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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 lithium-ion battery technology.  

Among several proposed solutions, the micro-battery employs the carbon fiber as a negative 

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

solid polymer electrolyte which works as an ion conductor and separator whilst transferring 

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

positive electrode, composed of conductive additives, active electrode material and electrolyte. 

This assembly of materials allows 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 the effects of volume changes on internal mechanical 

stress state in the structural battery. 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 lithium ion concentration 

distributions were used in combination with linear elastic analysis in order to assess the 
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mechanical stresses in the fiber, coating and matrix caused by non-uniform swelling and 

shrinking of the micro-battery. Stress analysis shows that high hoop stress in the matrix during 

charging may initiate radial matrix cracks at the coating/matrix interface. Linear elastic fracture 

mechanics has been used to analyze radial matrix crack propagation and debonding at 

coating/matrix interface in both unidirectional (UD) and cross-ply laminate, under 

electrochemical load only and combined electrochemical and thermomechanical load.  

Results show that for cross-ply structural battery composite the sequence of macro-scale crack 

forming events differs from a conventional cross-plied composite, as well as from a UD 

composite battery laminate. The most likely course of failure events in a cross-ply laminate were 

found to be: 1) radial matrix crack initiation and unstable growth; 2) matrix/coating debond when 

the matrix crack has a certain length. 
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1. Introduction 

Fiber Composites 

Over the past 50 years, man-made synthetic composite materials have become one of the most 

important engineering materials, in particular carbon fiber reinforced polymer (CFRP) 

composites. Today, CFRP are found in virtually all high-performance applications where weight 

saving in combination with high strength and stiffness is important.  

In laminated CFRP, each lamina consists of parallel (and continuous) carbon fibers oriented in 

the same direction, surrounded by polymer matrix material. The carbon fibers carry structural 

load and provide high stiffness and strength of the composite material. The primary task of the 

matrix material, typically a thermoset polymer, is to bind the materials together, and to transfer 

and distribute loads between the reinforcing fibers.  

The freedom of design is one of the most attractive features of the composite material. Depending 

on the application, the material can be designed to achieve desirable properties while suppressing 

unwanted ones, by selecting different material systems and varying the lay-up. Most composite 

structures are built from multidirectional laminates, which are made of unidirectional (UD) plies 

with different fiber orientations with respect to the specimen axis, Figure 1. 

 

 
Figure 1. Composite structure built from multidirectional laminate. 
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Damage modes in composites 

The definition of failure in composites varies depending on the application. In some applications 

a very small damage may be qualified as failure, for example in pressure vessels where a very 

small crack leads to leakage. Whereas in other applications only total fracture is considered as 

failure. Generally, internal material failure initiates long before any changes in the macroscopic 

behavior are observed. Internal material failure can occur in many forms, including fiber breaks, 

separation of fibers from the matrix (debonding), microcracking of the matrix and separation 

between layers (delamination), Figure 2 . The influence of internal damage on material’s 

macroscopic behavior is observed when the frequency of internal damage is sufficiently high. 

a) b) 

Figure 2. Cross-section micrographs of failures in composite materials. a) Carbon fiber composite 
laminate with matrix crack, delamination and fiber fracture [1].b) Multiple debonds at 

fiber/matrix interface forming a transverse crack in glass fiber composite [2]. 
 

Introduction to microcracking 

The damage mode considered in this thesis is transverse cracking (also known as intralaminar 

cracking) focusing on 1) microcracks in the matrix; 2) debonding at fiber/matrix interface. 

For composites containing off-axial plies, especially 90°-plies in a cross-ply laminate, when 

subjected to longitudinal tensile loading, the transverse crack propagating through the thickness 
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in 90° plies is usually found as the first failure event. These meso-scale cracks are a result from 

individual fiber/matrix debonds coalescing on micro-scale. Once the first transverse crack is 

formed, the number of similar cracks increases with increasing load [3]. 

Single fiber composite models were used at an early stage to understand the crack forming 

mechanisms. In one of the few experimental studies of its kind Zhang et al [4] studied the debond 

crack growth in an experimental setup of a single fiber embedded in matrix materials, subjected 

to transverse loading, Figure 3a. During the test debonds at fiber/matrix interface resulted from 

existing flaws, upon additional load the debond growth varies depending on the interface quality, 

Figure 3b. It was found that for composites with strong interface bonding the debond growth in 

the circumferential direction and propagation along fiber direction happen simultaneously.  

a) b) 

 

 

Figure 3.a) Fragmented single fiber specimen, subjected to transverse tensile loading.  
b) Interfacial debonding processes. Figures reprinted from [4] 
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The Lithium- ion battery 

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

uses oxidation-reduction reactions to convert chemical energy into electrical energy and vice 

versa. A conventional LIB 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 LIB electrodes are intercalating materials. Intercalation is 

the reversible mechanisms allowing insertion of guest ions into a host material with layered 

structures. 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.  

At the negative electrode; oxidation  

଺ܥ݅ܮ    ௗ௜௦௖௛௔௥௚௘ሱ⎯⎯⎯⎯⎯⎯ሮ ଺ܥଵି௫݅ܮ + ା݅ܮݔ +  (1) ି݁ݔ
and at the positive electrode; reduction  

ܲ݁ܨଵି௬݅ܮ  ସܱ + ା݅ܮݕ + ି݁ݕ   ௗ௜௦௖௛௔௥௚௘ሱ⎯⎯⎯⎯⎯⎯ሮ ܲ݁ܨ݅ܮ    ସܱ (2) 
where ݔ and ݕ varies between 0 and 1.  

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 4. The cell voltage is dependent on the difference in electrochemical potential between the 

reactions, and can be calculated theoretically from thermodynamics and the change in Gibbs free 

energy [5]. 
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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 [6]. 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) [7].  

 
Figure 4. Schematic of a battery cell, working principle and constituents 

 

Multifunctionality and structural composite battery 

Lately, there has been a paradigm shift in the approach to achieve weight and volume saving of 

system as a whole –an introduction of multifunctionality in composites, which simultaneously 

perform at least two functions. Research in the area of multifunctional composite materials is 

increasing [8]. Multifunctionality can be achieved through structural composite batteries [9-12], a 

composite material which simultaneously and intrinsically carries mechanical load while 

delivering electrical energy through LIB technology. Benefits from this type of energy delivering 
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and/or storage materials are extensive. Essentially, any system that requires electrical energy with 

load bearing components can benefit from structural batteries in order to decrease the total 

weight.  

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

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

available intermediate modulus (IM) carbon fiber has shown ability to intercalate lithium 

comparable to that of theoretical maximum for pure graphite [13-15]. Repeated electrochemical 

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

strength, while the tensile stiffness remains unchanged [16,17].  

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 stiffness [18-21].  

In the 3D 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 [9,22,23]. With this battery design the single fiber battery cells work in 

parallel, as shown in Figure 5, and the low ion conductivity is overcome by reducing the 

thickness of the electrolyte to a less than 500 ݊݉ by electropolymerization [24].  

The matrix material needs to act as load transfer medium as well as to function as an electrode. 

This is achieved by adding electrochemically active material (lithium iron phosphate, LiFePO4) 

and conductive additives to the mixture of electrolyte and polymer binder. 
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Figure 5. 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. 

