disorder of the fibre
might influence this expansion [14,20,42,43]. High coefficients of variation of ∼10%
were measured which might be due to uneven lithiation of the different filaments,
variation in the surface quality due to surface cutting or electrochemical cycling
(using DMC slovent was useful to clean the fibres from what might be electrolyte
deposits). However, smaller expansion were measured on delithiated fibres which
supports that the measured expansion relates to intercalated lithium. The varia-
tions might also come from the deviation on the fibre diameter with length which
should be in the same order of magnitude according to a quality control of the
manufacturer. For these reasons, further investigation of the transverse expansion
as function of the measured capacity with a more accurate method of measurement,
such as a direct observation of a same cross-section during lithium-intercalation, is
still needed. Using a fibre like IMS65 with a circular cross-section might even allow
the measurement by simply observing the longitudinal surface.

4.2 Mechanical discussion of the expansion

The carbon fibre mechanical model - To discuss the impact of the expansion on the
mechanical performance of a composite, it is possible to first look at the stress-
strain relations for the carbon fibre. A longitudinal cross-section is anisotropic
because the crystallites have a preferred orientation along to the fibre axis. On
the contrary, a transverse cross-section can be considered isotropic with randomly-
distributed crystallites very folded and interlinked. As a consequence, the carbon
fibre can be considered as a transversely isotropic material. The carbon fibre can
be seen as a cylinder and in cylindrical coordinates, the z-axis is the fibre direction
and the r-and-θ-axes are the radial and tangential directions. The strain (ε) - stress
(σ) relations in a carbon fibre can then be written: εr

εθ
εz

 =

 1
ET

−νT T

ET

−νLT

EL−νT T

EL

1
ET

−νLT

EL−νLT

EL

−νLT
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1
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×
 σr
σθ
σz

 (4)
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where ET and EL are the modulus in the transverse and longitudinal direction, re-
spectively. The Poisson ratios νTT and νLT characterize the transverse contraction
of the fibre for a stress in the transverse and longitudinal directions, respectively.
Typical values for intermediate modulus fibres are presented in Table 3. With the
tensile extension applied to the fibres, it can be assumed that there are no shear
strain εzr = εθz = 0, but also εrθ =0 (no transverse shear).

Property Typical value
EL 290GPa
ET 10GPa
νTT 0.30
νLT 0.25

νTL = ET
νLT

EL
0.01

Table 3: Typical mechanical properties of intermediate modulus PAN-based car-
bon fibres (suggested from values given in [45]).

Discussion of the measured longitudinal expansion - In Paper C and in section 4.1,
the measured longitudinal expansion can be considered as an engineering strain
which is calculated from the variation of the force ∆F carried by the fibres subjected
to a constant extension (as shown in Figure 19) and the measured slope K of the
(force–strain) curve measured in tensile test (assuming no system compliance):

εz,eng = ∆F
K
≈ σz
EL

(5)

This measurement of the longitudinal expansion is correct in a first approach be-
cause the measured force variation is the change in the longitudinal mechanical
stress, i.e., the longitudinal stress which is induced by the lithium intercalation
expansion strains in the longitudinal and transverse directions. Assuming that the
stiffness matrix (the inverse of the compliance matrix given by equation 4) applies
to lithium-intercalated carbon fibres, the measured variation σz of the mechanical
stress during electrochemical cycling could be related to the 3 dimensional lithium-
intercalation expansion strains (εr, εθ, εz):

σz = (1− νTT )E2
L

(1− νTT )EL − 2ν2
LTET

εz + ELET νLT
(1− νTT )EL − 2ν2

LTET
(εr + εθ) (6)

It can be seen in Table 3 that EL >> ET . The factor in front of εz is almost equal to
EL in equation 6 which becomes: σz = 291 εz + 3.59 (εr + εθ), where σz is in GPa
and εr, εθ and εz have no unit. This shows that the coefficient of εz is almost equals
to EL. For unsized IMS65 and T800H, the total drop in force measured in Paper C
in fully lithiated fibres gives σz in the order of 2GPa. Thus, the transverse expansion
presented in section 4.1 on fully lithiated fibres (εr + εθ ≈ 10%) would in this case
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induce a stress of 0.359GPa, i.e., a deviation limited to ∼20% between the measured
electrochemical expansion εz,eng and the true expansion εz. However, although
EL (longitudinal modulus) should be considered the same as for virgin fibres, the
mechanical properties of lithium-intercalated carbon fibres remain unknown and
they might not be all the same as for a virgin fibre. For example the transverse
modulus of graphite was found to be significantly increased by intercalated lithium
[43]. With the method presented in section 4.1, some deviation mainly due to the
alignment of the fibres within the bundle and to the mass estimate (especially when
the bundle has been splitted into a lighter one) and due to the compliance of the
tester and the grips may also affect the measured stress.

