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Abstract  
The quest for lighter materials and structures to reduce climate impacts in the automotive 

industry has paved the way for multifunctional solutions. Mass saving on a system level can be 

achieved by materials or structures having more than one primary function, thus reducing the 

number of components used. Structural batteries are composite materials that simultaneously 

carry mechanical loads while delivering electrical energy. While carbon fiber is a commonly used 

reinforcing material in high-performance composite materials, it also possesses excellent lithium 

intercalation properties.  Therefore it is possible to use carbon fiber to develop structural batteries 

based on the lithium-ion battery technology.  

In the micro-battery, which is one of several design solutions, the carbon fiber is employed as a 

negative electrode of the battery and also as a composite reinforcement material. It is coated with 

a solid polymer electrolyte working as an ion conductor and separator whilst transferring 

mechanical loads. The coated fiber is surrounded by additional matrix material acting as cathode 

and transferring loads to the fibers, composed of conductive additives, active electrode material 

and electrolyte. This assembly of materials allows for the necessary electrochemical processes to 

occur simultaneously, including electrochemical reactions at the surface of the active electrode 

material, mass transport within active electrode material by diffusion, mass transport in 

electrolyte by diffusion and migration, and electronic conduction.  

During electrochemical cycling the electrodes undergo volume changes as a result of lithium 

transport. The work in this thesis addresses modeling of the effects of volume changes on internal 

mechanical stress state in the structural battery, potentially causing micro-damage formation in 

the material, which degrade both electrical and mechanical performance of the structural battery 

composite.  

In this work, a physics-based mathematical model employing a number of coupled nonlinear 

differential equations has been set-up and solved numerically to investigate performance in the 

structural battery material.  The resulting transient Li concentration distributions were used in 

combination with linear elastic stress analysis in order to assess the mechanical stresses in the 

fiber, coating and matrix caused by non-uniform swelling and shrinking of the micro-battery.  
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Introduction  
The development of energy efficient transport solutions is essential to future sustainable 

environment. There are several routes towards meeting the ever increasing requirements on 

lowered emissions in the automotive industry. Electrification of vehicles that increases the energy 

efficiency of the powertrain and lowers the fuel consumption is one developing area. Another 

important on-going research area is to decrease the structural weight of the vehicle by introducing 

carbon fiber composites to a larger extent.  Lately, there has been a paradigm shift in the 

approach to achieve weight and volume saving of system as whole –introduction of 

multifunctionality in composites, which simultaneously performs at least two functions. One 

realization for achieving multifunctionality is structural battery, a composite material which 

simultaneously carries mechanical load while delivering electrical energy through lithium ion 

battery technology [1].  

Polymer composite materials 

A composite typically has a polymeric, metallic, or ceramic matrix material with a second, 

physically separable phase distributed in that matrix, acting as reinforcement to improve strength, 

stiffness and toughness. The reinforcing phase may be in the shape of particles, platelets or fibers. 

It is desirable that when combined into a composite, unwanted properties of the constituents are 

suppressed in favor of the wanted ones [2]. In load bearing applications fiber composite materials 

are most commonly used in laminates, consisting of lamina (thin sheets or layers) with 

continuous and oriented fiber reinforcement.  

Polymer matrices are often thermosets, such as epoxy, vinyl ester and unsaturated polyester that 

are in a liquid state when uncured, enabling a good impregnation of the fibers before the 

composite material cure by chemical cross-linking. 

In many high performance applications continuous carbon fiber is used as reinforcing material 

owing to the high stiffness and strength. The majority of the carbon fibers used today are made 

from polyacrylonitrile (PAN) precursor materials. In the manufacturing of carbon fiber, the PAN 

polymer is extruded and pre-stretched in a spinning process, subsequent steps include further 

stretching and heat treatment in which the strong covalent bonds in the fiber axial direction are 

formed. It is followed by additional heat treatment where all non-carbon atoms are eliminated and 

turbostratic graphite crystallites are formed. Carbon fibers are highly anisotropic due to 

crystallites mainly oriented along the fiber axis, giving superior stiffness and strength in the axial 
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direction [3]. Different process parameters result in different types of carbon fiber, which are 

classified according to their characteristics. Carbon fiber also possesses good electrical 

conduction and recent research has investigated its lithium intercalation properties, i.e. whether 

carbon fibers can serve as a host material for insertion of lithium. Intermediate modulus (IM) 

carbon fibers were found to be particularly suited for use as active electrode materials in a battery 

[4]. 

The objective with this subsection is to describe the properties of the constituents in a structural 

composite, to illustrate what might be reduced by the introduction of battery function. 

Majority of composite materials in structures are built from multidirectional laminates. The plies 

in a well-designed laminate have orientations tailored for the in-service loading conditions, 

fulfilling the desired thermo-elastic properties and failure behavior while keeping the weight to a 

minimum. 

 Figure 1a shows a unidirectional (UD) fiber composite ply with continuous fibers. A local 

Cartesian coordinate system related to the fiber direction is defined as follows. The fiber direction 

is denoted L- (longitudinal) direction, the direction transverse to the fibers in the plane of the ply 

is denoted T- (transverse)-direction, and the coordinate perpendicular to the other two is denoted 

the 3-direction. The elastic behavior of a ply can be described through the elastic properties of the 

constituents. For an orthotropic composite material four independent elastic constants are needed 

to describe the in-plane stiffness, the longitudinal stiffness 𝐸𝐸𝐿𝐿, transverse stiffness 𝐸𝐸𝑇𝑇, shear 

stiffness 𝐺𝐺𝐿𝐿𝑇𝑇 and Poisson’s ratio 𝜈𝜈𝐿𝐿𝑇𝑇.  The elastic properties of the fiber and the matrix and their 

volume fractions are used to predict these properties in the local coordinate system. 

The laminate coordinate system has in-plane coordinates x and y positioned at the mid-plane of 

the laminate, and z- coordinate in the thickness direction, as shown in Figure 1b. The elastic 

properties of the laminate depend on the properties of the plies (thickness and orientation).  
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a) 

 

b) 

 
Figure 1.a) Coordinate system of unidirectional (UD) composite ply. b) Multidirectional 

laminate with global coordinate system. 
 
For a composite subjected to an external loading, stresses on different length scales are present. 

The stresses in the laminate vary from ply to ply, since the global stiffness matrix is different for 

each 𝜃𝜃-angle ply. Within each UD-ply the stresses vary for the different constituents, since the 

fiber carries most of the load. There are also stresses due to the difference between the thermal 

expansion coefficients of the constituents. For carbon fibers we have free thermal strains in two 

directions, assumed to be linearly proportional to the temperature changes, these coefficients of 

proportionality are called coefficients of thermal expansion (CTE) denoted 𝛼𝛼. Typical values for 

carbon fiber CTE are 𝛼𝛼𝐿𝐿𝐿𝐿 = −1 ∙ 10−61/℃ and 𝛼𝛼𝑇𝑇𝐿𝐿 = 7.8 ∙ 10−6 1/℃. The polymer matrix is 

isotropic typically with 𝛼𝛼𝑚𝑚 = 50 ∙ 10−6 1/℃. For a composite ply with thermoset matrix, the 

curing takes place at elevated temperature. As the material cools, the mismatch in CTE for the 

fiber and the matrix leads to residual stresses on the micromechanical level. 

For a composite ply, the expansion coefficients in local coordinate system, 𝛼𝛼𝐿𝐿and 𝛼𝛼𝑇𝑇, are 

different in different direction, that depend on factors including fiber volume fraction, fiber and 

matrix modulus and expansion coefficients of the constituents. The free (unconstrained) average 

swelling of the composite is a result of internal force balance, which depends on the composite 

microstructure and the hygroelastic properties of the constituents. The thermal expansion can be 

studied with the concentric cylinder assembly (CCA) model. Hashin and Rosen [5], Hashin [6] 

and Christensen and Lo [7] developed micromechanical analytical models for long fiber 

composites considering the constituents as concentric circular cylinders. A cylindrical fiber is 

surrounded by a cylinder of matrix with relative diameters in proportion to the volume fractions 
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of each component. The model is valid for an arbitrary number of orthotropic phases in the 

cylinder assembly.  

In a UD composite subjected to the temperature change ∆𝑇𝑇, the free thermal expansion strains are 

 �
𝜀𝜀𝐿𝐿𝑡𝑡ℎ

𝜀𝜀𝑇𝑇𝑡𝑡ℎ

𝛾𝛾𝐿𝐿𝑇𝑇𝑡𝑡ℎ
� =  �

𝛼𝛼𝐿𝐿
𝛼𝛼𝑇𝑇
0
� ∆𝑇𝑇 (1) 

These thermal strains will not produce stresses unless the plies are constrained. The total strain in 

a composite is a superposition of the free thermal strain and the strain due to mechanical loads. 

Thus, for a two-dimensional material with different properties in L- and T- directions, Hooke’s 

law with thermal terms is  

 

𝜀𝜀𝐿𝐿 =
1
𝐸𝐸𝐿𝐿
𝜎𝜎𝐿𝐿 −

𝜈𝜈𝐿𝐿𝑇𝑇
𝐸𝐸𝐿𝐿

𝜎𝜎𝑇𝑇 + 𝜀𝜀𝐿𝐿𝑡𝑡ℎ 

𝜀𝜀𝑇𝑇 = −
𝜈𝜈𝐿𝐿𝑇𝑇
𝐸𝐸𝐿𝐿

𝜎𝜎𝑇𝑇 +
1
𝐸𝐸𝑇𝑇

𝜎𝜎𝑇𝑇 + 𝜀𝜀𝑇𝑇𝑡𝑡ℎ 

(2) 

Moisture absorption in one ply can be handled in an analogous way. The moisture induced 

strains, or hygroscopic strains are assumed to be proportional to the percentage moisture 

absorbed   

 �
𝜀𝜀𝐿𝐿𝐻𝐻

𝜀𝜀𝑇𝑇𝐻𝐻

𝛾𝛾𝐿𝐿𝑇𝑇𝐻𝐻
� =  �

𝛽𝛽𝐿𝐿
𝛽𝛽𝑇𝑇
0
�𝑀𝑀  (3) 

Where 𝑀𝑀 is the moisture content defined as the ratio of the mass of water in the material with 

respect to the mass of the dry material. 𝛽𝛽𝐿𝐿 and 𝛽𝛽𝑇𝑇 in Eq. (3) are coefficients of proportionality 

denoted coefficient of hygroscopic expansion.  

For a ply, Hooke’s law including hygroscopic terms is identical to Eq. (2) except the free thermal 

expansion strains are replaced by free moisture expansion strains. However, in the case of 

thermal strains, fibers, matrix and the composite material experience the same ∆𝑇𝑇. On the 

contrary, in the case of hygroscopic strains, the moisture contents are different in fiber, matrix 

and the composite material. When modeling moisture expansion strains in the composite, it is 
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commonly assumed that i) fibers do not absorb moisture and ii) fibers are much stiffer than the 

matrix. These two assumptions result in zero hygroscopic strains in the fibers, and zero 

hygroscopic strains in the composite ply longitudinal direction.  

Carbon fibers to be used as electrode materials in rechargeable batteries, will be subjected to 

multiple lithium insertion/extraction (intercalation/deintercalation) cycles. During intercalation 

the carbon fiber expands in both longitudinal and transverse direction, and the lithium 

intercalation induced strain is added to the mechanical strain through superposition like that of 

thermal and hygroscopic expansion. It is relevant to compare the magnitude of the volume 

change for the two phenomena. The longitudinal CTE of the carbon fiber is negative and the 

transverse CTE is positive. A temperature change ∆𝑇𝑇 = 100℃ results in a fiber contraction with 

𝜀𝜀𝑧𝑧 = −1 ∙ 10−4 in the longitudinal direction, and an expansion of 𝜀𝜀𝜃𝜃 = 𝜀𝜀𝑟𝑟 = 7.8 ∙ 10−4 in radial 

direction. The relative volume change, ∆𝑉𝑉
𝑉𝑉

=  𝜀𝜀𝑟𝑟 + 𝜀𝜀𝜃𝜃 + 𝜀𝜀𝑧𝑧, is then 0.15% from thermal 

expansion. In comparison, a longitudinal expansion of 𝜀𝜀𝑧𝑧 = 1% and an average 10% increase in 

the transverse cross section of the carbon fiber caused by lithium intercalation was reported by 

[8], this indicates a relative volume change of 11%. Hence, the intercalation induced volume 

changes in the fiber are two orders of magnitude higher than in the case of thermal expansion at 

∆𝑇𝑇 = 100℃. 

 

The strength of fiber composites might also be affected by battery function. In [9] Jacques et al. 

concluded a 20% decrease in ultimate tensile strength for a dry fiber bundle due to 

electrochemical cycling. In this subsection the strength parameters of fiber composites will be 

described in brief. 

Laminate failure is a sequence of failure of plies; each ply can fail in many ways depending on 

the ply properties and the external loading conditions. The effect on ply strength of loading 

direction with respect to the fiber orientation is significant. The transverse and shear stiffness and 

strength are much smaller than the properties parallel to the fibers, which also constitute the 

reason why UD fiber reinforced composites are rarely used in composite applications. A 

unidirectional composite ply has five strength components 1) longitudinal tensile strength, 2) 

longitudinal compressive strength, 3) transverse tensile strength; 4) transverse compressive 

strength, 5) in-plane shear strength.  
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For a unidirectional laminate under longitudinal tension, the fiber tensile strength governs the 

failure mode. The fiber strain to failure (typically less than 2%) is lower than that of the matrix 

(5% [10]), hence the fibers will fail first. The strength of individual fibers is described by a 

statistical distribution function, such as Weibull distribution, due to randomly distributed defects, 

meaning that there is a distribution of fiber strengths rather than a single unique fiber strength. In 

a composite material, the weakest fibers fail at random locations, the stress is then redistributed to 

the nearest neighboring fibers. Because of the presence of the matrix, the additional load caused 

by the fiber break is only affecting the fibers in the closest neighborhood of the break. As several 

neighboring fibers in the same cross section break, a defect of critical size is reached and unstable 

crack growth occurs.  

The transverse tensile strength is dominated by matrix and interface failure, since matrix crack 

can form between fibers and debonding can occur at the fiber/matrix interface. The two crack 

types may later merge together resulting in the growth of a macro-crack. Transverse compressive 

loading in a UD composite typically fails in a shear mode, and the strength is governed by the 

matrix properties, since the matrix deforms plastically and fails in shear accompanied by 

interface debonding. The in-plane shear strength is also dominated by matrix and interfacial 

properties, as the crack propagation occurs between the fibers in a pure shear mode. Also, failure 

in longitudinal compression is matrix driven, where several competing failure mechanisms 

including kink-band formation due to fiber misalignment, fiber failure, splitting, buckle 

delamination, and elastic micro-buckling [11]. 