 

Design of 3D structural composite micro-battery 

Conventional LIB are manufactured with the negative electrode (anode) capable of 

accommodating more charge than that can be stored in the positive electrode (cathode) [25]. For 

a structural micro-battery this means that the capacity for Li intercalation in the matrix has to be 

matched with Li intercalation capacity in the fiber. There is no advantage of storing more ions in 

the matrix than can be inserted in the fiber, since it is associated with safety issues which 

ultimately lead to battery failure [26]. On the other hand, if the storage capacity in the matrix is 

too small, the fiber’s ability to intercalate is not fully utilized. 

In Table 1 some physical properties of the electrodes are shown, it can be seen that the specific 

capacity of the active material in the positive electrode, ܳ௦௣௘௖ା , is half that of the negative 

electrode, ܳ௦௣௘௖ି . The composite fiber volume fraction, ௙ܸ, determines the capacity ratio between 

the electrodes.  
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Table 1. Properties of the electrode active material. 
Parameter Description Unit Value ܳ௦௣௘௖ା  Specific capacity, positive electrode [݉ܣℎ/݃] 169  ܳ௦௣௘௖ି  Specific capacity, negative electrode [݉ܣℎ/݃] 372  ߩା Density, positive electrode [݇݃/݉ଷ] 3600 ିߩ Density, negative electrode [݇݃/݉ଷ]  1780  

 
The electrodes in the 3D battery considered in this work, denoted as “reference case” are 

designed to hold a ratio between the capacity of the positive and negative electrode, ܴ௉/ே = 0.92, 

close to but less than 1. ܴ௉/ே is defined as 

 ܴ௉/ே = ݆ଵ஼ା
ଵ݆஼ି  (3) 

where ݆ଵ஼ is the current density [ܣ ݉ଶ⁄ ] for 1C discharging, superscripts + and – represent the 

positive (matrix) and negative (fiber) electrode respectively, ݆ଵ஼ is given by 

 

 ݆ଵ஼ା = ܿ௦,௠௔௫ା ∙ ௦ାߝ ∙ ܨ ∙ ܸା1[ℎ]  ݆ଵ஼ି = ܿ௦,௠௔௫ି ∙ ܨ ∙ ܸି1[ℎ]  (4) 

where ߝ௦ା is the porosity of the positive electrode (volume fraction active material particles), ܨ is 

the Faraday constant (ܨ = ݏ ܣ 96487  ∙  ଵ), ܸା and ܸି is the volume of the positive andି݈݋݉ 

negative electrodes, respectively, ܿ௦,௠௔௫ା  and ܿ௦,௠௔௫ି is the maximum Li concentration in the active 

material (LiFePO4) and fiber electrode, respectively, defined as 

 ܿ௦,௠௔௫ା = ܳ௦௣௘௖ା ∙ ܨାߩ  ܿ௦,௠௔௫ି = ܳ௦௣௘௖ି ∙ ܨିߩ  (5) 

where ܳ௦௣௘௖ା  and ܳ௦௣௘௖ି  are specific capacities, defined as the amount of charge per weight that a 

battery electrode material contains.  

In Table 2 the dimensions of the 3D structural composite battery for the reference case are listed, 

which yield ௙ܸ = 0.338. 
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Table 2. Geometrical parameters of the cylinder unit for the reference case, ௙ܸ = 0.338. 

 

Parameter Value [࢓ࣆ] 

Fiber radius, ݎ௙ 2.5 

Coating thickness, ݐ௖ 0.1 

Matrix thickness, ݐ௠ 1.7 
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2. Modeling  

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 in these equations are potentials and concentrations in solid and 

electrolyte phase, respectively [27-29]. This subchapter outlines the physics-based equations used 

in the models in the included papers. The models were solved with COMSOL Multiphysics [30] .  

The many processes occurring within a lithium-ion battery under operation include mass 

transport in the electrolyte and in the 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 electric potential difference over the electrolyte is created, causing lithium ions to be 

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

migrating due to the electric 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 species [31]) and polymer binder material poly(vinylidene fluoride-co-hexafluoropropylene) 

P(VdF-HFP), the material balance for the salt and solvent is expressed as 
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 ߲ܿ௦௔௟௧߲ݐ = ߘ ∙ ൬ܦௌௌܿߘ௦௔௟௧ + ௦௢௟௩ܿߘௌ௅ܦ + (1 − (ାݐ ݅௘ܨ൰  (6) 
and 

 ߲ܿ௦௢௟௩߲ݐ = ߘ ∙ ൬ܦ௅ௌܿߘ௦௔௟௧ + ௦௢௟௩ܿߘ௅௅ܦ − (௦௢௟௩ݐ) ݅௘ܨ൰  (7) 
In Eq. (6)-(7) ∇ is the Nabla operator. The solvent concentration dependent diffusivities ܦ with 

subscript ܵܵ, ,ܮܵ  are apparent diffusivities based on Maxwell-Stefan diffusivities. The ܮܮ ݎ݋ ܵܮ

apparent transport numbers. ݐା and ݐ௦௢௟௩ describes the fraction of the total current carried in an 

electrolyte by a given ionic species and ܨ is the Faraday constant. The electrolyte phase current 

density, ݅௘, is a function of variation of the potential across the electrolyte, ߮௘, conductivity ߢ,and 

the salt and solvent concentration gradients. 

 ݅௘ = ௘߮ߘ−)ߢ + ௦௔௟௧ܿߘ௦௔௟௧ߟ +  ௦௢௟௩) (8)ܿߘ௦௢௟௩ߟ
Electrolyte mass transport in porous electrode 

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

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

electrode are calculated by an averaging process which includes parameters of the electrolyte 

phase and parameters of the porosity ߝ௘ and tortuosity, ߬௘ 

  ௘ܲ௙௙ =  ܲ ∙ ܲ ௘ఉ೐ߝ = ,ௌௌܦ ,ௌ௅ܦ ,௅ௌܦ ,௅௅ܦ  (9) ߢ
where ߝ௘ is the porosity (volume fraction) of electrolyte in the porous positive electrode, and ߚ௘ 

is the electrolyte phase Bruggeman coefficient, constant for all properties ܲ, and takes the 

tortuosity into account. The power function describes the accessibility for the species transport in 

the electrode.  
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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. (10), used to calculate 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. (10) is solved using cylindrical coordinates. In the cathode 

where the particles are described as uniform spheres Eq. (10) is solved using spherical 

coordinates. 

 ߲ܿ௦߲ݐ = ߘ ∙  (10)  (௦ܿߘ௦ܦ−)
where ܿ௦ is the lithium concentration in the active electrode particles, ∇ is the nabla operator and ܦ௦ is the solid phase diffusion coefficient which depends on ܿௌ .  

Electrochemical reaction 

The intercalation reaction which allows 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, ݅௟௢௖, as a function of the local overpotential [32].  