Discussion of an improved method for the measurement of the electrochemical ex-
pansion strains - Further research would be needed for an improved measurement
of the fibre electrochemical expansion. One way would be to apply a constant force
to the fibres during electrochemical cycling. The intercalated lithium would create
3-dimensional stresses (σr, σθ, σz) in the fibres so that an induced change in the
longitudinal mechanical strain could be measured. This change would be the elec-
trochemical longitudinal expansion. This measurement could not be done with the
setup described in section 4.1 for several reasons:

- The thin vacuum sealed bag which fits in the microtester was necessary to
prevent electrolyte evaporation and ensure good contact between the cell lay-
ers. Thus, no external extensometer could be used. Working at constant
extension and measuring force variations was more appropriate.

- The microtester did not successfully keep the force constant. In addition, if
the force applied in parallel to the bag and the specimen was kept constant,
the measured strain variations during electrochemical cycling would be sig-
nificantly affected by the relaxation of the force in the bag. Therefore, it was
necessary to keep the bag under constant extension.

However, in the case of a successful test at constant extension, assuming again that
the compliance matrix of equation (6) can be used to describe lithium-intercalated
carbon fibres, the longitudinal electrochemical expansion would be:

εz = 1
EL

σz −
νLT
EL

(σr + σθ) (7)

The values of Table 3 give εz = 3.4×10−3 σz - 8.6×10−4 (σr + σθ), where σz is
in GPa and εz, εr and εθ have no unit. As a consequence, with this model a test
at constant force would allow the measurement of εz and a test at constant strain
would allow the measurement of σz. This would need to be performed in a sequence
on one and the same carbon fibre bundle to minimize experimental variations. The
values of Table 3 and equation 6 could then be used to recalculate an estimate of
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the transverse expansion (εr + εθ). However, the elasticity parameters of lithium-
intercalated carbon fibres might still be different from the values of Table 3 and
further research would be needed to determine them.

Comparison with thermal and mechanical expansions - In the design of a composite
laminate, the lithium intercalation expansion strain adds to the mechanical strain
in each ply and should be treated in the same manner as for e.g. thermal strains. A
comparison can be made with the magnitude of the thermal expansion strain and
with an applied mechanical strain. The relative volume change ∆V

V induced by a
fibre deformation is

∆V
V

= εr + εθ + εz (8)

The longitudinal coefficient of thermal expansion of the carbon fibre is negative, and
the stiffer the fibre the more pronounced effect it is, i.e., from -0.4×10−6/◦C down to
-1.6×10−6/◦C. The radial thermal expansion coefficient is positive, typically in the
order of 0.8×10−5/◦C. Thus, an intermediate modulus carbon fibre (-0.6×10−6/◦C)
would contract with εz = -0.6×10−2% in the fibre direction and expand of σr =
σθ = 0.08% in the radial direction for a temperature change of 100◦C. The relative
volume change would then be about 0.15%. When applying a tensile stress until εz
= 1%, equation 4 give εr = εθ ≈ -0.25% and the relative volume change is about
0.5%. Considering an average lithium intercalation expansion of the transverse
cross section (εr + εθ) ∼10% together with a longitudinal expansion εr ∼1% gives
a relative volume change of ∼11%. This is an order of magnitude higher than with
an applied mechanical strain or for a thermal expansion at 100◦C.

The effect on composite performance - A mechanical problem which may arise is a
fatigue damage of the composite. The number of charge cycles over a battery life
is less than 2000 for one charge per day during 5 years, which would be considered
as low cycle fatigue. Depending on defect size and density in the material, typical
fatigue life are counted in millions cycles. The elongation at break of SPE is more
than 10%, typically 20-50% [46]. Thus, with 1-10% expansion strain, cracks could
form and even be favoured by the heat from chemical reactions. Let’s consider a
unidirectional carbon fibre composite used as structural battery:

- cracks would probably initiate at a matrix-fibre interface. The crack would
then be subjected to a mixed mode of loading: an opening mode (off-axis
loading due to the transverse expansion) and a shear mode (loading parallel
to the fibres due to the longitudinal expansion). The opening mode is the most
critical and the transverse expansion is the highest, so that crack propagation
might occur at the fibre-matrix interface. The fibre-matrix debonding should
be favoured by the longitudinal expansion and low interface shear strength.
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- with repeated cycles cracks might also form in the matrix due to the transverse
expansion and propagate parallel to the fibre.