Lithium- ion battery 

Lithium-ion battery is one type of secondary batteries (i.e. rechargeable batteries) which use 

oxidation-reduction (redox) reactions to convert chemical energy into electrical energy. A 

conventional lithium-ion battery consists of two electrodes, negative and positive, with a 

separator in between soaked with liquid electrolyte. The electrodes are of porous character 

consisting of nano-to-micrometer sized active electrode material particles, mixed with conductive 

additives and binder material. The active materials of lithium ion battery electrodes are 

intercalating materials. Graphite and lithium iron phosphate (LiFePO4) are active materials 

commonly used as active materials in the negative and positive electrode, respectively. The pores 

of the electrodes are filled with an electrolyte. During discharging in a LiFePO4/graphite cell the 

following reactions take place at the electrode/electrolyte interfaces.  
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At the negative electrode; oxidation  

  𝐿𝐿𝐿𝐿𝐶𝐶6  
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�𝐿𝐿𝐿𝐿1−𝑥𝑥𝐶𝐶6 + 𝑥𝑥𝐿𝐿𝐿𝐿+ + 𝑥𝑥𝑒𝑒− (4) 

and at the positive electrode; reduction  

 𝐿𝐿𝐿𝐿1−𝑥𝑥𝐹𝐹𝑒𝑒𝐹𝐹𝑂𝑂4 + 𝑥𝑥𝐿𝐿𝐿𝐿+ + 𝑥𝑥𝑒𝑒−   
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯�    𝐿𝐿𝐿𝐿𝐹𝐹𝑒𝑒𝐹𝐹𝑂𝑂4 (5) 

During charging the reactions are reversed. The electrons in the redox reactions are transferred 

between the electrodes via an external circuit, and the ions are transported in the electrolyte, 

Figure 2.  

The electrolyte plays a key role in the battery, since it is the medium for ion transportation 

between the electrodes. There are four different types of electrolytes, organic liquids, ionic 

liquids, solid polymer electrolytes and gel electrolytes. Most electrolytes used in commercial 

lithium-ion batteries are liquids, consisting of a lithium salt; such as lithium hexaflourophosphate 

(LiPF6), dissolved in solvent mixture; typically ethylene carbonate (EC), diethyl carbonate 

(DEC), dimethyl carbonate (DMC) [12].  

 

 
Figure 2. Schematic of battery cell, working principle and constituents 
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Structural composite material battery 

To design structural composite material battery, commercial carbon fiber is used for its load 

carrying properties and for its electrical conduction and intercalation ability. Commercially 

available IM carbon fiber has shown ability to intercalate lithium comparable to that of 

theoretical maximum for pure graphite [4]. Repeated electrochemical cycling 

(intercalation/deintercalation) of the carbon fiber causes degradation in ultimate tensile strength, 

while the tensile stiffness remains unchanged [9,13].  

For mechanical performance in structural composite the liquid electrolyte commonly used in 

conventional batteries must be replaced with a solid electrolyte, acting as an ion conductive 

medium as well as transferring load in the composite material. A major drawback for using solid 

electrolytes is the decreased ion conductivity with increased electrolyte stiffness [14].  

In the micro battery cell concept, the negative electrode consists of one single carbon fiber, 

coated with a thin layer of structural battery electrolyte (SBE) and an additional layer with the 

positive electrode [15]. With this cell design the single fiber battery cells work in parallel, as 

shown in Figure 3, and the low ion conductivity is overcome by reducing the thickness of the 

electrolyte to a less than 500 𝑛𝑛𝑛𝑛 by electropolymerization [16].  

 

 
Figure 3.  Schematic illustration of the battery structural composite material. Each carbon 
fiber is coated with a ion-conductive but electrically insulating SBE and surrounded by the 

cathode matrix material. 
 

The matrix material needs to act as load transfer medium as well as has a function as an 

electrode. This is achieved by adding electrochemically active material LiFePO4 and conductive 

additives to the mixture of electrolyte and polymer binder. 
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Stresses in micro-battery cell 

During electrochemical cycling the electrodes undergo volume changes due to the lithium 

transport. Lithium intercalation leads to changes in the crystal lattice of the carbon fiber 

microstructure, both in the direction of basal planes and interplane, resulting in dimensional 

changes of the carbon fiber. The expansion in fiber axial direction upon full lithiation was 

measured to 1%, and a transversal expansion of the cross section of about 8-13% was 

experimentally observed by Jacques et al. [8]. The active electrode material in the positive 

electrode, LiFePO4, also undergo large volume changes during electrochemical cycling, 

approximately 7% [17].  

In the linear elasticity theory these dimensional changes are assumed to be proportional to the Li 

concentration. For a transverse isotropic material, two different constant coefficients of 

proportionality called intercalation-expansion coefficients are required to characterize the 

dimensional changes in the three directions: one for the plane of isotropy and another one for the 

“third direction”.  

Models are needed to analyze the volume changes in the structural battery constituents, and its 

resulting internal stress state. A micromechanics model can be defined where the unit cell of the 

structural composite battery is defined as a three-phase concentric cylinder assembly (CCA).  

For an axi-symmetric problem, assuming an infinite long fiber, when all shear stress components 

are equal to zero, the only non-trivial equilibrium equation is 

 𝜕𝜕𝜎𝜎𝑟𝑟𝑘𝑘

𝜕𝜕𝑟𝑟
+ 𝜎𝜎𝑟𝑟𝑘𝑘−𝜎𝜎𝜃𝜃

𝑘𝑘

𝑟𝑟
= 0  𝑘𝑘 = 𝑓𝑓, 𝑐𝑐,𝑛𝑛 (6) 

where index 𝑘𝑘 = 𝑛𝑛 for the matrix, 𝑘𝑘 = 𝑐𝑐 for the coating, and 𝑘𝑘 = 𝑓𝑓 for the fiber. 𝜎𝜎𝑑𝑑 are stress 

components in cylindrical coordinate system (𝑟𝑟,𝜃𝜃). 

The strain relationship to radial displacement 𝑢𝑢𝑟𝑟 is given by 

 𝜀𝜀𝑟𝑟𝑘𝑘 =
𝜕𝜕𝑢𝑢𝑟𝑟𝑘𝑘

𝜕𝜕𝑟𝑟
 𝜀𝜀𝜃𝜃𝑘𝑘 =

𝑢𝑢𝑟𝑟𝑘𝑘

𝑟𝑟
 𝜀𝜀1 = 𝜀𝜀10 = 𝜀𝜀1𝐿𝐿 = 𝜀𝜀1𝑚𝑚 = 𝜀𝜀1𝑑𝑑 (7) 

The third expression in Eq. (7) states that axial strains are the same in all constituents, where 𝜀𝜀10 

is an unknown constant swelling strain, i.e. generalized plane strain condition is assumed to 

prevail.  
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The intercalation induced stresses in a transversely isotropic active material can be considered 

through a thermo-mechanical analogy [18]. Stress-strain relationships for transversally isotropic 

materials: 

 𝜎𝜎𝑑𝑑𝑘𝑘 = 𝐶𝐶𝑑𝑑𝑖𝑖𝑘𝑘 �𝜀𝜀𝑖𝑖𝑘𝑘 − 𝛽𝛽𝑖𝑖
𝑐𝑐𝑘𝑘

𝑐𝑐𝑘𝑘,𝑚𝑚𝑎𝑎𝑥𝑥
� (8) 

in Eq. (8) 𝐶𝐶𝑑𝑑𝑖𝑖𝑘𝑘  is the stiffness matrix using Voigt notation. Here 𝛽𝛽𝑖𝑖
𝑑𝑑𝑘𝑘

𝑑𝑑𝑘𝑘,𝑚𝑚𝑚𝑚𝑚𝑚
 is the free swelling strain 

in j-direction due to Li intercalation; which does not have shear components. 𝑑𝑑𝑘𝑘
𝑑𝑑𝑘𝑘,𝑚𝑚𝑚𝑚𝑚𝑚

 is the 

normalized Li concentration in the active material, where 𝑐𝑐𝑘𝑘is the time and coordinate dependent 

Li concentration in the active material, 𝑐𝑐𝑘𝑘,𝑚𝑚𝑎𝑎𝑥𝑥, is the maximum concentration corresponding to 

the saturation state when Li have intercalated into all available sites in the host materials, given 

by the specific capacity of the active materials and its density.  

The displacement and stress solutions obtained for each phase separately must satisfy the 

following interface conditions: 

(i) Radial displacement must be zero on the symmetry axis. 

(ii) Radial displacement and radial stress continuity at all interfaces. 

(iii) Outer boundary of the cylinder assembly is stress-free. 

The mathematical description of the concentration distribution is obtained from modeling the 

electrochemical phenomena during battery operation. It is assumed to be a one-way coupling 

between the mechanical stress and lithium diffusion, neglecting the effect of mechanical stresses 

on diffusion.   

Mathematical models of processes in the lithium ion battery 
The behavior of a lithium ion battery is modeled by describing the mass and charge balances 

within the battery cell, using a set of coupled partial differential equations. The time and 

coordinate dependent variables of these equations are potentials and concentrations of solid and 

electrolyte phase, respectively [19-21]. This chapter outlines the physics-based equations used in 

the models in the included papers. The models were solved with COMSOL Multiphysics [22] .  
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The many processes occurring within a lithium-ion battery under operation include mass 

transport in electrolyte and active material particles (host material for lithium intercalation), 

electrochemical reaction and electron conduction.  

Mass transport in gel electrolyte  

Ions in an electrolyte are transported both by migration and diffusion. In the beginning of the cell 

discharge an ohmic potential difference over the electrolyte is found, causing lithium ions to be 

transported through migration from the negative to the positive electrode. Also, anions (PF6
-) are 

migrating due to the ohmic potential difference, but in the opposite direction to the lithium ions. 

Because of the migration of anions, a concentration difference in the electrolyte is created, 

causing a diffusion flux of lithium ions and the anions in the opposite direction to the anion flux.  

For a gel electrolyte that contains lithium hexaflourophosphate (LiPF6, salt) dissolved in a 

mixture of ethylene carbonate and propylene carbonate (EC and PC , solvent mixture, treated as 

one specie  [23]) and P(VdF-HFP) (polymer material), the material balance for the salt and 

solvent is expressed as 

 𝜕𝜕𝑐𝑐𝑑𝑑𝑎𝑎𝑠𝑠𝑡𝑡
𝜕𝜕𝜕𝜕

= 𝛻𝛻 ∙ (𝐷𝐷𝑆𝑆𝑆𝑆𝛻𝛻𝑐𝑐𝑑𝑑𝑎𝑎𝑠𝑠𝑡𝑡 + 𝐷𝐷𝑆𝑆𝐿𝐿𝛻𝛻𝑐𝑐𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 + (1 − 𝜕𝜕+)
𝐿𝐿𝑎𝑎
𝐹𝐹

)  (9) 

and 

 𝜕𝜕𝑐𝑐𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠
𝜕𝜕𝜕𝜕

= 𝛻𝛻 ∙ (𝐷𝐷𝐿𝐿𝑆𝑆𝛻𝛻𝑐𝑐𝑑𝑑𝑎𝑎𝑠𝑠𝑡𝑡 + 𝐷𝐷𝐿𝐿𝐿𝐿𝛻𝛻𝑐𝑐𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 − (𝜕𝜕𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠)
𝐿𝐿𝑎𝑎
𝐹𝐹

)  (10) 

In Eq. (9)-(10) ∇ is the Nabla operator. The solvent concentration dependent diffusivities 𝐷𝐷 with 

subscript 𝑆𝑆𝑆𝑆, 𝑆𝑆𝐿𝐿, 𝐿𝐿𝑆𝑆 𝑜𝑜𝑟𝑟 𝐿𝐿𝐿𝐿 are apparent diffusivities based on Maxwell-Stefan diffusivities. 

Apparent transport numbers. 𝜕𝜕+ and 𝜕𝜕𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠 are describing the fraction of the total current carried in 

an electrolyte by a given ionic species. 𝐹𝐹 is the Faraday constant. The electrolyte phase current 

density, 𝐿𝐿𝑎𝑎, is a function of variation of the potential in the electrolyte, 𝜑𝜑𝑎𝑎, salt and solvent 

concentration gradients. 

 𝐿𝐿𝑎𝑎 = 𝜅𝜅(−𝛻𝛻𝜑𝜑𝑎𝑎 + 𝜂𝜂𝑑𝑑𝑎𝑎𝑠𝑠𝑡𝑡𝛻𝛻𝑐𝑐𝑑𝑑𝑎𝑎𝑠𝑠𝑡𝑡 + 𝜂𝜂𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝛻𝛻𝑐𝑐𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠) (11) 
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Electrolyte mass transport in porous electrode 

The mass transport in a porous electrode is affected by the pore structure, hence the porosity, 𝜀𝜀, 

and the tortuosity, 𝜏𝜏, must be taken into account. Therefore, the effective parameters for the 

electrode are calculated by averaging processes which includes parameters of the electrolyte 

phase and parameters of the porosity, 𝜀𝜀𝑎𝑎, and tortuosity, 𝜏𝜏𝑎𝑎 

  𝐹𝐹𝑎𝑎𝐿𝐿𝐿𝐿 =  𝐹𝐹 ∙ 𝜀𝜀𝑎𝑎𝛽𝛽𝑒𝑒 𝐹𝐹 = 𝐷𝐷𝑆𝑆𝑆𝑆,𝐷𝐷𝑆𝑆𝐿𝐿 ,𝐷𝐷𝐿𝐿𝑆𝑆,𝐷𝐷𝐿𝐿𝐿𝐿 , 𝜅𝜅 (12) 

where 𝜀𝜀𝑎𝑎 is the porosity (volume fraction) of electrolyte in the porous positive electrode, and 𝛽𝛽𝑎𝑎 

is the electrolyte phase Bruggeman coefficient, constant for all properties 𝐹𝐹. The power function 

describes the accessibility for the species transport in the electrode.  

Mass transport in active material particle 

In electrochemically active materials, diffusion is assumed to govern the transport. The diffusion 

is modeled with Fick’s 2nd law, Eq. (13) which calculates the spatial variations in lithium 

concentration between the surface and center of the active material particle. With a carbon fiber 

as the active material in the anode Eq. (13) is solved using cylindrical coordinates. In the cathode 

where the particles are described as uniform spheres Eq. (13) is solved using spherical 

coordinates. 

 𝜕𝜕𝑐𝑐𝑑𝑑
𝜕𝜕𝜕𝜕

= 𝛻𝛻 ∙ (−𝐷𝐷𝑑𝑑𝛻𝛻𝑐𝑐𝑑𝑑)  (13) 

where 𝑐𝑐𝑑𝑑 is the lithium concentration in the active electrode particles, ∇ is the nabla operator and 

𝐷𝐷𝑑𝑑 is the solid phase diffusion coefficient which depends on 𝑐𝑐𝑆𝑆 .  