 ݅௟௢௖ = ݅଴ ൬݁݌ݔ ൬ߙ௔,௜ܴܶߟܨ ൰ − ݌ݔ݁ ൬− ܴܶߟܨ௖,௜ߙ ൰൰ (11) 
where ܨ is Faraday’s constant, ܴ is the universal gas constant, and ܶ is temperature,  ݅௢ is the 

exchange current density, ߙ௔ and ߙ௖ are the electrochemical reaction symmetry factors and ߟ is 

the overpotential defined as: 

ߟ  = ߮௦ − ߮௘ −  ௘௤ (12)ܧ
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In Eq. (12) ߮ with subscript ݏ and ݁ is the potential for the solid and electrolyte phase, 

respectively. ܧ௘௤ is the electrode equilibrium potential. The equilibrium potential is determined 

by the intercalation degree, i.e. the electrode phase Li concentration and the electrolyte phase 

lithium ion 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. 

 ݅ௌ =  ௦ (13)߮ߘ௦ߪ−
where ݅ௌ is the current density of the electrode phase, and ߪ௦ the electrode potential. 

 

Mechanical modeling 

The dimensional changes and internal stresses in the constituents of the composite are due to 

mismatch and anisotropy of expansion coefficients, and local concentration changes of Li in the 

active material in the composite. The dimensional changes are not free expansion of constituents 

but rather a result of interaction with mechanical constrains from other parts of the structural 

composite battery.  

Material models for constituents 

The stress-strain relationship for a transversely isotropic material with intercalation induced 

volumetric changes can be introduced using the thermo-mechanical analogy [33], assuming that 

the dimensional changes are proportional to the Li concentration, ܿ. 



 

14 
 

௜௞ߪ  = ௜௝௞ܥ ൫ߝ௝௞ −  ௝௞,௙௥௘௘ ௦௪௘௟௟௜௡௚൯  (14)ߝ
For the cylindrical unit cell index ݇ = ݉ is for the matrix, ݇ = ܿ for the coating, and ݇ = ݂ for 

the fiber, and indices ݅, ݆ = ,ݎ ,ߠ 1 are cylindrical coordinates. For the spherical unit cell 

representing the matrix, the upper index is for the particle and the surrounding slurry and the 

lower index for spherical coordinates. Repeating indexes in Eq (14) denote summation. ܥ௜௝௞  is the 

stiffness matrix using Voigt notation, ߝ௝௞,௙௥௘௘ ௦௪௘௟௟௜௡௚ is the free swelling strain in ݆-direction due 

to Li-ion intercalation; swelling does not have shear components. For fiber ߝ௝௙,௙௥௘௘ ௦௪௘௟௟௜௡௚ = ௝௙ߚ  ௖೑௖ೞ,೘ೌೣష , where ߚ௝௙ are constant coefficients of proportionality called 

intercalation-expansion coefficients to characterize the dimensional changes in the three 

directions. ௖೑௖ೞ,೘ೌೣష  is the normalized Li concentration in the fiber, where ௙ܿ is the time dependent Li 

concentration in the electrode material, ܿ௦,௠௔௫ି  is the maximum concentration reached when Li 

has intercalated into all available sites. The free swelling strain ߝ௠,௙௥௘௘ ௦௪௘௟௟௜௡௚ of the matrix is 

analyzed in the next section 

Homogenization 

The micro-battery is a multiscale composite material: it is a UD coated fiber composite with the 

matrix by itself being a spherical particle reinforced composite. Homogenization is used to 

compute the homogenized properties of the matrix and effective macroscopic composite 

properties, Figure 6. These properties are necessary in developing multi-fiber models for 

microcracking analysis to reduce the number of explicitly considered fibers and to account for the 

constraint applied by surrounding layers in a multidirectional laminate.   
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The matrix material is a particle composite with effective isotropic properties. The 

micromechanical modeling to obtain effective properties of the matrix uses the Composite 

Spheres Assemblage (CSA) introduced by Hashin [34], 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 slurry phase, 

shown schematically in Figure 6. 

 
Figure 6. Modeling scheme for effective properties of UD composite material. 

 

In the CSA the bulk modulus ܭ is given by 

∗ܭ  = ௦ܭ + ൫ܭ௣ − ௦൯ܭ ௦ܭ3) + (௦ܩ4 ௣ܸ3ܭ௣ + ௦ܩ4 − 3൫ܭ௣ − ௦൯ܭ ௣ܸ (15)
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with superscript * denoting the effective property of the particle composite and subscript ݏ and ݌ 

denotes slurry and particle phases, respectively. ܸ is the volume fraction, and ܩ is the shear 

modulus for each phase calculated by Eq. (16), where ܧ is the Young’s modulus and ݒ is the 

Poisson’s ratio 

ܩ  = 1)2ܧ +  (16) (ݒ
The shear modulus for the particle composite is then given by 

∗ܩ  = ௦ܩ + ௣ܸ1 ൫ܩ௣ − ௦൯ܩ + 6 ௣ܸ൫ܭ௣ + ௦ܭ௦(3ܩ௦൯/5ܩ2 + ⁄(௦ܩ4  (17) 
Since the matrix material is regarded macroscopically isotropic, Young’s modulus, ܧ∗, may be 

calculated from the bulk and shear modulus  

∗ܧ  = ∗ܭ3∗ܩ∗ܭ9 +  (18) ∗ܩ
The free swelling strain of the homogenized matrix, assuming ߚ௦ = 0, is given by 

௠,௙ ௥௘௘ ௦௪௘௟௟௜௡௚ߝ  = ௣ߚ ௣ܸ ቆ1 + 4൫ܭ௣ − ௦ܩ௦൯ܭ ௦ܸ3ܭ௦ܭ௣ + ௦ܭଵ൫ܩ4 ௦ܸ + ௣ܭ ௣ܸ൯ቇ ܿ௣ܿ௣,௠௔௫ (19) 
where ௖೛௖೛,೘ೌೣ is the normalized Li concentration in the LiFePO4 particle, calculated from the 

electrochemical model, Eq.(6)- (13), with boundary conditions given in the appended Paper I. 

 

The elastic properties of the UD composite are calculated using the Concentric Cylinder 

Assembly (CCA) model introduced by Hashin [34,35]. Explicit expressions are obtained for the 

effective plane-strain bulk modulus ܭଶଷ, the shear modulus ܩଵଶ, longitudinal modulus ܧଵ and 
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Poisson’s ratio ߥଵଶ. The transverse shear modulus ܩଶଷ is obtained by using a self-consistent 

scheme, first introduced by Christensen and Lo [36]. The cylinder representation of the three-

phase system (fiber, coating and particle reinforced matrix) is shown in Figure 6. The stress-

strain state is independent on the axial coordinate ݖ. 

The elastic problems to solve, include i) radial loading to find bulk modulus ܭଶଷ, ii) axial loading 

in fiber direction to find ܧଵand ߥଵଶ, iii) in-plane shear loading to find ܩଵଶ, and iv) shear loading 

in the plane transverse to the fiber to find ܩଶଷ, Figure 7. ܧଶ can then be calculated from ܭଶଷand ܩଵଶ. The entire set of equations can be found in [37].  

a) b) 

 
 

  

c) d) 

  
Figure 7. Deformation of the composite from a) radial loading, b) axial loading, c) pure in-plane 

shear loading, and d) shear loading in the plane transverse to the fiber. 
 

In Table 3 the properties of the fiber, coating and the homogenized matrix (with a particle volume 

fraction ௣ܸ = 0.553) are presented along with the calculated UD composite properties.
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Table 3. Assumed and calculated elastic constants and intercalation swelling parameters. 