- with the longitudinal expansion adding, matrix shear might also happen and
cracks from different interfaces could meet and grow bigger. In the case of
an additional mechanical loading parallel to the fibre, cracks in the matrix
perpendicular to the fibre might even cause cracks at the fibre-matrix interface
to meet faster and cause fibre failure.

From an electrochemical point of view, the battery performance would also be re-
duced by mechanical damage (e.g., losses in the electrical connectivity) and specific
design criteria should be defined according to the application.

4.3 Changes in the tensile properties

Depending on the system requirements, the type and directions of external loads,
carbon-fibre reinforced composites are generally designed in such a way that they
make as good use as possible of the tensile properties of the carbon-fibres. There-
fore, Paper B and D have focused on the effect of lithium-intercalation of the
tensile properties of carbon fibres. In the same time, a degradation of the carbon
fibre could also be expected to reduce the electrochemical capacity due to lower
electrical connectivity or additional SEI formation on the fractured surfaces, as
explained in section 4.1 for graphite particles. Depending on the electrode design
and driving force, damage induced in graphite electrodes can for example be in the
form of particle removal creating cavities or in the form of delaminated graphite
layers and fragmentation of particles. [47]

Method of measurement - The specimens and laboratory cells presented in Figure
14 and 15 were used to investigate the tensile properties of lithium-intercalated car-
bon fibres. The tensile stiffness, failure strength and failure strain were measured in
tensile tests with the microtester inside the glovebox, i.e., under inert atmosphere
to avoid lithium oxidation in contact with air and water. Big bundles were splitted
into lighter ones to fit in the 300N microtester. Working with single filaments,
typically 5µm diameter, was not considered because tensile tests had to be carried
out in the glovebox. In addition there is a variation in the tensile strength between
different filaments, and the filament diameter varies along the fibre length. With
fibre bundles the high number of filaments per cross section may therefore be con-
sidered to be representative of the scatter of the filament properties with the length.
Thus, the number of filaments per bundle and cross section had to be estimated
by weighing. The changes in the tensile properties due to lithium-intercalation
could be measured using consistent specimens. Tensile tests were carried out on
virgin specimens used as reference and a tensile-property change due to lithium
intercalation was estimated with the normalised property according to:
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Pn = Pcycling
Pvirgin

± µ

Pvirgin
(9)

where Pn is the normalised property, Pcycling and µ are the property mean value
and standard deviation for the specimens after electrochemical cycling, respec-
tively. Pvirgin is the property mean value for the consistent virgin specimens used
as reference. In this method, the bundles were slightly pre-stretched during manu-
facture of the end tabs (to keep the fibres aligned) and a support paper was used
to keep the fibres straight until the specimen was clamped in the microtester. The
load-deformation curves of the virgin specimens could be considered linear and the
failure looked abrupt, suggesting that the load was quite well distributed among
all filaments of the bundles. For consistency, it was also important that the virgin
specimens used as reference and the specimens used for electrochemical cycling were
made from a same bundle. As shown in paper B and D, the coefficients of variation
were ∼5% on the tensile force to failure and ∼10% on the tensile stiffness, so that
the specimens of a same bundle were considered consistent. Similar variations on
the fibre mass per specimen were measured in reference tests on bundles which had
been splitted into lighter ones. The stress-strain relationship in tensile test can be
assumed to obey the Hooke’s law:

σb = Ef εb (10)

εb = ∆L/L0 (11)

where σb and εb are the measured stress and the strain in the bundle. Ef is
the tensile modulus of a filament, L0 = 22mm is the initial gauge length fitting
the microtester (single filament test standards suggest 25mm), ∆L is the tensile
extension. During a tensile test of a bundle containing N0 filaments having each a
cross-section area Af , the tensile force Fb, the tensile stiffness Kb (defined as the
slope of the tensile curve F -ε) and the failure would be:

Fb = N0Afσb (12a)

Kb = Fb
εb

= N0AfEf (12b)