Electrochemical reaction 

The intercalation reaction which allow for lithium access into and out of the active material 

through oxidation or reduction, is assumed to take place at the surface of the active material 

particles. The Butler-Volmer equation is often used to describe the process kinetics which 

calculates the Faradic current locally, 𝐿𝐿𝑠𝑠𝑠𝑠𝑑𝑑, as a function of mass transport in electrolyte and 

active material, and electronic conductivity [24].  
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 𝐿𝐿𝑠𝑠𝑠𝑠𝑑𝑑 = 𝐿𝐿0,𝑑𝑑 �𝑒𝑒𝑥𝑥𝑒𝑒 �
𝛼𝛼𝑎𝑎,𝑑𝑑𝐹𝐹𝜂𝜂
𝑅𝑅𝑇𝑇

� − 𝑒𝑒𝑥𝑥𝑒𝑒 �−
𝛼𝛼𝑑𝑑,𝑑𝑑𝐹𝐹𝜂𝜂
𝑅𝑅𝑇𝑇

�� (14) 

Where 𝐹𝐹 is Faraday’s constant, 𝑅𝑅 is the universal gas constant, and 𝑇𝑇 is temperature,  𝐿𝐿𝑠𝑠 is the 

exchange current density, 𝛼𝛼𝑎𝑎 and 𝛼𝛼𝑑𝑑 are the electrochemical reaction symmetry factors and 𝜂𝜂 is 

the overpotential defined as: 

 𝜂𝜂 = 𝜑𝜑𝑑𝑑 − 𝜑𝜑𝑎𝑎 − 𝐸𝐸𝑎𝑎𝑒𝑒 (15) 

In Eq. (15) 𝜑𝜑 with subscript 𝑠𝑠 and 𝑒𝑒 is the potential for the sold and electrolyte phase, 

respectively. 𝐸𝐸𝑎𝑎𝑒𝑒 is the electrode equilibrium potential. The equilibrium potential is determined 

by the intercalation degree, i.e. the electrode phase lithium concentration. 

Electronic conduction 

Electrons are transported in the electronically conductive materials in the electrode. Ohm’s law is 

used to calculate the solid phase potential distribution in the electrode. 

 𝐿𝐿𝑆𝑆 = −𝜎𝜎𝑑𝑑𝛻𝛻𝜑𝜑𝑑𝑑 (16) 

where 𝐿𝐿𝑆𝑆 is the current density of the electrode phase, and 𝜎𝜎𝑑𝑑 the electrode potential. 

Objectives of the current thesis 
The objective of this work is to develop a multi-physics based model to predict the performance 

of a structural composite material battery. The modeling addresses effects of Li transport both 

within and between battery electrodes, to investigate the resulting local mechanical stress 

distribution in the constituents, caused by volume changes. For this purpose, the same three-

phase concentric cylinder assembly representation of the material was used for modeling 

electrochemical processes in the battery cell and the mechanical stresses arising due to 

charging/discharging.  
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Summary of papers 
 

In Paper A the effect of carbon fiber diffusion coefficient on Li distribution for different charge 

rates was studied numerically. The resulting stress distribution in the carbon fiber and at the 

solid/electrolyte interface was analyzed for different elastic constants.  

For 1C charge/discharge with a slow diffusion in the fiber small Li concentration gradient is 

present during charging, with higher concentration at the fiber surface than on the fiber axis. The 

normalized concentration in the fiber never reaches 1, because of the conservatively set upper 

cut-off voltage. When the discharging starts, the Li concentration is first reduced at the fiber 

surface, whereas in the region close to the fiber axis the concentration is still slightly increasing, a 

process driven by the previously created concentration gradient. With continued discharging the 

Li concentration is always lower in the fiber surface region. In contrast, when the diffusion is fast 

there are no concentration gradients in the fiber.  

At 10C charge/discharge a slow diffusion in the carbon fiber show highly non-uniform 

concentration gradient in the fiber, with changing slope dependent on the charge/discharge 

progression. Fast diffusion in the carbon fiber gives uniform concentration distributions.  

The mechanical stresses are obtained by assuming generalized plane strain conditions. The 

carbon fiber is considered stress free with no lithium present. i.e. at fully discharged state. The 

matrix material is also stress free in the discharged state, when it contains the highest lithium 

concentration. There are two mechanisms governing the stresses, i) the interaction with the 

surrounding material and ii) the non-uniform Li concentration distribution in the fiber.  

Figure 4 shows the stress distribution in the fiber for a 10C charging when the upper voltage limit 

is reached, which is the maximum deviation from the initial stress-free condition. The 

corresponding stresses at the coating/matrix interface(𝑟𝑟 = 𝑟𝑟𝑑𝑑)  and matrix outer boundary 

(𝑟𝑟 = 𝑟𝑟𝑚𝑚) are listed in Table 1.  
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Figure 4. Stress distribution along fiber radial direction at full charge with 10C charge rate.  

 

For a 10C charging/discharging rate, when the Li transport is not sufficiently fast, higher stress 

gradients are expected, since they are resulting from concentration gradients. For hoop and axial 

stresses, the fiber center experiences tensile stresses while the outer part of the fiber is under 

compressive loading, this is due to the non-uniform Li concentration distribution creating a Li-

rich shell exerting additional forces on the Li-poor fiber core. For a low modulus matrix the effect 

of swelling in the matrix has very limited effect on the stress distribution in the fiber, whereas for 

a stiff matrix the swelling has significant influence. This is valid during the entire charging. At 

discharge the stress state is reversed, resulting in tensile axial and hoop stresses at the outer fiber 

parts. 

 

Table 1. Stresses at the coating/matrix interface and outer boundary at full charge for 10C 

charging. 

𝐸𝐸𝑚𝑚 

[GPa] 

𝛽𝛽𝑚𝑚 

[-] 

𝜎𝜎𝑟𝑟(𝑟𝑟 = 𝑟𝑟𝑑𝑑) 

[MPa] 

𝜎𝜎𝜃𝜃(𝑟𝑟 = 𝑟𝑟𝑑𝑑) 

[MPa] 

𝜎𝜎𝜃𝜃(𝑟𝑟 = 𝑟𝑟𝑚𝑚) 

[MPa] 

𝜎𝜎𝑧𝑧(𝑟𝑟 = 𝑟𝑟𝑑𝑑) 

[MPa] 

𝜎𝜎𝑧𝑧(𝑟𝑟 = 𝑟𝑟𝑚𝑚) 

[MPa] 

3 0.05 -129.9 281.7 148.3 215 211.5 

3 0 -52.9 113.9 61.0 41.6 41.6 

0.3 0.05 -13.2 28.7 15.1 29.1 21.5 

0.3 0 -5.4 11.6 6.2 4.2 4.2 
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The dependency of stresses on matrix stiffness and swelling coefficient is evident. The most 

noticeable difference between a matrix that shrinks during charging and one which does not is the 

enormous tensile axial and hoop stresses arising in the matrix during charging. In the presented 

example these stresses are significantly higher than typical tensile strength values for polymers. 

The high tensile hoop stress when the matrix is shrinking during charging, indicate that radial 

cracks initiation at the coating-matrix interface or in the matrix is a possible damage mechanism 

to consider. 

 

In paper B a framework for modeling a structural micro battery is presented. Mathematical 

formulation for a single lithium-ion battery cell under operation describing the electrochemical 

processes occurring is analyzed. A model was set up and solved in COMSOL Multiphysics. The 

modeled electrochemical processes include (i) mass transport in electrolyte and active electrode 

material particles, (ii) electrochemical reaction at active electrode material surfaces and (iii) 

electronic and ionic conduction.  

Equations to describe the spatial and time dependent variation in the potential as well as in the 

lithium ion concentration in the solid and electrolyte phases are formulated on different length 

scales. It is assumed that the matrix (positive electrode) consists of several phases, an 

electronically conductive phase, an active material phase and the electrolyte phase. The 

governing mechanism in each particular phase is modeled.  The electrons are transported in the 

conductive phase, and Ohm’s law is used to describe the solid phase potential. In the active 

material, lithium is assumed to be transported by diffusion, and described by Fick’s second law. 

In the electrolyte phase ions are transported by both diffusion and migration. The solid and 

electrolyte phases are linked by the conservation of charge. The multi-scale character of the 

battery is addressed by coupling equations solved across the battery cell macroscopic domains; 

fiber electrode, coating separator and matrix electrode, and microscopic domains: active electrode 

particles. Equations associated with the processes in the electrolyte and the potentials are solved 

to find the dependency on the radial coordinate in the macroscopic domains. The lithium 

concentration within the active materials in the matrix is solved in the microscopic domain. 
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The effect on electrochemical and mechanical performance of altering the fiber volume fraction 

and the matrix composition in the structural battery was investigated, focusing on the radial 

swelling and specific capacity.  

Two scenarios are analyzed: 

Assuming that the electrochemical cycling begins with a pristine fiber and the active material in 

the matrix being fully lithiated at stress-free state, the maximum dimensional change occurs when 

the battery is fully charged.  

 

a) b) 

  
Figure 5. Radial swelling strain and specific capacity versus a) fiber volume fraction and b) 

volume fraction of the active material in the matrix for 𝒗𝒗𝒇𝒇 = 𝟎𝟎.𝟑𝟑𝟑𝟑. 

 

In Figure 5a the maximum shrinkage of the micro-battery in the radial direction is shown for 

different fiber volume fractions. For 𝑣𝑣𝐿𝐿 < 0.34  there are more Li available in the matrix material 

than can be intercalated into the carbon fiber, and for 𝑣𝑣𝐿𝐿 > 0.34  more available intercalation 

sites are available in the fiber than Li present in the system. The global dimensional change in the 

radial direction is negative, due to the shrinkage in the matrix material being greater than the 

radial expansion of the fiber, which is also the reason for higher 𝑣𝑣𝐿𝐿 resulting in lower shrinkage 

extent. In Figure 5b radial swelling strain and the capacity normalized to the amount of active 

material in the cathode is shown for different volume fraction of the active material. Both the 

specific capacity and radial swelling strain is increasing with increasing 𝜀𝜀𝑆𝑆+. Since the amount of 

active material in the matrix governs the available amount of Li for interaction in the fiber, it 

follows naturally that the swelling is less for a lower volume fraction of the active material.  

Theoretically, another stress-free state can be assumed when fiber is fully lithiated and all host 

sites for Li in the matrix material being empty. The corresponding maximum volume change then 
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occurs at full discharge (cut-off voltage). The dimensional change in the radial direction of the 

battery is positive because the swelling of the matrix is greater than the shrinkage of the fiber, 

which dominates the global behavior. In general the swelling decreases with increasing 𝑣𝑣𝐿𝐿, 

because the amount of matrix material surrounding the carbon fiber decreases, thus reducing its 

ability to withstand both the fiber displacement while the matrix itself also swells less due to 

lower lithium concentration. However, as shown in Figure 6, the radial swelling is also decreased 

for very low 𝑣𝑣𝐿𝐿. This is explained by the distance in the depth direction of the matrix material 

being too large to allow for efficient transport of Li+ in the electrolyte phase for intercalation in 

the active material.  

 

 
Figure 6. Fiber fully lithiated from start, radial swelling strain at cut-off voltage and specific 
capacity dependence on a) fiber volume fraction and b) volume fraction of the active material 

in the matrix for 𝒗𝒗𝒇𝒇 = 𝟎𝟎.𝟑𝟑𝟑𝟑. 
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Future work 
High hoop stresses in the fiber during deintercalation can initiate a radial crack at the fiber 

surface. This radial crack can grow in the fiber, both in a static manner but also in fatigue. During 

subsequent intercalation, it is possible that an arc crack perpendicular to the radial crack will 

form at one of the crack tips, resulting in exfoliation of graphite layers in the carbon fiber. The 

radial and arc crack propagation will be analyzed numerically for both a quasi-static case and in 

fatigue loading, similar to that of Pupurs and Varna in [18], using well known fracture mechanics 

approach, such as the J-integral. The work done by Pupurs and Varna will be extended upon, with 

emphasis on the transient ion distribution obtained through multiphysics modeling and the 

interaction from surrounding constituents. Another possible damage formation is arc cracks 

deflecting from the crack tip at the fiber/coating interface, causing debonding, i.e. a separation 

between the fiber and the SBE coating. Interfacial stresses between the electrodes and the SBE 

coating will be analyzed and the risk for interfacial failure assed. 

The interface characteristics between the SBE coating and the carbon fiber should be studied 

experimentally as well. A strong bond between the fiber and the SBE is crucial for load transfer 

as well as ion-transport between constituents in the material. The adhesion will be characterized 

by measuring the interfacial shear strength (IFSS) through the microbond test, which is a suitable 

test method, given that the SBE material lacks optical transparency. The objective is to study 

possible changes on the IFSS induced by electrochemical cycling.  
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Abstract
Structural composite materials that simultaneously carry mechanical loads while storing 

electrical energy offers the potential of significantly reduced total component weight owing to 

the multifunctionality. In the micro-battery the carbon fiber is employed as a negative 

electrode of the battery and also as a composite reinforcement material. It is coated with a 

solid polymer electrolyte working as an ion conductor and separator whilst transferring 

mechanical loads. The coated fiber is surrounded by a conductive positive electrode material -

matrix. This paper demonstrates a computational methodology for addressing mechanical 

stresses arising in the carbon fiber in a conceptualized micro battery cell and dimensional 

changes of the cell during electrochemical cycling, caused by time dependent gradients in 

lithium ion concentration distribution.

Keywords: Micro battery, Carbon fibers, Lithium ion, Intercalation, Expansion, Stress state
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1. INTRODUCTION

Since the research on high performance fiber reinforced polymer matrix composites began in 

the early 1960s, the focus has been on improving their structural properties. Recently research 

on multifunctional composite materials has started to accelerate, with a particular interest in 

structural power composites [1-4]. A structural composite that undertakes the two roles of 

mechanical load bearing and electrical energy storage is an attractive solution, as both the 

reduction of vehicle weight and the electrification of vehicles can contribute towards meeting 

the increased requirements on lowered emissions [5].

For this novel structural battery composite lithium-ion (Li-ion) battery chemistry has been 

selected mainly because of its high specific energy. In a typical Li-ion cell, there are four 

main components, (i) the negative electrode connected to the negative terminal of the cell, (ii) 

the positive electrode connected to the positive terminal of the cell, and (iii) a separator 

preventing short circuiting and (iv) liquid electrolyte between the two electrodes. The 

electrodes consist of nano-to micrometer sized electrochemically active electrode material 

particles, taking part in the electrochemical reaction, mixed together with conductive additives 

and binder material. Examples of active electrode material is graphite (powder) in the 

negative electrode and lithiated metal phosphate (e.g. LiFePO4) in the positive electrode, 

serving as a host materials allowing for lithium ion extraction and insertion as the battery is 

charged and discharged. This insertion process of lithium active materials is called 

intercalation. 

When a lithium-ion battery is in use, i.e. during discharge, Li diffuse to the surface of graphite 

particles in the negative electrode where they undergo electrochemical reaction, and then the 

ions travel through the electrolyte solution via diffusion and ionic conduction to the positive 

electrode where they react and diffuse towards the inner regions of the LiFePO4 particles. 