Constituent ࢠࡱ (GPa) ࢘ࡱ (GPa) ࣂ࢘ࣇ (-) ࢘ࢠࣇ (-) Expansion 

 (-)࢘ࢼ (-)ࢠࢼ     
Fiber 300 30 0.2 0.45 0.009 0.05 

SPE coating 1 1 0.3 0.3 0 0 
Matrix, ௣ܸ = 0.553 2.5 2.5 0.3 0.3 0.04 0.04 

 (-)ࢀࢼ (-)ࡸࢼ (-) ࢀࣇ (-) ࢀࡸࣇ (GPa) ࢀࡱ (GPa) ࡸࡱ 

UD composite, 
( ௙ܸ=0.338) 103.0 4.0 0.27 0.47 0.0089 -0.017 

 

The expansion coefficients for the UD composite ߚ௅ and ்ߚ require special discussion presented 

below. Free expansion of electrode host materials due to intercalation is a well-known 

phenomenon [38-40]. Initially, it may seem tempting to model this mechanism by following the 

approach of well-studied models of other volume changing phenomena in fiber reinforced 

composites, such as moisture absorption. However, the moisture weight in the composite 

increases during absorption, which makes the moisture weight fraction a suitable variable to use 

in modeling. In contrast, the amount of Li in the composite material is constant, but the content in 

the constituents changes (redistributes) during charging/discharging causing dimensional changes 

of the constituents and the whole composite. Therefore, the effective composite intercalation 

expansion cannot be related to the amount of available lithium (which is not changing). A 

different variable has to be introduced to correlate with the macroscopic dimensional changes, 

here the normalized average Li content in the fiber,  ௙ܿ,௔௩௚/ ௙ܿ,௠௔௫ was used. ௙ܿ,௔௩௚ is the average 

Li concentration in the fiber, and ௙ܿ,௠௔௫ is the carbon fiber maximum Li storing capacity.  

According to linear theory, the intercalation is inducing dimensional changes (strains) to the 

composite, ߝூ, which are proportional to ௙ܿ,௔௩௚/ ௙ܿ,௠௔௫, and different in different directions, 

Eq. (20) in matrix form 
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 ቐ ௅்ூߛூ்ߝ௅ூߝ ቑ = ൝ߚ௅0்ߚ ൡ ௖೑,ೌೡ೒௖೑,೘ೌೣ. (20) 
For the UD composite the reference state with assumed zero macroscopic expansion and zero 

micro-stresses is when the Li content in the fiber is zero (discharged) and the matrix is fully 

charged. The expansion coefficient in the fiber direction, ߚ௅, can then be described by a simple 

rule-of-mixture expression  

௅ߚ  = ௭௙ܧ ௙ܸߚ௭௙ + ௠ܧ ௠ܸߚ௠ܧ௭௙ ௙ܸ + ௠ܧ ௠ܸ   (21) 

The effect of the thin coating layer is neglected in Eq. (21). The expansion coefficient in the 

composite transverse direction, ்ߚ, is obtained from radial displacements calculated from the 

coupled electrochemical-mechanical model 

்ߚ  = ௥ߚ = /௥(ܿ௙,௔௩௚ߝ ௙ܿ,௠௔௫) (22) 
where ߝ௥ is the radial strain calculated from the radial displacement, ݑ௥, at the outer CCA 

boundary, Figure 6.  

Fracture mechanics  

Linear elastic fracture mechanics parameters such as stress intensity factor ܭ and energy release 

rate ܩ are commonly used to analyze damage propagation in structural materials. Energy Release 

Rate (ERR) quantifies the net change in potential energy associated with crack extension. Irwin 

defined ERR as a modified form of the Griffith energy balance  

ܩ  = − ݀П݀(23) ܣ 



 

20 
 

where П is the potential energy stored within an elastic body and ܣ is the crack area. Crack 

extension occurs when ܩ reaches and exceeds a critical value, known as critical strain energy 

release rate ܩ஼, which is a material property.  

For simple geometries, analytical formulas may be derived from beam theory, energy balance or 

stress intensity factor analyses. For more advanced geometries, numerical solutions are a 

necessity. There are several techniques implemented in commercial FEM software, where two of 

the most commonly used techniques include virtual crack closure technique (VCCT) and 

J- integral.  

In this work, where all constituents are assumed to be linear elastic and brittle, the approach for 

evaluating the ERR is based on VCCT, built-in in ANSYS [41]. VCCT is based on the 

assumption that the energy needed to separate a surface is the same as the energy needed to close 

the same surface[42]. The expression for calculation of the Mode I (Figure 8a) ERR is 

ூܩ  = lim∆௔→଴ 12∆ܽ න (ݔ)௬ߪ ∙ ݔ)௬ݑ∆ − ௔ା∆௔ݔ݀(ܽ∆
௔  (24) 

where ߪ௬ is the stress component related to normal tractions with respect to crack plane at the 

crack tip, ∆ܽ is the crack extension, and ∆ݑ௬ is the opening displacement at the crack tip. 

Similarly, for Mode II (Figure 8b) ERR 

ூூܩ  = lim∆௔→଴ 12∆ܽ න (ݔ)௫௬ߪ ∙ ݔ)௫ݑ∆ − ௔ା∆௔ݔ݀(ܽ∆
௔  (25) 

where ߪ௫௬ is the shear stress ahead of crack tip, and ∆ݑ௫ is the relative tangential displacement. 
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a) b) 

  
Figure 8. Fracture modes a) Mode I and b) Mode II  

The implementation in ANSYS uses the virtual crack-closure method which further assumes that 

the stress states around the crack tip do not change significantly when the crack grows by a small 

amount ∆ܽ. For the 2-D crack geometry shown in Figure 9, the ERR is defined as: 

ூܩ =  − 12∆ܽ ܴ௒∆ܩ ݒூூ =  − 12∆ܽ ܴ௑∆(26) ݑ 

where ܩூ and ܩூூ are Mode I and Mode II ERR, respectively, ∆ݑ and ∆ݒ are relative 

displacements between the top and bottom nodes of the crack face in local coordinates X and Y, 

respectively, ܴ௑ and ܴ௒ are reaction forces at the crack tip node, and ∆ܽ is the length of the 

element closest to the crack tip. For a 2-D case, the total ERR, ܩ௧௢௧ = ூܩ +  .ூூܩ

 
Figure 9. Parameters for VCCT calculation for 2-D crack geometry. 
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3. Experimental characterization of interfaces 

In composites the efficiency of stress transfer from matrix to reinforcement and hence several 

mechanical properties including compressive strength, strain to failure, damage initiation, 

fracture toughness and fatigue life depend on fiber/matrix interface [43]. In most cases, fibers are 

coated with sizing to enhance interfacial properties [44]. For structural battery composites 

additional requirements are stipulated for the coating in order to achieve multifunctionality. The 

role of the coating differs depending on material and device design.  

For a micro-battery the coating is required to be thin in order to minimize the transport distance, 

and to be electrically insulating while ion conductive [23]. In a laminated structural battery, the 

coating may serve as positive electrode [45], with active material deposited onto the fibers.  

Many of these novel coating materials are still under development, and the coating techniques are 

limited by small-scale and batch-wise manufacturing under inert conditions. Hence, the amount 

of coated fibers produced on lab scale may not be sufficient for macro-specimens to be 

manufactured and tested according to standards available. Characterization of the interface 

quality may then take place using modified macro-scale test methods, or tests on micro-scale. 