Thus, for consistent specimens it was not needed to estimate Af . Equation 12. The
change in the tensile strength σ̂f and tensile modulus Ef of a lithium intercalated
carbon fibre was assumed to be equal to the change in the bundle tensile stress to
failure σ̂b, i.e., to the change in the force to failure F̂b). Similarly, the change in the
tensile modulus Ef was assumed to be equal to the change in the tensile stiffness
Kb, as defined by equation 12.
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Compliance of the microtester and gripping system - The tensile extension was
measured with the built-in displacement measurement system because of the good
consistency in the testing. Also because only relative changes in the tensile prop-
erties were investigated. However, the measured strain of the bundle εb could be
corrected in a first approximation (for a given gauge length). One way to estimate
the real failure strain in the bundle would be to measure the bundle modulus Eb
from Kb and N0Af using equation 12. The modulus measured on the bundle Eb
should differ and be lower than Ef due to the system compliance, i.e., grips and
end tabs (the error will be smaller for longer bundles). The strength of the fibres
does not depend on the system compliance, so that the true or "calibrated" strain
in the bundle εbc is lower than the one measured:

Ef εbc = Ebεb (13)

The number of filaments per specimen can be estimated from the mass of fibres
in the bundle. For example, for an unsized IMS65 bundle of about 2500 filaments
the measured modulus was Eb = 233GPa. Manufacturer data give Ef = 290GPa
so the error on the measured strain is about 20%, which may be due to the high
compliance of the small and light microtester and also to the alignment of the
fibres in the bundle. Higher errors ∼30% were also measured on other bundles.
The calibrated failure strain of this bundle would then be 1.59% instead of the
measured 2%. The strength of this bundle can be calculate from equation 10 and
would be about 4338MPa. The measured compliance should be consistent between
the specimens of a same sample, but it may differ from sample to sample depending
on the tow quality. This is also why it was important to measure the changes in
the tensile properties with virgin and lithiated specimens of a same sample.
The changes in the tensile properties are investigated as function of the number

of electrochemical cycles in Paper B and as function of the measured capacity in
paper D. Figure 20 shows representative normalised tensile curves.

The effect of electrochemical cycling - Figure 20a indicates that the stiffness (the
slope of the tensile curves) was not affected by the number of electrochemical cycles,
which is very encouraging for a stiffness-limited design of a structural battery.
During electrochemical cycling at 1C-rate, the tensile strength drops about 20% by
the first cycle. The strength was only partly recovered after delithiation (first-cycle
irreversible strength drop). At the same C-rate, the strength of intercalated fibres
does not further degrade up to 1000 cycles. At 1000 cycles, the strength of lithiated
fibres is even partly recovered (in relation to the virgin material) which is probably
due to a loss of capacity indicating that less and less lithium was intercalated in the
fibres. This capacity loss was rather attributed to the obvious wear of the lithium
electrode or the electrolyte since no clear damage of the surface of the carbon fibres
was seen in SEM images. In addition, a serious damage of the fibre electrode
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Figure 20: Tensile curves of lithiated unsized IMS65 bundles after electrochemical
cycling.

should further degrade the fibre strength, which instead was gradually recovered.
The degree of lateral cohesion in carbon fibre electrodes might be high due to
lateral bonds in the interlinked graphitic microstructure, especially for low and
intermediate modulus fibres as already mentioned in section 1.3.3. In addition, to
enhance the fibre strength, this lateral cohesion might also enhance the resistance to
damage of the continuous fibre electrode as compared to graphite particle electrodes
for example. These results are promising when aiming at structural battery life in
the order of 103-104 cycles, but they suggest that the tensile properties are more
sensitive to the measured capacity than to the number of electrochemical cycles.

The effect of lithium-intercalation - Figure 20b shows that the tensile stiffness is not
clearly affected by the measured capacity. The strength drop in lithiated unsized
IMS65 fibres changes with the C-rate (which is lower at higher measured capaci-
ties). Clearly, the drop in strength is higher at the highest capacities (approaching
350mAh/g). A first-cycle irreversible strength loss was also seen at every C-rate.
These results confirm that the intercalated lithium creates elastic stresses in the
carbon fibre microstructure. The lithiated fibres are pre-stressed in tension and
exhibit lower failure stress in tensile tests. The longitudinal pre-stress could be
assumed to correlate with the loss in tensile strength. In paper D, the drop of
strength was expressed in terms of drop of the engineering strain (see equation 5)
as for the longitudinal expansion measured in paper C. Thus, in terms of engi-
neering strain, the drop in the failure strain should match the expansion strain,
but it remains lower at the highest capacities. The fibre strength dropped almost
linearly with the capacity at low measured capacities, but at the highest capacities
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it remained in the order of ∼25% for T800H and was more pronounced ∼35% for
IMS65. Considering a total measured expansion close to 1% at 0.1C, a drop of
strength close to 50% could be expected. It could be suggested that the crystalline
part of the fibre, which is primarily responsible for the mechanical properties of the
fibre, is intercalating lithium prior to the amorphous matrix, pores and cavities.
The fibre strength is determined by the crystalline structure and the "Reynolds
and Sharp Mechanism" described in section 1.3.3. A possible explanation might be
that once the crystalline structure governing the strength is fully lithiated, further
intercalated lithium in other parts of the fibre would further contribute to cre-
ate longitudinal expansion and stress without affecting the strength. In addition,
the reversibility of the strength drop over one reversible electrochemical cycle and
in delithiated fibres when varying the C-rate also supports that this drop relates
to elastic (reversible) stresses and that the fibre should not be damaged during
electrochemical cycling. Further investigation on fibres with different degrees of
crystallinity might help to understand the effect of the fibre microstructure on the
drop in strength.