During charging, the process is reversed. 
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To introduce an energy storage feature in the structural composites it is necessary to stipulate 

additional requirements for the constituent materials to allow the above-mentioned 

mechanisms to take place. The role of the carbon fiber, see Figure 1, must be extended from 

only carrying load to also function as an active electrode material in a battery, allowing for 

lithium intercalation. The matrix material contribution extends beyond acting as load transfer

to also function as electrode material. With two electrodes, one negative (fiber) and one 

positive (matrix), two additional functions are required in order to realize a battery, namely a 

separator to prevent short circuiting, and electrolyte for ion transportation. In conventional 

batteries these two functions are often incorporated into one material, a separator soaked in 

liquid electrolyte. It is apparent that a liquid cannot be part in the material if it is to carry 

structural load while delivering electrical energy. The liquid electrolyte needs to be replaced 

with a solid polymer electrolyte (SPE) [6-9] interphase between the fiber and the matrix. The 

purpose of the SPE material in this energy storage structural composite material is to transfer 

load, act as an ion conductive medium and to prevent short-circuiting. A major drawback for 

using SPE is the decreased ion conductivity with increased electrolyte stiffness. However, the 

effect of low ion conductivity is overcome in the suggested micro battery cell design, 

reducing the thickness of the electrolyte to a less than 1 by electropolymerization [10].

Within this conceptualized micro battery cell design, each repeating unit is a concentric 

cylinder assembly where the negative electrode consists of one single carbon fiber, coated 

with a thin layer of SPE embedded in matrix cylinder (the positive electrode).

In a traditional Li-ion battery development the capability to deliver electrical charge at 

different charging/discharging rates is an important battery performance metric, affected by 

several parameters, including the ionic conductivity of the electrolyte, distance between the 

electrodes, the diffusivity of Li in the electrodes and electrical conductivity of the electrodes

[11]. The rate for charging/discharging a battery is specified by means of C-rate. 1C is defined 
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as the required current to obtain full charge or discharge in 1 hour. In this study the effect of 

Li diffusion coefficient in the carbon fiber on Li distribution is investigated for different C-

rates.

During electrochemical cycling (repeated charging/discharging) the constituents of the 3-

cylinder unit undergo volume changes due to the migration of lithium ions between them. 

These volume changes together with the applied mechanical load affect the internal stress 

state, potentially causing micro damage formation in the material, which results in electrical 

and mechanical performance degradation.

The Li diffusion in a carbon fiber and the resulting internal stresses, possibly causing damage 

formation has been studied in [12,13]. In the work by Pupurs et al [12] the internal stresses in 

the fiber due to Li concentration gradients where studied, with the simplification that the fiber 

is surrounded by an infinite source of Li+ and it is not constrained by surrounding materials,

which allowed the Li concentration distribution in the fiber to be calculated as a heat 

conduction problem with convection boundary conditions. It was shown that high hoop 

stresses during deintercalation can initiate radial crack growth in the fiber and that during 

subsequent intercalation cycles arc cracks may deflect from this radial crack. These two types 

of cracking were analyzed using Linear Elastic Fracture Mechanics approach. However, in the 

present paper we will show that the fiber stresses are not the result of the Li concentration 

gradient only; the effect of the mechanical interaction between the coated fiber and the matrix 

(during Li diffusion one of them is swelling and the other one is shrinking) has to be 

accounted for in a proper analysis.

This paper demonstrates a computational methodology for addressing mechanical stresses 

arising in the carbon fiber and at its interface in a conceptualized micro battery cell during 

electrochemical cycling. Physics based mathematical modeling is used to analyze the 

following electrochemical processes simultaneously:
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Mass transport in active material 

Mass transport in electrolyte

Electronic conduction

Electrochemical reaction at the surface of the active material

The objective of the present paper is to analyze the following:

i. The effect of carbon fiber diffusion coefficient on Li distribution for different charge 

rates. The battery is charged from its fully discharged state, with different 

charge/discharge rates corresponding to 0.1C, 1C, and 10C. At full charge the 

subsequent discharging takes place without any resting period.

ii. Macroscopic swelling and shrinking of the unidirectional (UD) carbon fiber composite 

ply due to ion diffusion as affected by elastic properties of constituents.

iii. The effect of the charge rate on stress distribution in the carbon fiber and at the

solid/electrolyte interface caused by Li distribution.

2. THEORETICAL BACKGROUND

2.1 Design considerations
In the conceptual cylindrical battery cell, see Figure 1- Figure 2, the negative electrode is an 

individual carbon fiber coated by a gel electrolyte (lithium salt and solvent dissolved in a 

polymer) surrounded by a solid positive electrode (matrix). The positive electrode, partially

consists of electrochemically active material LiFePO4, i.e. the Li host material.

The positive electrode is the source of lithium, providing lithium to the negative electrode

during the first and subsequent charges. The Li-ions carry the current within the battery from 

one electrode to the other. However, the ability to intercalate Li differs between the LiFePO4

active material in the matrix and the carbon fiber. It is desirable to have a balanced cell 

composition, where the ability to intercalate Li is equivalent for the two electrodes, the matrix 
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volume fraction in the multifunctional composite is adjusted to ensure this balance.  

The fiber used in this study is an intermediate modulus carbon fiber, with a radius =2.5 . The coating thickness is set to 0.1 , and the outer radius of the micro battery

system is calculated to be = 4.3 in order to fulfill the matching in intercalation ability.

From which it can be realized that the matrix thickness is 1.7  and the fiber volume fraction 

of the composite material is = 0.34

Figure 1. a) Schematics of Li-ion cell operating principle. b) Micro battery (unit) cell.

Figure 2. a) Schematics of micro battery constituents. b) Model geometry.
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2.2 Stresses in micro-battery cell due to ion migration
Lithium intercalation leads to changes in the crystal lattice of the carbon fiber, both in the 

direction of basal planes and interplane, resulting in dimensional changes of the carbon fiber, 

experimentally observed in [14]. In the linear elasticity theory these dimensional changes are 

assumed to be proportional to the Li concentration, . In the concentric micro battery cell, 

where the concentration distribution is not uniform and the carbon fiber is constrained by the 

battery constituent materials, intercalation induces stresses.

For a transverse isotropic material, two different constant coefficients of proportionality 

called intercalation-expansion coefficients are required to characterize the dimensional 

changes in the three directions.

The stress-strain relationship for transversely isotropic active materials with intercalation 

induced volumetric changes can be considered through a thermo-mechanical analogy [12].

 = ,  = , ,  (1) 
where index = for the matrix, = for the coating, and = for the fiber, and , = , , 1 are cylindrical coordinates. is the stiffness matrix using Voigt notation. Here 

, is the free swelling strain in j-direction due to Li-ion intercalation; which does not 

have shear components. , is the normalized Li concentration in the active material, where 

is the time dependent Li concentration in the active material (see section 2.4), , is the 

maximum concentration corresponding to when Li have intercalated into all available sites in 

the host materials. The maximum Li concentration in the fiber is a physical property given by 

the specific capacity [15] of the active materials and its density.

For a transversally isotropic material = , = , = .

For an axi-symmetric problem, (Figure 2b), assuming an infinite long fiber, when all shear 
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stress components are equal to zero, the only non-trivial equilibrium equation is

 + = 0 (2) 
The strain relationship to radial displacement is given by

 =  =  = = = =  (3) 
The third expression in (3) states that axial strains are the same in all constituents, where 

is an unknown constant swelling strain. The displacement and stress solutions obtained for 

each phase separately must satisfy the following interface conditions:

(i) Radial displacement must be zero on the symmetry axis.

(ii) Radial displacement and radial stress continuity at all interfaces.

(iii) Outer boundary of the cylinder assembly is stress-free.

2.3 Lithium concentration distribution in carbon fiber
The lithium transportation in the negative electrode, which is composed exclusively of the 

active material, the carbon fiber, is described by Fick’s law of diffusion [16]

 = ( ) (4) 
where subscript denotes the fiber phase, is the diffusion coefficient, is the time, and is 

the Nabla operator. Boundary conditions are

 = 0 = ( )  (5) 
where is the molar flux at the carbon fiber surface describing the process kinetics, which 

depends on the exchange current density and the overpotential. The electrochemical reaction 
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kinetics yielding the molar flux at the electrode surface is given by the Bulter-Volmer 

equation [17]

 = ,  (6) 
where is the universal gas constant, is the Faraday constant, , is a material property

termed exchange current density which is the rate of oxidation and reduction at equilibrium , = 0.5 and = 0.5 are the electrochemical reaction symmetry factors, and is the 

overpotential defined as:

  = , , ,  (7) 
where , is the electrolyte phase electric potential in the SPE coating, resulting from 

concentration distributions of salt and solvent in the coating, and , is the solid phase 

electrical potential for the fiber, at the electrode/electrolyte interface, the is the electrode 

equilibrium potential, a material property describing the potential observed experimentally at 

zero current.

Similar equations are describing the ion concentration in the active material of the matrix and 

the flux on the surface of the active material in the matrix.

The solid phase electric potential, , , ( = , ), is calculated by Ohm’s law describing the 

relation between the electric field, current density and material effective conductivity, , ,

in the battery cell, with the applied current density as boundary condition

 , , =   (8) 
where the current density is related to the applied current at the outer surface of the 
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battery, , as = /  (9) 
It has to be realized that in order to assess lithium concentration distribution in the carbon 

fiber (negative electrode), , eq. (4), also electrolyte phase charge and mass balances need to 

be described. The macroscopic modeling of the mass transport in the electrolyte is adapted 

from work by Nyman et al [18].

In summary, the model to describe the ion concentration distribution in this micro battery unit 

cell consists of a coupled system of 11 nonlinear partial differential equations (PDE) with 11

unknowns, which are: 2 active material concentrations , , 2 concentrations in the polymer 

electrolyte coating containing both salt and solvent , , , , 2 concentrations in the 

matrix material consisting partially of the polymer electrolyte, , , , , 3 potentials

, , , , , , (carbon fiber is assumed to be grounded, , = 0), and 2 fluxes and .

The governing equations along with corresponding boundary conditions are given in detail in 

Paper B.

2.4 COMSOL Model
COMSOL Multiphysics 5.2 [19] software is employed to model the concentration 

distributions during Li intercalation and deintercalation. The electrochemical model is 

formulated for a cylindrical coordinate system, to describe the Li diffusion in and out of the 

electrodes in conjunction with appropriate boundary conditions, Paper B.

A 2D axisymmetric representation is used to model the three concentric phases, the 

mechanical stresses are obtained by assuming generalized plane strain conditions, = =
. Further, the carbon fiber is considered stress free with no lithium present. i.e. at fully 

discharged state. The matrix material is also stress free in the discharged state, when it 

contains the highest lithium concentration.
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3. RESULTS AND DISCUSSION

3.1 Input parameters
The electrochemical properties of the carbon fiber are extracted from [6]. The electrochemical 

properties of the SPE are adopted from an extensive characterization study for a gel polymer 

in [18]. Both the composition and the electrochemical properties for the positive electrode/

matrix material are assumed to correspond to [20].

The experimentally measured diffusion coefficient of the carbon fiber [21] shows strong 

concentration dependence, = ( ), ranging over three orders of magnitudes. The effect of 

the diffusion coefficient is studied by adopting two extreme constant values (low and high), 

Table 1, and for different charge/discharge C-rates ranging from 0.1C to 10C. A discharge 

rate of 0.1C corresponds to discharging the battery cell in 10 hours.

The applied current ( ) for one cycle, has the same C-rate during charge and discharge 

without any break in the middle.

Table 1. Fiber diffusivity parameters used in this study.

Parameter low high

Diffusion coeff. of carbon fiber, [ / ] 10 10
The input parameters used for the mechanical model are listed in Table 2.The free swelling 

strain in fiber axial direction was obtained by fitting experimental data from [14]. The 

macroscopic transverse swelling coefficient for carbon fibers is not available in literature, but 

it has been approximated from observations [4].
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Table 2. Elastic constants and expansion coefficients of constituents for reference case 

Constituent
 

(GPa) (GPa) (-) (-)
Expansion 

(-) (-)

Fiber 300 30 0.2 0.45 0.009 0.05

SPE coating 0.1 0.1 0.3 0.3 0 0

matrix 0.3 0.3 0.3 0.3 0 0

The expansion coefficients  = = = = 0 can be interpreted as no macroscopic 

swelling due to intercalation. In fact, swelling in the active material particles of the matrix 

does occur, causing a change in volume fraction of the active material in the matrix.  Since the 

description of the resulting matrix swelling is rather complex and depends on the matrix 

microstructure, we simplify the analysis by setting the overall expansion of the matrix to zero

for the reference elastic property data set and using it as a parameter in following analysis.

Swelling of the coating is neglected, because the properties are unknown, and the stiffness

and thickness are very low, hence insignificant influence on stresses expected.

In addition to the reference case presented in Table 2, calculations were also performed with 

ten times higher elastic modulus of the coating and the matrix, and a non-zero expansion 

coefficient for the matrix = = 0.05.

3.2 Charge rate and diffusion coefficient
The battery is operable in a certain voltage interval, outside this range the battery system risks

chemical instability and damages [22], which is outside the scope of this present study. The 

battery is operable until the cell voltage, , defined as the potential difference between the 

solid phase electrical potential of the matrix and solid phase electrical potential at the fiber 

surface, reaches the upper and lower cut-off voltage; the highest and lowest voltage at which 

the system is allowed to operate, respectively. In the modeled system the upper cut-off 
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voltage is set to 3.6V and the lower cut-off voltage to 2.7V, commonly specified by battery 

manufacturers [20,23].

The lithium concentration profiles during the charge/discharge cycle, Figure 3, for various 

time instances in the charge/discharge, given in Table 3, show the influence of the diffusion 

coefficient in combination with the charge / discharge rate.

Table 3. Time instants of studied concentration and stress distributions during the 

charge/discharge.

Designation Progression in the charge/discharge cycle

a Onset of charging

b Half-way through charging

c End of charging

d Onset of discharging

e Half-way through discharging

f End of discharging
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Figure 3. Li distribution in fiber radial position during a) 1C charge/discharge rate, b) 

10C charge/discharge rate, slow diffusion (solid lines) and fast diffusion (dotted lines) 

for time instants given in Table 3,

In Figure 3 the difference in Li concentration gradients between the two diffusion coefficients

is shown. For a slow diffusion in the fiber (solid lines) a small but noticeable gradient is 

present in the beginning of the charge, and maintained throughout charging, and then mirrored 

during discharging. During the charging (curves a, b c) the Li concentration is always higher 

at the fiber surface than on the axis. The normalized concentration never reaches 1, because of 

the conservatively set upper cut-off voltage. When the discharging starts, the Li concentration 

is first reduced at the fiber surface, whereas in the region close to the fiber axis the 

concentration is still slightly increasing, a process driven by the previously created 

concentration gradient. With continued discharging the Li concentration is always lower in 

the fiber surface region. In contrast, when the diffusion is fast there are no concentration

gradients in the fiber. The average Li concentration in the considered slow diffusion case is 

rather close to the value in the fast diffusion case. 