 

Macro-scale test 

The double cantilever beam (DCB) test is the most commonly used method for measuring the 

initiation and propagation values of Mode I interlaminar fracture toughness, ܩூ, under static and 

cycling loading conditions. A tensile load is applied to DCB specimen, containing a through-

width non-stick insert (thin film) at the specimen mid-plane. The tensile force (ܲ) acts in a 

direction normal to the crack surface, and the crack length (ܽ) is closely monitored.  
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Figure 10. Schematics of the DCB test.

 

In Paper V the mechanical performance of the coating is assessed in DCB test on specially 

designed unidirectional composites; which are made by embedding LiFePO4 coated fiber bundles 

between prepreg layers of commercial UD composite, using the excess resin in the prepreg to 

impregnate bundles, Figure 11  

 
Figure 11. Schematics of the DCB specimen in Paper V. The coated fiber bundles are placed in 
the mid-plane of prepreg-layers, with a pre-crack created by inserting polytetrafluoroethylene 

(PTFE)-film at one end of the specimen . 
 

Compliance calibration (CC) method was used for data reduction. The critical strain energy 

release rate (fracture toughness), ܩூ஼, for each crack length was found using [46] 

ூ஼ܩ  = ௠ܲ௔௫ଶ2ܾ ߲߲ܿܽ (27) 
where ௠ܲ௔௫ is the maximum recorded load for each crack length ܽ when the crack start to grow, ܾ is the specimen width and ܿ is the specimen compliance for each crack length. 
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 ܿ = 2∆/ܲ (28) 
where 2∆ is the load point vertical displacement, and ܲ is the recorded load.  

The compliance as a function of crack length was calibrated using a power function:  

 ܿ =  ௡ (29)ܽܣ
where coefficients ܣ and ݊ for the particular specimen are obtained from the compliance (ܿ) 

versus crack length (ܽ) curve. 

Micro-scale test 

Commonly used methods to evaluate micromechanical properties of the fiber/matrix interface 

include a) the single-fiber pull-out test, b) the microbond test, c) the fragmentation test and d) the 

micro-indentation test, shown in Figure 12, presented below. 

a) b) 

 
c) d) 

 

 
 

Figure 12. Micromechanical test methods. a) Single fiber pull-out test. b) Microbond test. c) 
Single fiber fragmentation test. d) Micro-indentation test 
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Single fiber pull-out test 

In this test one end of a single fiber is embedded in uncured resin. The resin is then cured with the 

fiber in place to produce the test specimen. The test is carried out in a tensile test machine, where 

the free end of the fiber is gripped and pulled from the resin block. 

Microbond test  

Like the single fiber pull-out test, the microbond test is a single fiber test, but instead of 

embedding the fiber in a block of resin, a resin droplet is placed and cured on the fiber. The 

specimen is placed in a tensile testing machine so that one end (the fiber) is gripped, and the resin 

droplet is placed between two knife edges. The load is introduced on the resin droplet by the 

knife edges as the fiber is pulled by the grip. 

Single fiber fragmentation 

In the single fiber fragmentation test (SFFT) a single fiber is placed at the center of a dog-bone 

shaped mold, aligned with its longitudinal direction. The mold is then filled with uncured (and 

degassed) resin. The cured sample is placed in a testing machine and loaded in tension. As the 

specimen is extended, the fiber will fail repeatedly into shorter and shorter lengths until a 

saturation is reached and the fiber no longer fails. At the end of the test, the fragment lengths are 

measured in a light optical microscope.  

Micro-indentation test 

The indentation test origins from metallurgical micro-hardness test. It can be applied to a cross 

section of the composite material, the load is applied through an indenter (which is smaller than 

the diameter of the fiber), and the load-displacement response is recorded.  
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However, in a round-robin program from 1990s [47], it was found that the scatter within each 

participating laboratory for the different test methods mentioned above was acceptable, but the 

scatter between laboratories for a particular test method was high. This result implies that any 

method of choice can be used to qualitatively characterize different fiber/matrix systems, but the 

obtained result should not be used for quantitative comparison of results obtained from other 

laboratories or existing in literature. 

The microbond test was selected to study the fiber/SBE interfacial shear strength, and possible 

changes on the interfacial shear strength induced by electrochemical cycling. This test method 

was chosen because of the simple character of the test, but also due to the lack of optical 

transparency of the SBE material, which excludes certain methods, such as the SFFT.  

During the microbond tests the droplet is sheared off the fiber as its movement is hindered by a 

blade acting as barrier. The apparent interfacial shear strength (IFSS) is obtained through 

ܵܵܨܫ  =  (30) (௙ݎߨ2)௘ܮ௠௔௫ܨ
where ܨ௠௔௫ is the maximum or debonding force, ܮ௘ is the length of the embedded fiber inside the 

droplet, and ݎ௙ is the fiber radius.  

Unpublished microbond test results in Figure 13 show maximum force, ܨ௠௔௫, vs embedded fiber 

length, ܮ௘, for T800 carbon fiber with a) SBE and b) epoxy resin droplets. IFSS values for the 

two material systems calculated by Eq. (30) are listed in Table 4.  

 

Table 4. Microbond results for T800 carbon fiber with SBE and epoxy resin droplets.  

Material system IFSS value [MPa] 
Carbon fiber/SBE 6.9 ± 0.5 

Carbon fiber/epoxy 84.4 ± 9.9 
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Figure 13. Maximum force ܨ௠௔௫ vs embedded fiber length ܮ௘ for T800 carbon fiber with SBE 
and epoxy resin droplets respectively.  
 

The interfaces of the two systems are different not only for the measured IFSS, which is an order 

of magnitude lower for carbon fiber/SBE compared to carbon fiber/epoxy. The recorded 

load - displacement curves for the two systems, Figure 14a and Figure 15a, also show entirely 

different behavior.  

The microbond test on carbon fiber/epoxy, Figure 14a, show an initial steep slope where the 

blades are in contact with the droplet. The point at which the load instantly drops is where the 

droplet debonds from the fiber, ܨ௠௔௫. Afterwards, the load increases to a constant low level 

which is the frictional force corresponding to when the droplet slides along the fiber after 

debonding, or fiber break occurs before the sliding takes place, as shown in Figure 14a. 

This type of behavior suggest that the achieved interface quality is good. Post-test SEM 

fractography Figure 14b, shows cracks in the droplet, indicating that failure occurs in the epoxy 

before it occurs at the interface, i.e. the interface is strong.  
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a) b) 

 
 

Figure 14. a) Typical load - displacement curves for carbon fiber/epoxy. b) Post-test SEM picture 
of the droplet and fiber with epoxy residues.  

 

For the SBE droplet (Figure 15b) the load at debonding, ܨ௠௔௫, is not followed by a drop in force 

and ܨ௠௔௫ is actually smaller than the frictional force after the debonding when the droplet slides 

along the carbon fiber. 

a) b) 

 
 

Figure 15a) Load-displacement curve from the microbond test on b) SPE droplet on carbon fiber
prior to testing. 
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4. Scope of the thesis 

The objective of this thesis is to develop a multi-physics based model to predict the effects of 

combined electrochemical charging/discharging and mechanical loading on structural composite 

battery materials. The modeling addresses effects of Li transport both within and between battery 

electrodes, to investigate the resulting local mechanical stress distribution in the constituents.  