4.4 Fibre properties from bundle testing

A method to describe the strength of a single carbon fibre and the relationship
with a bundle strength was investigated in other research [48, 49]. This method is
applied in this section to carbon fibre bundles used in this thesis and a comparison
is made with the fibre strength from manufacturer data.

Weibull distribution - for a given gauge length, the mean strength of single fibres
should be higher than the strength of a dry fibre bundle of the same length . This
is because the carbon fibre is brittle and flaw sensitive and its strength is statistical
by nature. [48] During tensile test, a fibre breaks at its weakest cross-section and
the probability Pf (εf ) of survival of a single fibre at a the strain level εf has the
form of a Weibull distribution. [48]

Ps(εf ) = εbS0 exp
(
− L

L0

(
εf
ε0

)m)
(14)

where S0=Af .Ef .N0 and Af , Ef , N0 are the parameters of equations (12) and (13).
The scale parameter ε0 and the shape parameter m (representative for the inverse
of the dispersion of the material strength) are measured from the slope and the
failure strain of the tensile curve of a bundle of reference gauge length L0 [48, 49].
All fibres should be assumed to have the same cross-section and stiffness, to be
linear elastic to failure, straight (no slack fibres) and that when a fibre breaks its
stress is evenly distributed among all remaining fibres [48,49]. For a bundle with a
gauge length L0, the number of surviving fibres N at a strain εf and the Weibull
statistical tensile curve F -εf should be
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N = N0Pf (εf ) (15)

F = S0Pf (εf )εf (16)

Figure 21 shows the tensile test curve, the single fibre linear elastic slope S0.εf and
the Weibull curve F -εf with the same IMS65 bundle as for equation 13. For this
specimen, the tensile test curve gives m=16.6 which is relatively high and indicates
a rather narrow distribution of the fibre strength (the bundle failure is abrupt and
the fibres tend to fail simultaneously). This should indicate low flaw density and
few slack fibres. However, despite a good consistency of the specimen (about 5%
variation on the strength) the Weibull shape parameter was quite flexible. Failure
may occur a bit more gradually and shape parameters from 5 to 20 may be measured
on other bundles tensile test curves which might indicate small variations of the
alignment of the fibres in the bundle.
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Figure 21: Determination of the Weibull parameters from the tensile curve of a
dry fibre bundle.

The effect of the gauge length - Figure 22 shows that the probability of survival of
individual fibres decreases with the gauge length (due to higher flaws population)
as seen in equation 14. The bundle strength decreases with longer gauge length
in the same way as the mean strength of single filaments [48]. As discussed for
equation 13, considering the compliance of the microtester the estimated failure
strain of the bundles with the gauge length L0 (used in Paper B-D) are estimated
to be in the order of 1.6%. Failure strains ∼1.1% were measured for ∼110 mm long
bundles in Paper F with an external extensometer.
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Mean single fibre strength - The mean single fibre strength can then be calculated
from the bundle strength [48,49]:

σ̄f = Γ
(

1 + 1
m

)
(em) 1

mσb (17a)

Γ(x) =
∫ ∞

0
e−ttx−1dt (17b)

where e ≈ 2.71828. With m = 16.6 and σcycling = 4338MPa, the mean failure
strength and failure strain of single fibres are σ̄f = 5284MPa and ε̄f = 1.82%.
Manufacturer’s data give 1.9% failure strain and 6000MPa strength. These values
are measured on resin-impregnated bundles and should be higher than the mean
fibre strength. It is commonly acknowledged that when a fibre breaks in the matrix,
it could still be loaded if it is longer than a critical length which should depend
on the fibre-matrix bonding. Thus, the strength of an impregnated bundle might
be considered to depend on the critical length instead of the gauge length which is
advantageous. In the present work, only relative changes of the properties are of
interest and the relative change of the bundle strength due to lithium-intercalation
can be considered as the same as the relative change of a single fibre strength.
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Chapter 5