At 10C charge/discharge the observation regarding uniform concentration distributions for a 
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fast diffusion remains. A slow diffusion shows highly non-uniform concentration gradient in 

the fiber, with changing slope dependent on the charge/discharge progression. The discussion 

regarding the 1C rate case given above is still applicable, the effects are just even more 

pronounced. 

In the beginning of the charge, the Li supply from the electrochemical reactions to the fiber 

surface exceeds the ability to transport Li from the fiber surface to the center of the fiber, 

which remains empty of Li for a time, before the concentration of Li begins to increase,  

For the rest of the charge interval the rate of the concentration change is rather similar at the 

surface and at the center of the fiber as shown in Figure 4.

The time dependent gradients in Li concentration distribution in the carbon fiber obtained 

through multiphysics modeling differs from the concentration profiles presented by Pupurs et 

al [12] and Cheng et al [13], where the concentration gradients are decreasing during 

charging, until finally becoming uniform. This shows that assumptions made in order to

obtain Li concentration profiles through analytical series expansion are oversimplified. To 

perform an accurate analysis of mechanical stresses caused by non-uniform fiber swelling, 

gradients in Li concentration distribution should originate from modeling all the physical 

events (mass transport in active material, mass transport in electrolyte, electronic conduction 

and electrochemical reactions)
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Figure 4. Lithium concentration in carbon fiber center and at surface, respectively, for 

10C charging/discharging.

The diffusion coefficient is directly related to whether the concentration gradients arise in the 

fiber: fast diffusion results in no gradients regardless of the two used charge/discharge rates.

However, the gradients that occur during slow diffusion show a dependence on the 

charge/discharge rate. 

Since the influence of charging/discharging rate is noticeable only for a low diffusion 

coefficient, from now on the stress analysis will only consider a slow diffusion in fiber with 

charge/discharge rates corresponding to 1C and 10C.

3.3 Macroscopic swelling
The swelling strain of the composite unit at the end of the charge is shown in Figure 6-Figure 

7. Analytical expression was used to calculate the longitudinal diffusion induced expansion, 

(Eq. 10).  = ++   (10) 
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averaged concentrations from the numerical calculations with slow diffusion, where and 

used in Eq. 10 are average concentration changes with respect to the initial state (when 

no Li are present in fiber, and matrix has maximum possible Li content). is calculated 

from Figure 3, and is calculated from Figure 5.

Figure 5. Li distribution in matrix during 1C (Dotted lines) and 10C (solid lines), at end 

of charging, for slow diffusion ( = /  )

Figure 6. Longitudinal swelling strain at the end of the charge for slow Li diffusion in 

fiber, = / , as a function of matrix modulus, with 1C and 10C 

charge/discharge rate.
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Results for different combinations of matrix stiffness and swelling are shown in Figure 6,

where the effect of the coating in the analytical model has been neglected. It can be seen that 

the swelling calculated with analytical expression assuming maximum uniform Li 

concentration greatly exceeds the swelling strain obtained from numerical calculations,

because the real Li concentration due to cut-off is lower than the assumed. When there is no 

swelling in the matrix, the swelling calculated from the analytical model with the real average 

concentrations correspond well with numerical result. 

The total amount of Li in the fiber differs for the two charging rates at full charge; hence a 

higher degree of swelling for 1C charging than 10 C charging can be read in Figure 6. Let 

suppose a very slow charge (<<0.1C) is introduced shortly before a full charge is reached. 

This would allow the concentration gradients to relax, and would also result in an increase in 

amount of Li in the carbon fiber before upper voltage limit is reached. In this case the

macroscopic swelling strain would asymptotically approach the “Analytical – upper bound”

value in Figure 6.

It can be seen that for the case with no matrix/cathode swelling, a tenfold increase in matrix 

stiffness gives very little contribution to lowering the longitudinal macroscopic swelling.

Because the matrix modulus is still much lower than the fiber modulus and it enters only the 

denominator in Eq. 10. However, the stiffness of the matrix has significant impact when the 

matrix material also experiences volume changes during electrochemical cycling: a higher 

stiffness renders less longitudinal swelling of the battery and the dependence is rather linear.
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Figure 7. Radial swelling strain at the end of charging for slow Li diffusion in fiber,=  / , as a function of matrix stiffness, a) with matrix swelling and b) 

without matrix swelling for 1C and 10C charge rates.

The free radial swelling strain in the transverse direction occurs as the composite unit in 

Figure 1- Figure 2 changes its outer radius without any external constraint, see Figure 7 where 

the radial strain is defined by expression = ( )/ .

The biggest difference compared to the longitudinal swelling is a negative macroscopic 

change of the unit, i.e. radial shrinkage of a fully charged micro-battery when the matrix 

material shrinkage is accounted for, Figure 7b. The radial shrinking of the composite unit

occurs as a result of Li leaving the matrix, causing the matrix to shrink, and then as Li enters 

the fiber, the fiber is swelling and pushes the electrolyte and prohibiting the matrix hoop

shrinkage at that boundary. There is also a Poisson’s ratio contribution adding to the 

shrinkage, since a tension in the hoop direction leads to contraction in the radial, as an 

adaption to this constraint the matrix at the outer radius shrinks even more.

The macroscopic swelling shown in Figure 6 - Figure 7 is calculated for three cases of matrix 
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swelling and 5% swelling), and two cases of charge rate (1C and 10C). Thus the results show 

a range that covers all other possible combinations within these extreme cases. Since the 

results in Figure 7 show that the expansion of the composite in the radial direction can be 

positive as well as negative; it may be possible to optimize the swelling of the matrix during 

material development in order to minimize the radial swelling of the composite by “tailoring”.

3.4 Stresses in fiber

3.4.1 Stresses at the fiber surface
Stresses at the carbon fiber boundary during charge/discharge cycle for slow diffusion are 

shown in Figure 8 - Figure 9.

Figure 8. Stresses at fiber boundary as a function of time for 1C charging/discharging, 

with slow Li diffusion in the carbon fiber. 

It can be seen that the contribution from matrix swelling to the stresses at the fiber surface is 

limited in the case of low matrix stiffness, regardless of the rate of charging/discharging. It is 

clear that increased matrix stiffness is unfavorable for the stresses in the fiber, which is further 

emphasized when matrix undergoes volume changes as well. 
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Figure 9. Stresses at fiber boundary as function of time for 10C charging/discharging, 

with slow Li diffusion in the carbon fiber. 

During charging the fiber boundary experiences increasing radial compression as Li is 

entering and during subsequent discharging the compressive stresses are decreasing. Note 

though that the hoop and axial stresses are also negative during charging and then switch to 

positive quickly after the onset of discharging and remain positive. This behavior and the 

differences between 1C and 10C charge rate can be explained by two phenomena: a) the 

matrix shrinkage during charging and b) the non-uniform Li concentration distribution in the 

fiber. In the 1C case the concentration distribution in the fiber is much more uniform than in 

the 10C case (compare Figure 3a and Figure 3b). Therefore, in 1C case the compressive radial 

and axial stresses during charging, Figure 8, are mostly due to interaction with the matrix, and 

the interaction is stronger when the matrix is stiff and prone to shrinkage. In the 10C case the 

Li distribution in the fiber is very non-uniform and different regions of the fiber have different 

values of the free expansion strain. Thus, in addition to the interaction with the matrix, the 

force balance between different fiber regions affects the stress distribution: during charging
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the Li concentration in the fiber surface region is higher than in the bulk and this region tends 

to expand more than the bulk part. This results in rather small change of the radial stress at the 

interface, but the axial compressive stress, see Figure 9c, is much higher because now not 

only the matrix but also the bulk part of the fiber resists the expansion of the fiber surface 

region. The hoop stress at the surface is negative during the charging because the 

expansion in this direction is constrained by the surrounding matrix and in 10C case also by 

the bulk of the fiber. Comparing Figure 8 and Figure 9 one can see that the effect of the Li

non-uniformity in the fiber is very significant.

During discharging the stress building mechanisms are the same but the process is reversed. 

For example, the outer fiber region, close to the fiber/SPE interface, which contains less Li

than the bulk attempts to contract in the direction. The contraction is constrained by the 

inner region which due to the still high concentration of Li, contracts much less, resulting in 

tensile hoop stresses in the outer region. At the end of the discharge, corresponding to the cut-

off voltage, there are still certain Li distributions in the fiber, which is the reason for stresses 

at the end of the cycle. The stress distribution in the radial direction of the fiber is discussed in 

more details in Section 3.4.2.

3.4.2 Radial distribution of stresses
It is important to emphasize that Figure 8-Figure 9 only captures the stresses in the fiber at the 

fiber/SPE interface, which is important from an interface damage point of view and for 

analyzing initiation of radial fiber cracks at the interface. However, in order to analyze 

potential damage growth in the carbon fiber induced by charge/discharge the stress 

distributions in the carbon fiber radial direction are needed. 

Figure 10 - Figure 11 show the stress distributions in the fiber when the upper voltage limit is 

reached, and Figure 12 - Figure 13 the stresses at the lower cut-off voltage for different matrix 

elastic properties at 1C and 10C charging/discharging rate. 
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Figure 10. Stress distribution along fiber radial direction at full charge with 1C charge 

rate.

Figure 11. Stress distribution along fiber radial direction at full charge with 10 C charge 

rate.

Stresses show almost uniform distribution when the battery cell is fully charged at 1C, this is 

due to the charge rate being sufficiently slow for enabling the Li transport inside the carbon 

fiber. Note that the stress distributions would be uniform and = if the Li concentration 
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distribution is uniform. Stress components in the fiber in the 1C case are very sensitive to the 

value of the matrix modulus. The effect of the swelling in the matrix as a result of 

intercalation is limited for a low modulus matrix, but if the matrix is stiff the swelling has 

significant influence. For a 10C charging/discharging rate, when the Li transport is not 

sufficiently fast, higher stress gradients are expected, since they are resulting from 

concentration gradients. For hoop and axial stresses, the fiber center experiences tensile 

stresses while the outer part of the fiber is under compressive loading, this is due to the non-

uniform Li concentration distribution creating a Li-rich shell exerting additional forces on the 

Li-poor fiber core. This is valid during the entire charging. At discharge the stress state is 

reversed, resulting in tensile axial and hoop stresses at the outer fiber parts, Figure 13.

At the end of the discharge with 1C-discharge rate, Figure 12, the stresses are approaching its 

initial delithiated stress free state, however, due to the lower cut-off voltage being 

conservatively set to 2.7V, a small amount of Li remains in the carbon fiber, meaning there 

will be non-uniform residual swelling in the material.

Figure 12. Stress distribution along fiber radial direction at cut-off voltage=2.7V, with 

1C discharging.
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Figure 13. Stress distribution along fiber radial direction at cut-off voltage=2.7V, with 

10 C discharging.

From a damage and fracture mechanics point of view, tensile stresses are more critical than 

compressive stresses, potentially causing crack initiation and growth during cycling. For a 

high C-rate, there are tensile hoop stresses present both during charging and discharging of 

the battery cell, and the stresses are quite high, meaning that if cracks are initiated, they will 

grow in different parts of the fiber in a fatigue manner during both charging and discharging 

in repeating cycles. 

3.4.3 Stresses in the coating
Before damage occurs inside the fiber, damage or fracture in the coating or the fiber/ coating 

interface may occur. Since the task of the SPE coating in addition to transferring load is also 

to act as an electrical insulator preventing short-circuiting and also as an ion conductor 

between the fiber and matrix, it is of great importance to study the stresses in the coating and 

at the interface. The radial stresses at the interface were analyzed in Section 3.4.1. In Figure 

14 the hoop stress radial distribution during 10C charging/discharging at selected time 

instants corresponding to Table 3 is shown. 
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Figure 14. Hoop stress in the coating for a) high  and b) low , with and without 

matrix swelling (solid resp. dashed lines), for time instances shown in Table 3.

In addition to a higher modulus in the matrix resulting in higher hoop stresses in the coating 

material, it can also be seen that the hoop stress in the coating material is positive for both the 

charge and discharge if the matrix material does not swell. If the matrix material is assumed to 

swell, the stress in the coating becomes negative during both charge and discharge. 

Since the hoop stresses are compressive the axial stress in the coating is the important issue.

For a stiff matrix with swelling the axial stress component reaches -36.5 MPa for charging to 

upper cut-off voltage and -12.2 MPa for discharging to lower cut-off voltage, with only an

insignificant change through the thickness of the thin coating. In the case of no matrix 

swelling the axial stress varies between -1.2 MPa (full charge) and -0.4MPa (full discharge). 

The compressive axial stress in the coating is because radial shrinkage of the matrix leads to 

large compressive radial stresses and strains in the coating causing very large Poisson’s effect

(strain) in the axial direction – larger than the axial swelling of the composite unit.
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3.4.4 Stresses in the matrix
The stresses in the matrix are greatly affected by whether the matrix is swelling or not, in 

Table 4 the stresses in the matrix at the outer boundary ( = ) and coating/matrix interface ( = ) are shown. 

Table 4. Stresses at the coating/matrix interface and outer boundary at full charge for 

10C charging.

[GPa] [-]

( = )
[MPa]

( = )
[MPa]

( = )
[MPa]

( = )
[MPa]

( = )
[MPa]

3 0.05 -129.9 281.7 148.3 215 211.5

3 0 -52.9 113.9 61.0 41.6 41.6

0.3 0.05 -13.2 28.7 15.1 29.1 21.5

0.3 0 -5.4 11.6 6.2 4.2 4.2

The dependency of stresses on matrix stiffness and swelling coefficient is evident. The most 

noticeable difference between a matrix that shrinks during charging and one which does not is 

the enormous tensile axial stress arising in the matrix during charging, since the matrix is 

constrained from shrinking.

The high tensile hoop stress when the matrix is shrinking during charging, indicate that radial 

cracks at the coating-matrix interface is a possible damage mechanism to consider.

4. CONCLUSIONS

Lithium diffusion in a single carbon fiber reinforced composite unit (micro-battery) was 

analyzed numerically by a physics based electrochemical model. The resulting transient Li 

concentration distributions were used in combination with FEM based elastic stress analysis

in order to assess the mechanical stresses in the fiber, coating and matrix caused by non-
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uniform swelling and shrinking of the micro-battery.

The effect of the increase in the matrix stiffness alone on the free expansion of the composite 

unit in the axial direction is very limited. However, a higher stiffness of the matrix renders 

significantly lower swelling of the composite if the matrix material also changes volume 

during electrochemical cycling. There is a relationship between the swelling and the charging 

rate, since the Li content and radial distribution differs. Results show that estimations from 

analytical expression based on average concentration corresponds well to swelling obtained 

from numerical solution.

The expansion of the composite in the radial direction is either positive or negative, 

depending on the matrix material swelling character, indicating the possibility to minimize the

radial swelling of the composite by optimizing the swelling of the matrix during material 

development. 