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.  

This work also aims to gain understanding of the failure forming events for this novel type of 

composite material, induced by volume changes from intercalation. As the stresses due to 

charging and discharging can be very high, microdamage may initiate and grow without any 

applied external load. To study possible micro-cracking scenarios, models with multiple fibers 

and multiple fibers embedded between layers of different orientation was employed. Linear 

elastic fracture mechanics was used to analyze radial matrix crack propagation and debonding at 

coating/matrix interface in both unidirectional (UD) and cross-ply laminate, under 

electrochemical load only and combined electrochemical and thermomechanical load.  
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5. Summary of papers 

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

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

electrochemical processes occurring is presented. A model was set up and solved in COMSOL 

Multiphysics [30]. 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 and analyzed 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. Electrons are transported in the 

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

the active material, Li 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. 

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 
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swelling and specific capacity. Two scenarios were analyzed:1) assuming that the 

electrochemical cycling begins with a pristine fiber and the active material in the matrix is fully 

lithiated at stress-free state and 2) the electrochemical cycling starts with the fiber fully lithiated 

and all host sites for Li in the matrix material being empty. 

In the first scenario, the maximum dimensional change occurs when the battery is fully charged.  

a) b) 

  
Figure 16. Radial swelling strain and specific capacity versus a) fiber volume fraction and  

b) volume fraction of the active material in the matrix for ௙ܸ = 0.34. 
 

In Figure 16a the maximum shrinkage of the micro-battery in the radial direction is shown for 

different fiber volume fractions. 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 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 ௙ܸ resulting in lower shrinkage. 

In Figure 16b 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 ߝௌା. Since the amount of active 

material in the matrix governs the available amount of Li for intercalation in the fiber, it naturally 

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

0.25 0.3 0.35 0.4 0.45 0.5

-0.015

-0.01

Ra
dia

l s
we

llin
g 

str
ain

Fiber volume fraction,[-]
 

 

0.25 0.3 0.35 0.4 0.45 0.5145

150

155

Sp
ec

ific
 ca

pa
cit

y [
m

Ah
/g

]
Swelling
Spec. capacity

0.3 0.4 0.5

-0.014

-0.012

-0.01

Ra
dia

l s
we

llin
g 

str
ain

active mtrl volume fraction,[-]
 

 

0.3 0.4 0.5 145

150

155

Sp
ec

ific
 ca

pa
cit

y [
m

Ah
/g

]

Swelling
Spec. capacity



 

32 
 

Theoretically, another stress-free state can be assumed (Scenario 2) when fiber is fully lithiated 

and all host sites for Li in the matrix material are empty. The corresponding maximum volume 

change then occurs at full discharge (cut-off voltage). Where 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 ௙ܸ, 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 17, the radial swelling is 

also decreased for very low ௙ܸ. This is explained by the distance in the radial 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 17. Fiber fully lithiated from start, radial swelling strain at cut-off voltage and specific 

capacity dependence on fiber volume fraction. 
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In Paper II the effect of carbon fiber diffusion coefficient on Li distribution for different charge 

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

solid/electrolyte interface was analyzed for different elastic constants. The discharge current is 

expressed as a C or C-rate in order to normalize against battery capacity. A C-rate is a measure of 

the rate at which a battery is discharged relative to its maximum capacity, 1C means that the 

discharge current will discharge the entire battery in 1 hour.  

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

present during charging, with higher Li 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 the concentration gradients in the fiber are negligible.  

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

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

Fast diffusion in the carbon fiber gives uniform concentration distributions at 10C.  

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

carbon fiber is considered stress free with no Li 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 between 

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

Figure 18 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 
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corresponding stresses at the coating/matrix interface(ݎ = ݎ) ௖) and matrix outer boundaryݎ =  .௠) are listed in Table 5ݎ

 
Figure 18. Stress distribution along the 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, because of large Li 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. 
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Table 5. Stresses at the coating/matrix interface and outer boundary at full charge for 10C 
charging. ࢓ࡱ 

[GPa] 
 ࢓ࢼ
[-] 

࣌࢘(࢘ =  (ࢉ࢘
[MPa] 

࢘)ࣂ࣌ =  (ࢉ࢘
[MPa] 

࢘)ࣂ࣌ =  (࢓࢘
[MPa] 

࢘)ࢠ࣌ =  (ࢉ࢘
[MPa] 

࢘)ࢠ࣌ =  (࢓࢘
[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 that 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. 
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In paper III multiphysics simulations and linear elastic fracture mechanics was used to study the 

propagation of radial matrix cracks and debond at the coating/matrix interface in unidirectional 

structural micro-battery composite under electrochemical loading only. It was shown that 

assuming uniform Li distribution in the fiber and matrix at the end of charging, the resulting 

stress distribution in the constituents is in good agreement with the stress distributions obtained 

from multi-physics calculations. Hence, a simplified modeling strategy can be employed.  

Stress analysis shows that the high hoop stress in the matrix at the coating/matrix interface during 

charging time, ݐ, may be a reason for radial matrix cracks initiating at the coating/matrix 

interface, Figure 19b. 

a) b) c) 

   
Figure 19. Stress distribution during charging. a) radial stress. b) hoop stress. c) axial stress. 

 

Propagation of these cracks was studied by calculating Energy release rate (ERR) assuming 

square packing of fibers. For a micro-battery (unit in the structural composite) containing 

electrodes balanced with respect to storage capacity, ܸ݂ = 0.338, results show that the crack 

growth towards the nearest fiber in 0° = ߠ direction, (see Figure 20 for notation), is unstable, 

whereas the crack growth in the 45° = ߠ direction includes both stable and unstable propagation 

regions. The ERR for growth in 0° = ߠ direction is larger. 
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Figure 20. Square packing of fibers. 

 

Composites with higher ܸ݂ have the same trends, but with lower ܫܩ values, Figure 21b. 

a) b) 

  

Figure 21. Variation of Mode I ERR as a function of the radial crack length for growth in 
different directions for a) the reference case ௙ܸ = 0.338, and b) ௙ܸ = 0.482. 