Piezo-electrochemical transducer ef-
fect (PECT)

5.1 The reverse effect for electrochemical actuation

Repeated volume change is often seen as a drawback causing damage of the electrode
material which shortens the battery life, as already mentioned in section 4.1. It
was shown in the previous section that the carbon fibre expands and contracts
in the fibre direction during lithation and delithiation, respectively. However, the
carbon fibre seems to resist well to volume changes during electrochemical cycling.
In Paper E, it is highlighted that the free lithium-intercalation expansion strain
relates to an elastic stress increase which can be used for electrochemical actuation
as shown in Figure 23. A voltage-induced stress could be obtained like with a
reverse piezoelectric effect, but in this case it is with a reverse piezo-electrochemical
transducer effect (PECT). [50]

It is shown in Paper E that the mechanical work available from the stress growth
or measured expansion strain was 300-400J/kg for a capacity of about 150mAh/g
measured at 1C-rate on IMS65 and T800H specimens. It was ∼3000J/kg at capac-
ities of 300-350mAh/g at 0.1C-rate. These values are very promising and signifi-
cantly higher than for good PZT piezoelectric ceramics (∼14J/kg) [51]. The carbon
fibre offers much higher strength and modulus at a much lower specific density (1.80
g/cm3) than PZT piezoceramics (7.50 g/cm3) which are more brittle. The oper-
ating expansion strain of lithium-intercalated carbon fibres could be up to 0.5-1%
against 0.1-0.2% for piezoelectric actuators [52]. Piezopolymers like PVDF have
low density and may sustain higher strain, but they offer much lower stiffness and
create lower forces in comparison to PZT. By using carbon fibres providing high
stiffness and strength, high forces could be created at very low electrical potential
(less than 4V).
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Figure 23: Electrochemical actuation: the change in the tensile force carried
by an IMS65 carbon fibre specimen electrode reflects a strain growth induced by
intercalated lithium (Paper E).

Electrochemical actuators can be useful for both micro electromechanical sys-
tems (MEMS), such as micropositionners, and "smart" large-scale structures with
adaptive shape like for parts of the wings of an aircraft. [51] Long-continuous fibres
appear to be particularly suited to produce mechanical work with large-scale struc-
tures. They can reinforce polymer composites with a shape that can be tailored to
specific applications. The electrochemical-mechanical energy ratios are less than 1
% since much electrical energy is used in chemical reactions to charge or discharge
the battery. However, the carbon fibre could be used as both a structural battery
and an electrochemical actuator and the multifunctionality could be beneficial at
the system level. Therefore, it will be of interest in future research to develop the
concept at a macro level and with composite devices. In addition, the possibility
to use other fibre electrode materials with good stiffness and capacity and with
significantly higher expansion strain could be explored to enhance the mechanical
work that can be created. Another point is that the charge of a battery is a trans-
port limited mechanism and the actuation time may be of a few hours, limiting the
operating frequency. Path for improving the actuation time could also be explored.
One way may relate to the design of the electrode (spread out the bundles for lower
diffusion time). In addition, since useful amounts of capacity may be achieved at
high rates a sequence of current rates may be defined to enhance the actuation
time, from high to low rates for example. With the possibility to create mechanical
work from an electrochemical charge of the battery, it was worth investigating the
inverse effect. In Paper E, an effect of a mechanical load on the electrochemical be-
haviour of the cell and of lithium-intercalating carbon fibre electrodes is described
and briefly outlined in the following.
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5.2 The direct effect for strain sensing

Loading the carbon fibre specimen with the microtester during electrochemical cy-
cling did not result in any clear change in the measured capacity [44]. However, it
is shown in Paper E and in Figure 24 that applying mechanical strain on a lithium
intercalated carbon fibre specimen changes the open-circuit potential (OCP) which
increases with the strain (as if the fibres where less lithiated under applied strain)
and decreases when the strain is released. This electrical potential response is
denominated "piezoelectric" in Paper E for etymological reasons, i.e., because it
corresponds to the response of an electrical signal (without chemical reactions run-
ning) to an applied stress. However, this effect differs from the piezoelectric effect
which is commonly used to indicate an electrical polarization of the material like for
piezoceramics. The present effect might relate to a change in the electrochemical
potential of the intercalated fibre, i.e., in the energy that can be released or ab-
sorbed during reversible lithium intercalation reactions, and falls within the broader
framework of a piezo-electrochemical effect (as state by the title of Paper E). The
potential change was found to be very sensitive to the strain applied to the fibres
(maybe even more than an external extensometer since the electrode voltage is a
direct response of the electrode material itself) which indicates that it could be
used for strain sensing. This is especially usefully in batteries where mechanical
measurement is challenging.
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Figure 24: Electrochemical sensing: an applied strain results in a reversible change
in the cell electrical potential (Paper E).