The fiber boundary is under radial compression during both charging and discharging,

regardless of matrix stiffness and with or without matrix swelling, whereas the hoop and axial 

stresses are negative only during charging and switch to positive during discharging, this 

applies to both investigated charge rates.

There are two mechanisms governing the stresses, i) the interaction with the surrounding 

material and ii) the non-uniform Li concentration distribution in the fiber, the latter is 

dominant for a fast charge rate. 

If the matrix does not swell, the hoop stress in the coating material is positive for both charge

and discharge, but if the matrix is swelling the stresses becomes negative during both charge 

and discharge. Thus matrix shrinkage delays damage initiation at the interface or in the 

coating. However, due to matrix shrinkage large tensile hoop and axial stresses develop in the 

matrix



29

Acknowledgments

The Swedish Energy Agency, project 37712-1 is acknowledged for financial support. 

KOMBATT-II project members are acknowledged for fruitful discussions. 

References

1. Gibson RF. A review of recent research on mechanics of multifunctional composite 

materials and structures. Composite Structures 2010;92(12):2793-2810.

2. Greenhalgh ES, Ankersen J, Asp LE, Bismarck A, Fontana Q, Houlle M, Kalinka G, 

Kucernak A, Mistry M, Nguyen S, Qian H, Shaffer M, Shirshova N, Steinke J, Wienrich M. 

Mechanical, electrical and microstructural characterisation of multifunctional structural power 

composites. J Composite Mater 2015;49(15):1823-1834.

3. Shirshova N, Qian H, Shaffer MSP, Steinke JHG, Greenhalgh ES, Curtis PT, Kucernak A,

Bismarck A. Structural composite supercapacitors. Composites Part A: Applied Science and 

Manufacturing 2013;46:96-107.

4. Ekstedt S, Wysocki M, Asp LE. Structural batteries made from fibre reinforced composites. 

Plast Rubber Compos 2010;39(3-5):148-150.

5. Asp LE, Greenhalgh ES. Structural power composites. Composites Sci Technol 

2014;101:41-61.

6. Sun B, Mindemark J, Edström K, Brandell D. Realization of high performance 

polycarbonate-based Li polymer batteries. Electrochemistry Communications 2015;52:71-74.

7. Willgert M, Kjell MH, Lindbergh G, Johansson M. New structural lithium battery 

electrolytes using thiol-ene chemistry. Solid State Ionics 2013;236:22-29.



30

8. Willgert M, Leijonmarck S, Lindbergh G, Malmström E, Johansson M. Cellulose nanofibril 

reinforced composite electrolytes for lithium ion battery applications. Journal of Materials 

Chemistry A 2014;2(33):13556-13564.

9. Yue L, Ma J, Zhang J, Zhao J, Dong S, Liu Z, Cui G, Chen L. All solid-state polymer 

electrolytes for high-performance lithium ion batteries. Energy Storage Materials 2016;5:139-

164.

10. Leijonmarck S, Carlson T, Lindbergh G, Asp LE, Maples H, Bismarck A. Solid polymer 

electrolyte-coated carbon fibres for structural and novel micro batteries. Composites Sci 

Technol 2013;89:149-157.

11. Buqa H, Goers D, Holzapfel M, Spahr ME, Novák P. High rate capability of graphite 

negative electrodes for lithium-ion batteries. J Electrochem Soc 2005;152(2):A474-A481.

12. Pupurs A, Varna J. Modeling mechanical stress and exfoliation damage in carbon fiber 

electrodes subjected to cyclic intercalation/deintercalation of lithium ions. Composites Part B 

2013.

13. Cheng Y-, Verbrugge MW. Diffusion-induced stress, interfacial charge transfer, and 

criteria for avoiding crack initiation of electrode particles. J Electrochem Soc 

2010;157(4):A508-A516.

14. Jacques E, Hellqvist Kjell M, Zenkert D, Lindbergh G, Behm M. Expansion of carbon 

fibres induced by lithium intercalation for structural electrode applications. Carbon 

2013;59:246-254.

15. Hagberg J, Leijonmarck S, Lindbergh G. High Precision Coulometry of Commercial 



31

PAN-Based Carbon Fibers as Electrodes in Structural Batteries. Journal of The 

Electrochemical Society 2016;163(8):A1790-A1797.

16. Bard AJ, Faulkner LR. Electrochemical methods : fundamentals and applications. New 

York: Wiley, 2001.

17. Hamann CH, Hamnett A, Vielstich W. Electrochemistry. Weinheim: Wiley-VCH, 2007.

18. Nyman A, Behm M, Lindbergh G. A theoretical and experimental study of the mass 

transport in gel electrolytes II. Experimental characterization of LiPF6-EC-PC-P(VdF- HFP). 

J Electrochem Soc 2011;158(6):A636-A643.

19. COMSOL Multiphysics® v. 5.2. www.comsol.com. COMSOL AB, Stockholm, Sweden. 

20. Zavalis TG, Klett M, Kjell MH, Behm M, Lindström RW, Lindbergh G. Aging in lithium-

ion batteries: Model and experimental investigation of harvested LiFePO4 and mesocarbon 

microbead graphite electrodes. Electrochim Acta 2013;110:335-348.

21. Kjell MH, Zavalis TG, Behm M, Lindbergh G. Electrochemical characterization of 

lithium intercalation processes of PAN-based carbon fibers in a microelectrode system. J 

Electrochem Soc 2013;160(9):A1473-A1481.

22. Linden D, Reddy TB. Handbook of batteries. New York: McGraw-Hill, 2002.

23. Vazquez-Arenas J, Gimenez LE, Fowler M, Han T, Chen S. A rapid estimation and 

sensitivity analysis of parameters describing the behavior of commercial Li-ion batteries 

including thermal analysis. Energy Conversion and Management 2014;87:472-482.





 
 
 
 
 

Paper B 





1

NOVEL SINGLE CARBON FIBER MICRO-BATTERY WITH HIGH 

MECHANICAL PERFORMANCE: MULTIPHYSICS MODELING OF 

PHENOMENA

Johanna Xu1, Göran Lindbergh2, Janis Varna1

1Department of Engineering Sciences and Mathematics, Luleå University of Technology SE-

97187 Luleå, Sweden

2KTH Royal Institute of Technology, School of Chemical Science and Engineering,SE - 100

44 Stockholm, Sweden

ABSTRACT

This paper presents a framework for modeling a novel type of multifunctional composite 

material, structured on micro-scale, with ability to function as battery cells in addition to carry 

mechanical load. During battery operation (discharging and charging) the structural battery 

material constituents undergo volume changes, caused by lithium ion movement resulting 

from several processes occurring simultaneously

A physics based mathematical model is presented to describe the physical phenomena 

occurring in the structural battery material. The model is used to evaluate a number of 

structural battery designs in terms of the multifunctional performance of composite material.
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1. INTRODUCTION

1.1 CONCEPT OF STRUCTURAL BATTERY

In the last five decades of development of man-made fiber composites the emphasis, 

motivated by an overall goal of material and energy saving, has been on developing 

lightweight materials with excellent specific strength and stiffness. In recent years a new 

branch with the same overall goals has emerged with the focus shifted from solely optimizing 

composite materials structural performance to also exploit its multi-functionality. Multi-

functionality, i.e. when at least two functions are delivered by the same material 

simultaneously is regarded as a major weight reduction solution. The multifunctional concept

for composite materials, considering structural and electrical energy storage functionalities

can be implemented in different ways, e.g. by multifunctional structures where different 

subsystems are merged into one, such as thin-film batteries being embedded within composite 

laminates [1]. Another approach is to formulate multifunctional materials, where the material 

simultaneously carries mechanical loads and, for example, stores electrical energy. A polymer 

composite material with intrinsic high mechanical and electrochemical properties is referred 

to as structural power composite. Such devices are desired for their potential to both reduce 

weight and provide the energy needs for future electric vehicles. The state-of-the-art research 

on various concepts of structural power composites has been reviewed by Asp and 

Greenhalgh [2].

Research on structural power composites so far has focused on structural supercapacitors and 

structural batteries, which both store and release electrical energy, but their working principle 

differs. Batteries store energy electrochemically: chemical reactions release electrons that can 

be extracted into a circuit. In a supercapacitor, no chemical reactions are involved; energy is 

stored electrostatically on the surface of the material. The main disadvantage of 

supercapacitors is low energy density, meaning the amount of energy stored per unit weight is 
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limited. For this reason, the development of structural batteries is more promising from a

future vehicle application point of view.

A typical lithium ion (Li-ion, Li+) battery cell consists of a negative electrode connected to 

the negative terminal of the cell, a positive electrode connected to the positive terminal of the 

cell, and a separator soaked with liquid electrolyte between the two electrodes preventing 

short circuiting. Usually the electrodes consist of nano-to-micrometer sized electrochemically 

active electrode material particles, electrochemical reactions taking part on their surface,

mixed together with conductive additives and binder material. Examples of active electrode 

material are graphite (powder) in the negative electrode and lithiated metal phosphate (e.g. 

LiFePO4) in the positive electrode, both serving as a host materials allowing for lithium ion 

extraction and insertion as the battery is charged and discharged. The insertion process of 

lithium into active materials is called intercalation. 

During the discharge of the lithium-ion battery, Li diffuses to the surface of graphite particles 

in the negative electrode where it undergoes electrochemical reaction, and then the ions travel 

through the electrolyte solution via diffusion and ionic conduction to the positive electrode 

where they react and diffuse towards the inner regions of the LiFePO4 particles. During 

charging, the process is reversed.

To introduce an energy storage function in the structural composites, each constituent material 

must undertake additional roles to allow for the above-mentioned mechanisms. 

In this paper we analyze a micro-battery containing one single carbon fiber as negative micro-

electrode. It is coated with a solid battery electrolyte (SBE) and embedded in a solid positive 

electrode material.

Previous work investigating the electrochemical performance of different carbon fibers [3-5]

has shown that PAN-based carbon fibers are suited as electrode material since they show 

ability to intercalate Li-ions. Hagberg et al [5] found capacities and columbic efficiencies (the 
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fraction of the prior charge capacity that is available during the following discharge cycle)

of PAN-based carbon fibers matching commercial state-of-the-art graphitic electrodes. 

Jacques et al. [6] studied the effect of intercalation on fiber tensile properties and reported that

the fiber stiffness is unaffected by repeated lithium intercalation/deintercalation, but a drop in 

strength of approximately 10% was measured. A 1% free axial expansion of the fiber was 

measured at fully charged state, and a corresponding radial expansion was estimated to 

around 10%.

The main task of the matrix in a structural composite material is to ensure load transfer to 

fibers, in a structural battery application the role should be extended to also serve as an 

electrode material. This can be achieved by adding electrochemically active material and 

electrically conductive material to the polymer network in the matrix. 

With the carbon fibers as one electrode (the negative) and the matrix material as the other 

electrode (the positive), it is evident that these two materials cannot be in direct contact, since 

this will cause short circuiting. Therefore a separator material between the electrodes is 

needed, together with an electrolyte to allow for ion transportation between the electrodes.

The separator is an isolator preventing physical contact between the two electrodes, while 

facilitating ion transport in the cell. 

The electrolytes role in a conventional battery is to enable ion transport between the two 

electrodes, through diffusion and migration. The ion conductivity of the electrolyte is one of

the most important properties as it governs the rate at which the lithium ions move, and hence 

the resulting current. Thus it can be understood that high ionic conductivity is desirable for an 

electrolyte in a battery, while a structural battery additionally requires good mechanical 

properties of all constituents. Although the highest ionic conductivities are found in liquid 

electrolytes, these cannot be used in structural batteries, due to the lack of mechanical 

performance. Instead, solid battery electrolytes (SBE) are required [7-9], to accommodate for 
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load transfer, ion conduction and preventing short-circuiting. They have lower ion 

conductivity but the distance for transport in the micro-battery is much smaller than in 

conventional battery.

1.2 MODELING CHALLENGES

Numerous mathematical models of lithium-ion batteries are available in literature. Depending 

on the modeling purpose the formulations differ significantly, ranging from simple equivalent 

electric circuit model to so-called physics-based models. For e.g. battery management systems 

in electric vehicles, the computationally inexpensive equivalent electric circuit model is 

suitable [10], because obtaining rapid descriptions for the battery external characteristics is

the main objective. However, to study transient behavior and electrochemical processes of the 

battery cell, physics-based models are needed and the phenomena are described by differential 

equations.

A mathematical model to simulate the processes in lithium-ion battery cells, consisting of

positive and negative porous electrodes, a separator, and current collectors, was first 

introduced by Newman et al. [11-13] in the early 1990s. This model based on the principles of 

transport phenomena, electrochemistry and thermodynamics is represented by coupled 

nonlinear partial differential equations (PDE) in different scales. This model is by far the most 

prevalent among battery researchers, as it solves for the (i) electrolyte concentration, (ii) 

electrolyte potential, (iii) solid-state potential and (iv) solid-state concentration within the 

porous electrodes, and (v) the electrolyte concentration and electrolyte potential within the 

separator. These models have since then been refined to better predict the cell voltage and 

other performance metrics at different operating conditions, by including other phenomena

such as heat generation and aging mechanism [14].

In the field of electrochemistry, the main interest to investigate stresses and strains caused by 

intercalation/deintercalation of Li into and from active materials originates from the necessity
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to predict loss of capacity and a decline in cycling performance due to crack formation at the 

active material surface. Available approaches use a diffusion model coupled with continuum 

mechanics model. Often a one-way coupling is assumed where the diffusion is not affected by 

stress, since elastic deformation is a much faster process in comparison to diffusion in solids.

Most of the work has been focusing on an isolated active particle, meaning that various 

assumptions were made in order to disregard the surrounding phases.

Cheng and Verbrugge [15,16] provided models of diffusion-induced stress in single spherical 

nanoparticles under different types of operation, with the objective to study the particle size 

and surface effects on the stress in the nanoparticles. A criterion for crack propagation within 

a spherical insertion electrode was established [17].

Botte [18] used a single particle model to analyze volume changes due to lithium intercalation 

in a single carbon fiber, evaluating the cyclic voltammetry performance, aiming at extending 

the results from the microelectrode to modeling the performance of full-size electrodes. The 

internal stresses in the carbon fiber induced by diffusion and intercalation of lithium were also 

investigated by Pupurs and Varna [19], where the propagation of possible radial and arc

cracks formation was studied using well known fracture mechanics techniques. The focus was 

on internal stresses in the fiber due to concentration gradient and not on the mechanical 

constraint of surrounding materials.

In addition to the volume changes in the fiber [20], also swelling in the cathode active 

material particles has been measured to approximately 7% [21]. The constrained volume 

changes during battery operation can result in micro-damages in the material, degrading both 

electrical and mechanical performance of the structural battery composite. 