 

For the undamaged composite radial stresses at the fiber boundary are compressive during both 

charging and discharging, meaning that debonding is not risked. However, with a radial crack 

present, the stress distribution changes, Figure 22. The radial stress distribution is very similar to 

that without damage, compressive along the entire interface; except for a very local radial crack 

tip region where it is tensile and very high, Figure 22a, and the high tensile radial stresses region 

slightly increases for long cracks. The shear stress distribution along the interface is greatly 

affected, due to the presence of a radial crack, leading to large values not only at the radial crack 
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tip but in a large region, Figure 22b, where ݈௥,௡ is normalized length of the matrix crack. The 

combined action of high tensile radial stresses and shear stresses near the tip of the crack is a very 

probable cause for initiation of small debonds. 

a) b) 

  
Figure 22. a) Matrix radial stress distribution at coating/matrix interface. b) Matrix shear stress 

distribution at coating/matrix interface 
 

Results for ERR show that the debond crack growth, Figure 23a, is governed by Mode II, Figure 

23b. The ERR values for the interface crack growth are of an order of magnitude lower than for 

the radial matrix crack growth.   

a) b) 

 

 
Figure 23. a) Schematic of coating/matrix debonding in the presence of a radial matrix crack. b) 

ERR of debond crack subjected to electrochemical loading. 
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In paper IV damage formation in a cross-plied structural composite battery under pure 

electrochemical and combined electrochemical and thermomechanical (∆ܶ=−80℃,  ߝ௫=0.5%) 

loading was studied. 2D FEM models assuming square packing of fibers in the 90°-ply and 

homogenized properties for the 0°-ply were used to analyze radial crack propagation in the 

matrix material and debonding at coating/matrix interface, Figure 24a. Crack propagation was 

studied by calculating Energy Release Rate (ERR). For a micro-battery with fiber content 

௙ܸ =  0.338, results show the crack growth towards the nearest fiber in both x-direction 

(horizontal crack) and y- direction (vertical crack) is unstable, Figure 24b, with crack growth in 

the y-direction much more probable.  

a) b)

  
c) 

 
Figure 24. a) Schematics of 2D model with matrix cracks. b) Mode I ERR for matrix crack.  

c) Details of the debonds originating form matrix cracks. 
 

Large tensile radial and shear stresses at the coating/matrix interface, in the presence of matrix 

cracks make the debonding relevant for consideration, Figure 24c. The debond crack growth is in 
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mixed mode, Figure 25-Figure 26, both for the pure electrochemical load and combined load, for 

both matrix crack paths.  

For debonds originating from vertical matrix crack under pure electrochemical loading, small 

debonds (ߙ < 30°) are governed by the Mode II ERR component (ܩூூ), Figure 25b, increasing 

with the debond angle until reaching a peak value at approximately ߙ = 30°, then ܩூூ starts to 

decrease with increasing debond angle ߙ, approaching zero for very large debonds. 

a) b) 

  
Figure 25. ERR as a function of the debond angular size, for debond crack along coating/matrix 

interface originating from vertical matrix crack under pure intercalation (solid lines) and 
combined loading (dashed lines): a) Mode I ERR and b) Mode II ERR. 

The Mode I ERR component ܩூ, Figure 25a, remains insignificant until the same ߙ = 30°, where ܩூ starts to grow with increasing debond angle ߙ. Added thermomechanical load changes the 

mode ratio (ܩூ/ܩூூ) for the debond. Mainly Mode I ERR for debonds ߙ > 30° is increased 

considerably, due to the applied thermomechanical load, ߝ௫ = 0.5%, acting normal to the crack 

plane for large debond angles ߙ. The increase in Mode II ERR follows the same trends as for the 

case of only intercalation load, but with magnified values. 

In Figure 26a- Figure 26b the mixed mode character of the debond growth with and without 

horizontal matrix crack is shown for the two load cases. For intercalation only, ܩூ is increasing 

with increasing debond angle ߣ for small debonds (ߣ ≤ 30°). For large debonds (ߣ ≥  ூ, isܩ (60°

greatly reduced, as the debond crack growth direction becomes almost parallel with the x-axis, 
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while generating the maximum value for  ܩூூ. The impact of the increasing horizontal matrix 

crack length ݈௥,௡ on the ERR for debonding is increasing ܩூ . The effect of matrix crack length on ܩூூ is more complex: for small debonds it significantly increases but for large debonds it 

decreases. 

a) b) 

  

Figure 26. ERR as a function of the debond angular size, for a debond crack along coating/matrix 
interface originating from horizontal matrix crack under pure intercalation (solid lines) and 
combined intercalation and thermomechanical load (dashed lines): a) Mode I ERR and b) 

Mode II ERR. 

The impact of the added thermo-mechanical loading on Mode I ERR (Figure 26a) is substantial, 

especially for debonds ߣ ≤ 40°, which is when the debond crack can be regarded as near-

perpendicular to the direction of the applied load. For large debonds (ߣ ≥ 60°), the crack growth 

direction is near parallel with the x-axis, reducing ܩூ regardless of the added loads in the 

x - direction.  

The ERR values for the interface crack growth are lower than for the radial matrix crack growth. 

Therefore, the most probable sequence of failure event in the cross-ply laminate are: 1) vertical 

radial matrix crack initiation and unstable growth; 2) debond is initiated at certain length of the 

matrix crack and propagates in a mixed mode manner. These results suggest that the course of 

events for a macro-scale transverse matrix crack formation is different for a structural composite 

battery in comparison to a conventional cross-ply composite.  
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In paper V a methodology for assessing the fiber/coating adhesion of the novel coated material 

systems is presented. Since most coating techniques used for the development of multifunctional 

composite materials are limited by small-scale and batch-wise manufacturing under inert 

conditions [24,48,49], the amount of coated fibers from these setups is not sufficient for macro-

specimens to be manufactured and tested. By embedding the coated fiber bundles between 

prepreg layers of commercial UD composite, and allowing the excess resin in the prepreg to 

impregnate the bundles, DCB tests can be carried out to evaluate the coating adhesion properties. 

The measured Mode I fracture toughness, ܩூ஼, reflects possible combination of failures at all 

interfaces and/or in the matrix and in the coating, Figure 27.  

Post-test Scanning Electron Microscopy (SEM) fractographic analysis of the fracture surface was 

used to correlate the highly different ܩூ஼ values with actual failure mechanisms and their 

sequence. 

 
Figure 27. Possible damage initiation sites along the test specimen, at i) fiber/coating, 

ii) coating/matrix interfaces, in the iii) coating and iv) matrix.  ܩூ஼ values for three tested specimens are shown in Figure 28. While ܩூ஼ is stable with increasing 

crack length for two of the specimens, DCB-1 and DCB-2, but with widely different values, at 

around 500 ܬ/݉ଶ  and 200 ܬ/݉ଶ, a leaping behavior can be found for DCB-3, with values 

ranging between these two extreme values. 
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Figure 28. Critical strain energy release rate. 

 

The variations in measured ܩூ஼ can be attributed to varying coating thickness between bundles 

and within each bundle. The current non-standardized coating process by electrophoretic 

deposition of LiFePO4 on carbon fiber results in large variation of coating thickness along fiber, 

between fibers in each bundle and between bundles.  

Fractographic studies of the pulled-out fibers and fiber imprints on the fracture surface show that 

for the used material, the fiber/coating interface is the weakest among all interfaces.  

It was found: 

ூ஼ܩ (1 = ଶ݉/ܬ 200 corresponds to thick coatings. The failure mechanism is debonding between 

fiber and coating, with a clean fiber surface, Figure 29. 

 
Figure 29. Fracture morphology of specimen with low strain energy release rate (ܩூ஼). a) imprint 

of fiber and fiber with coating particles and b) clean fiber surface. 
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ூ஼ܩ (2 = ଶ݉/ܬ 500 corresponds to thin coatings. Heterogeneity of the coating is high (the 

particle size is comparable with the coating thickness), and the fiber/coating crack deviates in 

the coating reaching the coating/matrix interface and returning to the fiber/coating interface. 

The real crack path is longer and crosses regions with higher fracture toughness.  