The strain sensitivity was defined as the strain-induced voltage, i.e., the response
of the cell electrical voltage per applied strain.
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Chapter 6

Summary of appended paper and
contribution to the field

Paper A

The electrochemical cyclability of a wide range of commercial polyacrylonitrile
(PAN)-based carbon-fiber bundles is tested. The electrochemical capacities are
measured on carbon fibre bundles with different modulus used simultaneously as
electrode and current collectors. At realistic current rate, reversible capacities in
the order 100-150mAh/g were measured during the first 10 cycles with good ca-
pacity retention. The reversible capacities tend to be enhanced by sizing removal.
Intermediate modulus fibres sized T800H and unsized IMS65 appeared to be the
most promising and particularly suited for use as negative electrode in structural
lithium-ion batteries. It is also highlighted that the reversible capacity largely
increases when lowering the cycling rate, and even approached 350mAh/g with
intermediate modulus fibres.

Paper B

Paper A has shown that PAN-based carbon fibres can be used as lithium-intercalating
electrode. The impact of the number of electrochemical cycles on the mechanical
properties of carbon fibres is investigated in Paper B up to 1000 cycles at 1C-rate.
Sized T800H and unsized IMS65 carbon fibre bundles are used. At the first cy-
cle about 20% drop in tensile strength was measured after lithiation, and some
strength was recovered after delithiation. After 100 cycles the reversible capac-
ity decreased gradually and smaller strength losses were also measured in lithiated
fibres. This was attributed to the wear of the lithium-metal electrode or the elec-
trolyte. Scanning electron microscope (SEM) images did not show obvious damage
of the carbon-fibre surface and the strength seemed to be primarily affected by the
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measured capacity instead of the number of electrochemical cycles. The tensile
stiffness was not affected which is encouraging for the stiffness-limited design of
structural batteries.

Paper C

Paper A and B have shown that lithium-intercalating carbon fibre electrodes have
promising electrochemical and mechanical behaviour. An important issue in com-
posite design is the fibre-matrix interaction which might be affected by the ex-
pansion of the carbon fibre upon lithium-intercalation. In paper C, the expansion
is studied in the fibre direction with an innovative in situ technique on T800H
and unsized IMS65 carbon fibre bundles. Expansion and contraction strains were
measured during lithiation and delithiation, respectively. The first-cycle expansion
strain was partly irreversible which indicates that the first-cycle capacity loss is
partly related to trapped lithium in the carbon fibres. For the next cycles, the
expansion strain was reversible and about ∼0.7% as the measured capacity ap-
proached ∼ 350mAh/g. An expansion of the transverse cross-section of 8-13% was
observed with SEM images.

Paper D

As suggested in Paper B, Paper D paper investigates the relationship between the
measured capacity and the tensile stiffness and strength of carbon fibre bundles.
The stiffness was not clearly affected by the measured capacity. As expected, the
strength dropped during lithiation and was partly recovered after delithiation. The
drop was larger at the highest measured capacities, but remained less than 40% at
full charge. The reversibility of the strength drop in lithiated and delithiated fibres
with the capacity suggests that the fibres are not damaged and that some lithium is
simply trapped in delithiated fibres. The results also show that the expansion strain
relates to elastic strains which develop in the fibre. However, at high capacities the
drop in the failure strain in lithiated fibres appeared to be lower than the measured
expansion. It is suggested that this drop might relate to the density and degree of
lithiation of crystalline parts in the microstructure which govern the strength and
failure mechanisms.

Paper E

Paper A, B, C and D have characterized the electrochemical and mechanical perfor-
mance of carbon fibre used as lithium-intercalating structural electrodes. An effect
of mechanical loads on the electrochemical behaviour can also be expected. Paper E
highlights the mechanical-electrochemical coupling in lithium-intercalating carbon



50 Eric Jacques

fibres and shows a piezo-electrochemical transducer effect resulting in new func-
tionalities for lithium-intercalated carbon fibres: electrochemical actuation, sensing
and energy harvesting. The longitudinal expansion strain can be used as mechan-
ical actuation. Varying the tensile extension of lithiated carbon fibres generates
a piezoelectric response of the open-circuit potential, in the range of several mV,
enabling strain sensing. If the cell potential is kept constant during a tensile exten-
sion a current response is measured, which suggests that the coupling effect could
be used for energy harvesting.