In this work a multiscale and multiphysics electrochemical-mechanical coupled model is 

developed and used for analyzing volume changes in the structural battery constituents during 

electrochemical cycling. A single carbon fiber micro-battery-cell concept is analyzed. The 
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battery cell consists of a carbon fiber negative micro-electrode, with individual carbon fiber 

filaments coated by a SBE material, surrounded by a solid positive electrode material, made 

from a LiFePO4 doped SBE matrix material.

The mechanical stresses in the battery during electrochemical cycling are governed by 

swelling and shrinking of electrodes resulting from the lithium ion transport. A physics-based

model describing the electrochemical behavior of the full cell is presented, employing a one-

way coupling to the elastic deformation. The mechanical constraint of surrounding materials 

to the fiber that was left out in previous study [19], is taken into account. It is important to 

take these constraints into consideration, not only because they represent a significant part of 

the battery structure, but also because volume changes take place simultaneously in the 

opposite electrode. 

The objective of this paper is to provide a mathematical framework for describing physical 

phenomena taking place in this novel micro-structured composite with ability to store energy 

and to perform mechanically. The developed model is used to demonstrate how the 

polarization (i.e. the voltage drop) and capacity (the amount of charge the cell can deliver) 

depends on different boundary conditions and battery designs.

2. THEORY

The working principle of a micro-battery was presented in the Introduction. In brief, electrons 

flow internally through the electrodes and externally in an outer circuit. Li+ are transported 

from one electrode to the other via the electrolyte through diffusion and migration, to provide 

reactants to the interfaces where intercalation reactions occur, where the ions are reduced and 

neutral Li diffuses into the active material. The processes taking place during a normal battery 

operation are listed in Table 1, each of these processes requires its own modeling, on different 

length scales.
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Table 1. Processes taking place in a battery during operation and its models

Processes Domain Model

Intercalation reactions Surface of the active materials Butler-Volmer eq.

Electronic conduction
Electronic conductive phase of 

the electrodes

Ohm’s law

Diffusion in active material
Electrochemically active 

material

Mass balance eq. 

(Fick’s 2nd law)

Migration Electrolyte Electroneutrality

Ionic diffusion Electrolyte Mass balance eq.

The chemical reactions for a LiFePO4/carbon fiber lithium-ion cell giving rise to these 

processes are given below.

At the surface of the positive electrode active material:

 + +       (1) 
and at the carbon fiber surface:

 + +   (2) 
The difference between the voltage under equilibrium and that under operation (i.e. with a 

current flow) is termed polarization. The polarization originates from three basic sub-

processes, including i) activation overpotential, associated with the activation of the 

electrochemical reactions, ii) diffusion polarization, due to the concentration gradients built 

up in the electrolyte and in the active material phase, iii) ohmic potential drop, due to 

insufficient ionic conductivity in the electrolyte and electronic conductivity in the solid phase.

Polarization effects have significant impact on the battery efficiency and how the battery can 
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be charged and discharged. The contributions from a specific subprocess to the total 

polarization can be quantified using the method demonstrated by Nyman et al [22]. However, 

the focus of this study is on differences in the polarization depending on different designs, and 

the consequences in terms of swelling, rather than the source of polarization.

3. MATERIALS AND GEOMETRY

Previous reported work on structural batteries [23] considered a laminated design, where the 

electrode and the separator materials in the form of sheets were stacked and then laminated 

with current collectors. Although proof of concept was confirmed, the battery performed 

poorly, mainly due to the low ionic conductivity of the SBE. In a laminated structural battery 

the distance between the electrodes, which is the distance for lithium ion transport, is typically 

in the order of 10-100 microns. A method of coating single carbon fiber with a polymer 

electrolyte in a continuous process by electropolymerization was introduced by Leijonmarck 

et al. [24], by which the lithium transport distance can be reduced to less than 500 nm, 

allowing for new structural battery designs.

The conceptualized cylindrical micro-battery considered in this paper consists of an individual 

negative electrode, carbon fiber coated by a gel electrolyte (lithium salt and solvent dissolved 

in a polymer) surrounded by a solid positive electrode material, which partially consists of the 

electrochemically active material LiFePO4, Figure 1.
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Figure 1. Schematic of the cell constituents.

The radius of the battery system is 4.3 , with a fiber content of = 0.34, detailed 

dimensions of constituents are shown in Table 2 , which will be called the reference case 

where the electrodes are balanced for the ability to intercalate ions. 

Table 2. Battery cell constituents for balanced electrodes,

Constituent Thickness

Carbon fiber, 2.5
SBE layer on carbon fiber, 0.1
Positive electrode matrix, 1.7

4. MATHEMATICAL MODELING 

4.1 PHYSICS BASED LITHIUM-ION BATTERY MODEL 

The equations presented in the following subsections are used to describe the spatial and time-

dependent variation in the potential as well as in the lithium ion concentration in the solid and 

electrolyte phases. The equations associated with the electrolyte and the potentials are solved 

for the axisymmetric model in Figure 1 to find the time- and -dependences. The lithium 
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concentration within the electrochemically active material is solved for the spatial variation 

along the -direction of the battery as well as -direction of the active material particles.

To carry out this type of modeling many input parameters have been collected from various

experiments reported in literature, see Table 3 and Table 4. Boundary and interface 

conditions are summarized in Table 5 and Table 6.

Fiber region4.1.1.

The lithium transportation in the negative electrode active material, i.e. the carbon fiber, is 

described by Fick’s law of diffusion in cylindrical coordinate system

 ( , ) = 1  (3) 
where is Li concentration with subscript denotes the fiber phase, is  -dependent 

diffusion coefficient, is the time. 

There is no flux at the center of the fiber, Eq. (23) in Table 5. On the fiber surface = , Eq.

(24) in Table 5, the flux is determined by the reaction rate of Li-ions from the electrochemical 

reaction occurring on the interface at fiber/coating interface, described by Eq. (17) in section 

4.1.4.

Coating region4.1.2.

The modeling of mass transport involves describing the interactions between the species in 

the electrolyte. The equations presented in this section are derived for a gel electrolyte where 

a lithium hexaflourophosphate (LiPF6) salt is dissolved in an ethylene carbonate – propylene 

carbonate (EC-PC) mixture and a poly(vinylideneflouride-hexaflouropropylene) P(VdF-HFP) 

copolymer, the derivations can be found in [25]. A set of 9 transport properties are required to

describe the mass transport in the gel electrolyte. These include one ionic conductivity , 2 
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coefficients describing the relation between the potential gradient and the concentration 

gradients, and ,  4 apparent diffusion coefficients, , , and , based on 

Maxwell-Stefan diffusivities, 2 transport numbers, and , describing the fraction of the 

total current carried in the electrolyte by the Li+ and the solvent respectively. These 9 

transport properties can be obtained through a series of characterization experiments as 

described by Nyman et al. [26], and have proven to be solvent concentration dependent. 

The governing equations describing the concentration distributions (salt and solvent) in the 

gel electrolyte coating are

 , = , + , + (1 ) ,  (4) 
and 

 , = , + , + ,  (5) 
where , and , are the electrolyte salt and solvent concentrations in the coating. 

The material balance equations Eq. (4)-(5) describe both diffusion and migration mechanisms 

by which ions are transported.  The current density in the electrolyte coating, , , seen in the 

last term of the right-hand-side of Eq. (4)-(5) is calculated from

 , = , + , + ,  (6) 
where is the ionic conductivity of the electrolyte. The variation of the potential across the 

coating separator, , , is described by Eq. (7). The potential increases with higher current 

densities and higher concentration gradients
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 , = , + ,   (7) 
Coefficients and , also seen in Eq. (6) describe the relation between potential and 

concentration gradients, the empirical fitting expressions are [26]

 = 5.326 10 + 2.470 10 1  (8) 
 = 5.394 10 3.616 10 1  (9) 
The boundary conditions for solving Eq. (4)-(5) and Eq. (7) are given in Table 5 (Eq. (27)-

(28), (31)-(32)) and Table 6 (Eq.(35)-(36)).

Matrix region4.1.3.

The cathode matrix is a porous electrode, composed by a mixture of solids that include 

electrolyte, electrochemically active material and electronic conductors. Mass transport in the 

electrolyte phase of the electrode and reaction rates in the electrode active material is

dependent of the physical structure of the electrode.

Li concentration in the active material phase, , in the positive electrode, which is assumed to 

be spherical particles, can similarly be described by Fick's second law in spherical 

coordinates:

 ( , , ) =  (10) 
where is the radial coordinate, and is the constant diffusion coefficient for Li in LiFePO4

particle. 

There is no flux at the center of the spherical particle, Eq. (25). On the surface of the particle, 
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the flux, Eq. (21), is determined by the reaction rate of Li ions from the electrochemical 

reaction occurring on the interface at the active material/electrolyte interface. Eq. (26).

The porous electrode is described with a macro-homogenous model, where the porous 

structure is disregarded. Instead the porous electrode is regarded as the superposition of two 

continuous phases, electrode and electrolyte, being present at every point in volume of the 

electrode [27]. The transport properties, such as diffusion coefficients and conductivities are 

then given averaged values that account for the effects of porosity (the ratio of electrolyte 

volume to total volume) and tortuosity (the “labyrinth” effect) through effective properties 

with subscript 

  =   = , , , ,  (11) 
where is the porosity (volume fraction) of electrolyte in the porous positive electrode, and 

is the electrolyte phase Bruggeman coefficient, constant for all properties , the power 

function describes the accessibility for the species transport in the electrode. 

The material balance in the electrolyte phase of the porous electrode is then calculated 

similarly to Eq. (4)-(5)

 , = ,  , + , , + (1 ) ,  (12) 
and for solvent 

 , = , , + , , + ,  (13) 
At the interfaces between the positive electrode/coating the concentrations of the electrolyte 

and its flux are continuous, Eq. (28),(32). Also, at the battery cell surface in the radial 

direction, there is no mass flux, Eq. (30).
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Similar to the electrolyte current density in the coating (6), the electrolyte phase current in the 

matrix is given by

, = , + , + ,  (14) 
The solid phase electrical potential , is calculated by Ohm’s law, given by

, 1 , = ,  (15) 
Where is the effective conductivity of the matrix corrected for porosity using power 

function , = , where and are volume fraction electronic conductor and 

solid phase Bruggeman coefficient., ,  is the local current density calculated from the 

reaction kinetics, see next section. is the surface area of the solid phase per total electrode 

volume calculated by

 = 3 ( )  (16) 
where is the radius of the active material, and is the volume fraction active material in 

the electrode. Properties of the porous matrix cathode are shown in Table 3.
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Table 3. Porous matrix cathode properties and composition used in the reference case.

Property Symbol Value Unit
Solid phase Li-diffusivity 3.42 10 /   
Particle radius 2.49 10   
Electronic conductivity in 
conductive additives 91 /  
Volume fraction conductive 
additive 

 9.3 10 -

Volume fraction active 
material 

 5.33 10  -

Volume fraction electrolyte 
phase 

 2.7 10  -

Conductive phase 
Bruggeman’s constant, 

 1.5 -

Electrolyte phase 
Bruggeman’s constant 

 2.92 -

The net electron flux at the matrix/coating (electrode/separator) interface is zero, Eq.(39). At 

the outer surface of the matrix electrode, the boundary condition for the charge flux is the 

current density applied to the cell, Eq. (40).

Reaction kinetics4.1.4.

The reaction is assumed to take place only at the surface of the active materials. The process 

kinetics is described by the Butler-Volmer equation stating the relationship between the 

current density, concentration and overpotential.

 = ,  (17) 
where and are the transfer coefficients for the anodic and cathodic reaction in the 

electrode, is the universal gas constant, is Faraday’s constant, is the temperature 

and is the overpotential at the negative electrode, given by
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  = , , ,  (18) 
, is the open-circuit-potential (OCP) for a single fiber, obtained from curve-fitting 

experimental data from electrochemical cycling [4]. The exchange current density of the fiber,  , , is a measure of the rate of electron transfer at equilibrium [28], obtained from 

electrochemical impedance spectroscopy (EIS) [4] and shown to be strongly Li concentration 

dependent in the same way as the diffusion coefficient in the fiber is, Table 4. The Li 

concentration is expressed through state of charge (SOC), defined as

 = ,  (19) 
Table 4. State-of-charge dependent carbon fiber parameters [29]

Parameter SOC %

5 20 40 60 80 100

[ / ] 1.41 10 3 10 6.87 10 6.69 10 1.89 10 3.6 10
,  [ /  ] 0.96 2.67 3.87 5.03 5.31 5.90

For the positive porous electrode, electrochemical processes taking place on the surface of the 

active material particles need to account for the presence of other phases within the electrode 

and also variations in shape. The flux of species to and from the surface of the active material 

phase is defined per total electrode volume in the model, calculated form the product of the 

pore-wall flux density, and the interfacial (surface) area, .

The active material and electrolyte phases are coupled by the flux of charged species to or 

from the surface of the active material phase, since the charge entering the electrolyte must 
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leave the solid phase and vice versa. The current density in the electrolyte ( , ) is coupled to 

the local current per active material area and the flux of ions over the interface between the 

active particle surface and the electrolyte ( ) by

 , = , =  (20) 
The Butler-Volmer equation remains locally valid at each point of the active electrode 

material-electrolyte interface according to

 , ( , ) = , , ( , )
,    (21) 

, is the maximum concentration of lithium in the active material of the cathode. and 

, which is also included in Eq. (17), are so called dimensionless charge transfer coefficients, 

here assumed to 0.5. Reaction rate constants, , and , , are the anodic and cathodic 

reactions, respectively, and are coupled by the following expression

 , = ,  , , ,   (22) 
where , is the OCP of the active material, which is concentration dependent and 

measured elsewhere [30]. (also seen in Eq. (21)) is an arbitrary value that is introduced 

to keep the anodic and cathodic reaction rate constants within a comparable order of 

magnitude [22].
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4.2 SIMULATION PROCEDURE

The mathematical model described in previous section is a multi-scale model. The equations 

presented are used to describe the spatial and time dependent variation in lithium 

concentration as well as the potential in the solid (active material) and electrolyte phases. The 

model is divided into three domains: fiber anode, coating separator and matrix cathode, 

denoted ,  and respectively, Figure 2a

Figure 2. Schematic of the micro-battery computational domains. a) on the 

macroscopically scale the micro-battery is divided in three domains, ,  and , two 

phases are present in the matrix: the homogenized electrolyte mixture phase with 

respect to porosity and the solid active material phase. b) The porous nature of the 

matrix electrode is considered by assuming spherical particles of active material in the 

positive electrode.

The simulation consists of two coupled 1D models, Figure 2. The first model represents the 

macroscopic level, consisting of the three domains ,  and . The second model 

represents the microscopic level, which has only one domain, , the active material phase. It 

models a spherical particle of the cathode active material. 

The macroscopic model uses Eq. (15) for conservation of current for the electronically 

conducting solid phase. The conservation of current for the ionically conducting electrolyte 

phase is solved with Eq.(6) and Eq.(14), and the material balances on the salt and solvent in 
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the electrolyte phase uses Eq.(4)-(5), and Eq.(12)-(13) in the   and domains. These 

equations couple to Eq. (17) and (20) that define the flux of lithium exiting/entering the solid 

active phase into the electrolyte phase. The flux of lithium provides boundary conditions for 

using Fick’s 2nd law to characterize the diffusion of the lithium species in the active material 

particle in and domains, Eq.(3) and Eq.(10).
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Table 5. Boundary conditions for mass balance equations in electrode active material 

and SBE phase.

Dependent 
variable

Boundary expression

= 0 = 0 (23)

= = ( ) (24)

= 0 = 0 (25)

= = ( , ) (26)

, = , = (1 ) +
(27)

= , = , (28)

, = , = ,  , (29) 
= , = 0 (30) 

, = , = (1 ) +
(31)

= , = , (32)

, = , = , , (33)

= , = 0 (34)
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Table 6. Boundary conditions for charge balance equations in electronically and 

ionically conductive phases.

Dependent 
variable

Boundary Expression

, = , = + , + , (35)

= , = , (36)

, = , = , (37)

= , = 0 (38)

, = , , = 0 (39)

= , , = (40)

4.3 INTERCALATION INDUCED VOLUME CHANGES

As a result of battery operation, the composite unit cell will undergo volume changes. In the 

micro battery cell described as an axi-symmetric problem in Figure 1, an infinite long fiber is 

assumed, with all shear stress components equal to zero, and then the only non-trivial 

equilibrium equation is

 + = 0 (41) 
where are stress components in cylindrical coordinate system. The stress-strain 

relationship for transversely isotropic materials with intercalation induced volumetric changes 

can be considered through a thermo-mechanical analogy [19], where the dimensional changes 

are assumed to be proportional to the Li concentration, .
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 = ,  = , ,  (42) 
where index = for the matrix, = for the coating, and = for the fiber, and , = , , 1 are cylindrical coordinates. is the stiffness matrix using Voigt notation, is 

constant coefficients of proportionality called intercalation-expansion coefficients to 

characterize the dimensional changes in the three directions. Here , is the free swelling 

strain in j-direction due to Li-ion intercalation; which does not have shear components. ,
is the normalized Li concentration in the active material, where is the time dependent Li 

concentration in the electrode material. , is the maximum concentration reached when Li 

have intercalated into all available sites in the host materials. The maximum Li concentration 

in the fiber is a physical property given by the specific capacity = 372 / [5] and its 

density = 1780 kg/m for IMS65 carbon fiber. Similarly, the maximum concentration of 

lithium in the active material in the matrix is given by its specific capacity = 169 / and 

density = 3600 / .

The fiber is taken as a transverse isotropic material, with = , = , = .

The matrix material is assumed to be a particle composite with effective isotropic properties. 

The effective properties of matrix electrode material are calculated using the composite 

spheres assemblage (CSA) introduced by Hashin [31], assuming two phases present. The 

spherical LiFePO4 active material represents the particle phase, and the remaining constituents 

(SBE, carbon black and additional binder material) together comprise the so called binder 

phase. The bulk modulus given by
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 = + ( ) (3 + 4 )3 + 4 3( )  (43) 
with superscript * denoting the effective property of the particle composite and subscript 1
and 2 denotes binder and particle phases, respectively. is the Poisson’s ratio, and is the 

shear modulus for each phase calculated by Eq. (44)

 = 2(1 + ) (44) 
The shear modulus for the particle composite is then given by

 = + 1 ( ) + 6 ( + 2 )/5 (3 + 4 ) (45) 
Since the matrix material is regarded macroscopically isotropic, Young’s modulus, , is 

calculated from the bulk and shear modulus 

 = 93 +  (46) 
The effective expansion coefficient of the matrix material 

 = + + 4( )( )3 + 4 ( + ) (47) 
5. RESULTS AND DISCUSSION

A galvanostatic (current controlled) discharge process is modeled. The rate for 

charging/discharging a battery is specified by means of C-rate. 1C is defined as the required 

current to obtain full charge or discharge in 1 hour. The battery cannot be discharged below a 

certain level or permanent damage may be done to the battery, this voltage is called the "cut-

off voltage", it is set to 2.7 V. 
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The lithium concentration is assumed uniform at the start of the simulation, , = 0.99
for a lithiated fiber at start and , = 0.01 for a delithiated fiber. The potential in the 

electrolyte phase is zero and the potential in the solid phase is the open-circuit-potential. 

5.1 EFFECT OF POROSITY OF THE CATHODE

The volume fraction of the solid active material in the cathode, , affects the battery in terms 

of overall capacity. In Figure 3 the voltage during discharge for micro-batteries with identical 

geometries, i.e. fiber volume fractions and coating thickness, but with different cathode 

matrix compositions are shown. 

The cell voltage is plotted against specific capacity, ,defined as 

 =  (48) 
where is the summation of electric current delivered during the discharge time, , and 

is the mass of the electrochemically active material in the positive electrode (in the matrix 

material).

If  is low, the voltage drops faster and the capacity of the battery is lower because there is 

less active material into which Li can intercalate. 
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Figure 3. Discharge characteristics for different  when the fiber is considered 

delithiated from start during 1C discharge.

For a structural battery material, which must also possess mechanical performance, it is 

important not to focus solely on the voltage drop that is greater for low porosities, but also 

consider factors affecting the stress distributions.

In addition to the diffusion coefficient for the fiber that enables fast transport also a fairly 

slow discharging rate is used in this study, which results in a uniform Li distribution in the 

fiber at all instants of time. The distribution of Li in the active material particles in the matrix 

is also fairly even, however, the distribution of lithiated or partially lithiated active material in

the matrix thickness direction differs. 

At low  the active material particles uptake Li+ evenly, whereas a high  in the matrix 

inhibits the Li+ from effectively moving through the electrolyte phase in the matrix in the 

radial direction, resulting in higher gradients of lithiated and partially lithiated active material 

across the cathode causing gradient in swelling behavior.

5.2 EFFECT OF FIBER VOLUME FRACTION

In Figure 4 the voltage profiles for micro-batteries with cathodes with  = 0.533 in the 

matrix and thicknesses of 1, 1.7 and 2 during the constant current discharging at 

discharge rate of 1C are shown. The voltage drop (y-axis) in the discharge curve is increasing 

with increased fiber volume fraction. Also, the slopes appear different, higher slopes represent 
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a higher internal resistance 

Figure 4. Discharge characteristics of various micro-battery design when the fiber is 

considered delithiated from start during 1C discharge.

It should be noted that although the applied current, corresponds to discharge rate 1C for 

all cases, the actual current differs for the different designs. The applied current is calculated 

for Li stored in the active material particles in the matrix material to be enough for extraction 

during 1h. Since the amount of active material in the matrix material differs greatly between 

the different micro-battery designs, the difference between the applied current is large. The 

charging/discharging rates affect the rated battery capacity. If the battery is being discharged 

very fast (i.e., the discharge current is high), then the amount of energy that can be extracted 

from the battery is reduced and the battery capacity is lower. This is because the components 

for the electrochemical reaction to occur don’t have enough time to move to their necessary 

positions. Additional simulations with the same discharge current should be run in order to 

investigate the effect on polarization from internal resistance caused by changing micro-

battery designs, and thus to exclude the combined effect of higher discharge rate and changes 

in design.

5.3 EFFECT OF INITIAL AND BOUNDARY CONDITION ON VOLUME CHANGES

The analytical model proposed by Hashin, Eq. (43)-(47), was used to assess the effective 
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elastic properties of the matrix material. The constituent material properties of the particle 

composite material used in this study are presented in Table 7. The influence of the volume 

fraction of the active material on material elastic modulus and swelling strain is shown in 

Figure 5.

Table 7. Elastic properties of constituents in matrix material.

Constituents Young’s modulus, , 

(GPa)

Poisson’s ratio, 

(-)

Volume change, (%) reference

Particle = 125 = 0.28 = 7 [21]

Binder mixture = 0.1 = 0.3 = 0 Assumed

a) b)

Figure 5. Effective properties a) Young’s modulus and b) the swelling strain of the 

matrix electrode versus volume fraction  of the electrochemically active material.

Since the diffusion coefficients used in this study enable fast transport, concentration

gradients are negligible at the time instant when the greatest volume change is to be expected, 

which represents the state most divergent from the initial state. Therefore, the axial swelling

of the battery can be predicted in a simple and reliable manner by rule-of-mixture. Focusing

on the radial swelling, it is natural to assume that the electrochemical cycling of the battery 

cell starts with a pristine fiber, i.e. without the presence of any Li in its structure, and with the 
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active material particles in the matrix fully lithiated, which is also the stress-free state. This 

means that the discharge curves shown in Figure 4 and Figure 3 show the discharge that 

occurs after charging.

Another possibility, requiring different manufacturing technique, is assuming stress-free state 

to be when the fiber is fully lithiated with all host sites for Li in the matrix material being 

empty. In this case, the electrochemical cycling starts with a discharge, which is shown in 

Figure 6 where the discharge voltages for different  are shown. By comparing Figure 3 and 

Figure 6 it can be seen that for the so-called reference micro-battery design, with = 0.533
curves have similar appearance. Furthermore, one can see that the specific capacity increases 

with decreased volume fraction of the active material, and also that the slope of the curve 

decreases with decreasing volume fraction active material. 

Figure 6. Discharge characteristics for different porosities when the fiber is considered 

lithiated at start.

It appears that different initial conditions generate different trends for the extracted capacity. 

This is further illustrated in Figure 7, where both the maximum radial swelling strain and the

specific capacity dependence on volume fraction of the active material is shown for both 

initial condition assumptions. 
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a) b)

Figure 7. Radial swelling strain and specific capacity versus matrix porosity a) Fiber 

delithiated from start and b) fiber fully lithiated from start.

In Figure 7a it can be seen that the capacity normalized to the amount of active material in the 

cathode increases with increasing volume fraction of the active material. The maximum 

dimensional change occurs when the battery is fully charged, which in the radial direction is 

shrinkage. As the available amount of Li for intercalation is determined by the amount of 

active material in the matrix, it is natural that the swelling is less for a lower volume fraction 

active material in the matrix. 

Figure 7b shows the opposite to Figure 7a, and the specific capacity is decreasing with 

increasing , and the swelling increases with the amount of active material. It should be 

noted that for the case of initially fully lithiated fiber the maximum swelling occurs at full

discharge (cut-off voltage). The fact that the carbon fiber is lithiated at start means that in the 

case of < 0.533 (which is the active material volume fraction when the two electrodes are 

balanced in regard to the intercalation ability) the amount of Li available exceeds the 

available sites in the matrix material. For low a fairly large amount of Li is trapped inside 

the carbon fiber at the end of discharge, which means that the carbon fiber shrinks less than 

for high . The reason why the dimensional change in the radial direction of the battery is 

positive, is the swelling of the matrix which is greater than the shrinkage of the fiber which 

dominates the global behavior for a fiber volume fraction of = 0.34.  A higher swelling for 
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higher , despite similar normalized Li utilization in the matrix is explained by the 

dependency of the matrix material’s elastic properties, as shown in Figure 5.

In Figure 8 the discharge curves for batteries with different fiber volume fraction, but the 

same matrix composition, are shown for the case where the fiber is assumed to be fully 

lithiated at start.

Figure 8. Discharge characteristics of various cell designs when the fiber is considered 

lithiated at start.

It appears that for cells with different , different initial conditions generate different trends 

for the extracted specific capacity and maximum radial swelling dependence on volume

fraction of the active material. In Figure 9 these trends are shown for both initial condition 

assumptions. 

a) b)

Figure 9. Radial swelling strain and specific capacity dependence on fiber volume

fraction, a) Fiber delithiated from start and b) fiber fully lithiated from start.
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Figure 9a show that maximum shrinkage of the battery, which occurs at fully charged state, is 

less for higher . If the electrochemical cycling begins with a pristine fiber and the active 

material in the matrix being fully lithiated at stress frees state, then at fully charged state the 

fiber is swollen. For < 0.34 there is more Li available in the matrix material than can be 

intercalated into the carbon fiber, and for  > 0.34 more available intercalation sites are in 

the carbon fiber than Li available in the system, meaning that the fiber swells more for lower 

. The reason for negative global dimensional change for the battery in the transverse 

direction is the greater shrinkage in the matrix material than the expansion of the fiber. Hence, 

higher results in lower shrinkage extent. 

When the initial stress free condition is assumed to be a fully lithiated fiber and delithiated 

matrix, respectively, and the cycling consequently starts with a discharge, the maximum radial

swelling occurs at the cut-off voltage, shown in Figure 9b. Then the opposite applies 

concerning available sites for Li intercalation in each electrode, that is for  > 0.34 Li 

available from the carbon fiber exceeds the ability to be intercalated in to active material in 

the matrix, and for < 0.34 there are more available sites for intercalation in the matrix than 

there is Li coming from the carbon fiber. In general the swelling decreases with increasing ,

because the amount of matrix material surrounding the carbon fiber decreases, thus reducing 

its ability to withstand both the fiber displacement while the matrix itself also swells less due 

to lower lithium concentration. However, it can be seen that for very low fiber volume 

fraction ( < 0.34) the degree of swelling is reduced again. This is explained by the distance 

in the depth direction of the matrix material being too large to allow for efficient transport of 

Li+ in the electrolyte phase for intercalation in the active material, meaning that the 

distribution of the lithiated active material in the matrix is non-uniform.
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6. CONCLUSIONS

A framework for modeling a novel type of multifunctional composite material is presented, 

where a carbon fiber reinforced composite unit consisting of single carbon fiber micro-

electrode coated with an ion-conducting polymer electrolyte surrounded by a matrix material

is considered as a micro-battery in a physics based electrochemical model. Mathematical 

formulation for a single fiber lithium-ion battery under operation describing the 

electrochemical processes occurring is outlined. The modeled processes include (i) mass 

transport in electrolyte and active electrode material particles, (ii) electrochemical reaction at 

active electrode material surfaces and (iii) electronic and ionic conduction.

The multi-scale character of the battery is addressed by coupling equations solved across the 

macroscopic domains of the battery (fiber electrode, coating separator and matrix electrode) 

and microscopic domains (active electrode particle). At macro-scale the porous electrode 

model was extended for a solid battery electrolyte (SBE) and coupled with a mechanical 

model, whereas at micro-scale Butler-Volmer kinetics was used for the Li+ flux into the active

material.

The effect on electrochemical and mechanical performance of altering the fiber volume 

fraction and the matrix composition in the structural battery was investigated, comparing the 

radial swelling and extracted capacity. When the fiber initially does not contain any Li, 

instead all Li is stored in the active material particles in the matrix, the swelling and capacity 

are conflicting properties, showing that an optimal design solution can be found.

However, simulations with initial conditions where the fiber is fully lithiated at start while the 

matrix is delithiated, show that higher fiber volume content is favorable for both mechanical 

and electrochemical performance. Also a lower volume fraction of active material in the

matrix is beneficial when evaluating swelling and normalized capacity with respect to the 

mass of the active material. 
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