Paper F
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Chapter 7

Division of the work between the
authors

Paper A

Outline by M. H. Kjell, M. Behm and G. Lindbergh. Experiments by M. H. Kjell.
Paper written by M. H. Kjell. E. Jacques and D. Zenkert selected the carbon fibre
grades studied. Fibre specimens, sizing removal and SEM images by E. Jacques.

Paper B-E

Outline by E. Jacques, Maria H Kjell, D. Zenkert and G. Lindbergh. Papers writ-
ten by E. Jacques with help from M. H. Kjell, D. Zenkert and G. Lindbergh. Ex-
periments by E. Jacques. Electrochemical cell design and electrochemical cycling
procedures by M. H. Kjell. M. Behm contributed to setup an air tight electrical
junction for the glovebox. M. Willgert contributed to the setup for sizing removal.

Paper F

Outline by E. Jacques, D. Zenkert, G. Lindbergh, S. Leijonmarck and M. H. Kjell.
Experiment by E. Jacques. Paper written by E. Jacques with help of the co-authors.
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Chapter 8

Future work

For structural battery applications, carbon fibres with limited expansion and drop
in strength might be more advantageous. On the contrary, for electrochemical actu-
ation a maximum expansion is needed. Testing single fibres or commercial bundles
(preferably spread) would be particularly suited for stress and actuation energy
measurement and understanding the influence of the carbon fibre microstructure
(from highly amorphous to graphitized for example) would also be useful. Testing
fibres with different tensile modulus could be used to highlight, especially at low
current rate, the effect of the microstructure on the electrochemical capacity, the
tensile strength and the expansion of lithium-intercalated carbon fibres.
The effect of the carbon fibre microstructure on the expansion rate (which slows

down at mid-lithiation for intermediate modulus PAN-based carbon fibres) and on
the amount of trapped lithium (i.e., on the irreversible expansion in delithiated
fibres) might also be interesting to investigate. Eliminating the trapped lithium
or converting it into reversible capacity might improve the electrochemical perfor-
mance of the carbon fibre and more control of the fibre expansion and the drop in
strength, which could be beneficial from a structural point of view.

The transverse expansion of the carbon fibre induced by lithium intercalation
needs further investigation and understanding. Consistent measurement of the
transverse expansion of the carbon fibre might be obtained in situ by direct ob-
servation of a same cross-section during lithium-intercalation. It would be also
interesting for modelling work to determine the stiffness constants of a lithium-
intercalated carbon fibre as suggested in section 4.2.

The capacity of the carbon fibre at very low rate, typically ∼2mA/g, could
be measured. The reversibility of the battery behaviour between very low rate
(∼2mA/g) and much higher rate (∼150mA/g) might need further investigation for
example on single fibre electrodes. Side reaction and self discharge issues related
to carbon fibres could also be investigated. The carbon fibre electrode design could
be modified for higher rate capability, i.e., for higher electrochemical capacities at
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rates in the order of ∼150mA/g. Carbon fibre bundles could be spread, for example
using a solvent and a shaking table.
In order to manufacture multifunctional structural batteries, the electrochemical

behaviour of carbon fibres (capacity and trapped lithium) with solvent-free SPE
could be tested. From a mechanical point of view, the focus might be needed on the
strength of the carbon fibre-SPE matrix interface (to test the load transfer to the
fibres). If demonstrators of multifunctional composites are to be manufactured, the
main manufacturing challenges might be to keep the material airtight, to ensure
small distance between the electrodes and avoid short-circuiting.

For demonstrators of electrochemical actuators the use of SPE might not be
needed (using liquid electrolytes could be considered). The contribution of the
transverse expansion strains to the mechanical work needs to be further investi-
gated which might also help to select appropriate fibre microstructures. The lat-
eral cohesion in carbon fibres might allow intercalation of bigger compounds than
lithium. This might be beneficial for actuation purpose.

Demonstrators of strain sensors might not need to be charged or discharged
during their lifetime. The lithium-intercalated carbon fibre electrode might simply
be at a favourable SOC before use (self discharge issues should also be considered).
Therefore, the possibility to integrate pre-cycled lithium-intercalated carbon fibres
in a stiff SPE (with low ionic conductivity) could be considered for structural sensor
applications. The equations for the energy conversion in lithium intercalated carbon
fibres could be studied for each application.
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