 
Figure 30. SEM picture of fracture surface specimen with high strain energy release rate ( ܩூ஼). 
a) imprint of fiber, and fiber in the coated part of the specimen b) fiber surface with rests of resin. 
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6. Future work  

The ultimate goal is for the multifunctional composite to be implemented in applications where 

its weight reduction on system level can be demonstrated and benefited. To achieve this, further 

interdisciplinary research is required. The work ahead may roughly be categorized into 

“practicalities” and “understanding”. 

One aspect of practicalities is to include other necessary materials besides electrodes and 

electrolyte to get a functioning and safely operating structural composite battery. These additional 

materials/functions include proper packaging of battery cells, cell connectors, enabling electrical 

connection between electrodes and external circuit via terminals, safety installations and ancillary 

equipment (monitoring, thermal management, venting system). Another aspect is the ability to 

manufacture these structural battery (full) cells, and scale up the manufacturing in ambient 

conditions. 

In this section, a selection of some challenges ahead is presented, focusing in particular on 

understanding certain mechanisms in order to improve modeling. 

 

Radial fiber swelling  

The carbon fiber used in this novel multifunctional material, is actually developed to fit a 

monofunctional purpose; the mechanical performance, meaning that there is a lack of 

comprehensive understanding of how these fibers function under interacting electrochemical and 

mechanical processes. Research has been devoted to understanding the impact of the intercalation 

on the stiffness, strength and expansion of intermediate modulus (IM) carbon fibers [14]. The 

reason for the superior electrochemical performance of IM carbon fibers over its high modulus 

(HM) counterpart reported by [13], is the differences in carbon fiber microstructure [50]. High-
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resolution transmission electron microscopy and in - situ Raman spectroscopy on individual 

carbon fiber show that the storage capacity of the fiber is favored for small crystallite with 

limited directional orientation, which is the case of IM carbon fibers. Whereas for HM fiber with 

larger crystallites which are highly oriented in the fiber direction, the storage capacity is on the 

order of half of that of the IM fiber. By understanding how the size and orientation of the 

crystallite relates to the intercalation mechanisms, just like the relationship between the 

stiffness/strength of the fiber and its microstructure has been known for long, enables 

development of new carbon fiber with a multifunctional intention, by tailoring the graphitic 

crystallite size and order. However, as has been shown in this thesis, it is the fiber's swelling due 

to the intercalation that give rise to high stresses in the matrix (much higher than for a 

conventional composite). This suggests that the swelling coefficients should be included as an 

important parameter when the fiber's properties are tailored to be used in a structural battery. The 

data on the radial swelling [51] serve as a good indication of the large swelling, but it is actually 

not entirely reliable since there is no method for measuring the transverse swelling in a similar 

way to that of the longitudinal swelling. Hence, methods for studying the radial fiber swelling 

(in - situ) remain to be developed. 

 

Characterization of structural battery electrolyte 

The methods for so called full characterization of the transport properties of the electrolyte are time 

consuming and experimentally difficult, and the factors affecting the accuracy are not well 

understood [7,52]. Consequently, such investigations despite their importance are rarely 

undertaken and published. A full characterization consists of a series of experiments, including 

conductivity measurements, concentration cells, galvanostatic polarization experiment and 

diffusion experiments, from which the ionic conductivity, diffusion coefficient and the transport 
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number are extracted. In order to validate and improve the modeling a full characterization of the 

SBE is required. In addition, as a transition from UV-curing to heat curing appears as a necessity 

for multilayer structural composite laminates [53], the coefficient of thermal expansion (CTE) of 

the neat resin must be measured, to be able to take the residual thermal stresses into account,  

 

Matrix material – a multifunctional particulate composite 

It is necessary to validate the mechanical performance of the multifunctional matrix material, 

intended as the positive electrode material. Primarily, it must be ensured that the particulate 

composite material transfers load both in an intercalated and de-intercalated state. Furthermore, 

understanding of how the active material particle size and volume fraction affects the interacting 

electrochemical and mechanical performance enables tailoring the multifunctional performance 

of the matrix material.  

By decreasing the LiFePO4 (or other active material used in the cathode) particle size, the 

diffusion time of Li in the active material will shorten, resulting in enhanced power performance. 

At the same time, reduced particle size is associated with an increase in undesirable side reactions 

due to higher surface area, resulting in poor cycling performance. Thus, there is a trade-off in 

particle size regarding electrochemical performance. 

Likewise, there are trade-offs for the mechanical performance as well. The mechanical properties 

of particulate-polymer composites depend strongly on the size and volume fraction of the 

reinforcing particles, the particle-matrix interface adhesion and the degree of particle dispersion. 

While small particles allow for higher volume fractions, which increase elastic and fracture 

properties of the composites, it also causes higher viscosity and particle agglomeration before 

curing [54]. In [55] the introduction of two different particle sizes in the same matrix showed 

improved strength and fracture toughness while lowering the viscosity and thus allowing for a 
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more uniform particle dispersion compared to its single-particle-size counterpart, as the presence 

of large particles showed a de-agglomeration effect. It is possible that two different particle sizes 

of the active material are advantageous also for the battery application, since some of the 

particles do not become fully intercalated, thereby reducing the total volume change.  

Particulate polymer composites are noted to show mechanical properties which depend on time, 

rate and temperature [56,57]. The time dependent behavior of the multifunctional LiFePO4 

reinforced composite remains to be characterized. Most commonly used methods to characterize 

materials viscoelastic and viscoplastic behavior is the tensile creep test, where a constant stress is 

applied to the specimen, and strain is recorded as a function of time.  

 

Testing on bundle vs individual fiber 

Electrochemical cycling performance tested both on individual fiber scale and for the fiber 

bundle show that there is a size effect [58]. The difference is clear for faster charge/discharge 

rates, while the performance is very similar for slow charge/discharge rates. Similarly, it may be 

of interest to investigate differences in mechanical performance with respect to any size effect. In 

[53] the impact of ion transport on the fiber/SBE interface was tested on macro-scale, for UD 

laminas of spread carbon fiber tows embedded in SBE. Electrochemically cycled specimens and 

non-cycled specimens were tested in three-point bending, the measured transverse stiffness 

showed no statistical difference, suggesting no losses in mechanical properties due to ion 

transport in the SBE and SBE-to-carbon fiber interface. Test on micro-scale can be used to 

validate these results, for which the microbond test is especially suitable. The microbond test 

allows for qualitative assessment of the effect of intercalation on interface strength, for lithiated 

and delithiated carbon fiber.  
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The longitudinal stiffness measured on dry fiber bundles, showed no effect of intercalation [59]. 

However, while the stiffness remained unchanged an increase in cross-section area of the fibers 

was observed when lithiated. Indicating that there is an actual decrease of the fiber axial modulus 

due to intercalation. Single fiber tensile test can be useful to capture this change in stiffness, since 

is difficult to measure on bundles with unknown filaments and no strain gauge or extensometer. 

There is also a possibility to extract the fiber stiffness change from the linear part of the recorded 

load-displacement curve during the microbond test. By performing a compliance calibration, i.e. 

perform tests on specimens with different gauge lengths, taking the additional displacement 

artefacts from the test machine into account, will reduce the impact of lack of strain gauges. The 

fiber stiffness, ܧଵ, corrected with respect to compliances can be calculated from  ܧଵ = ܥ଴ܮ ∗  (31) ܣ
where ܮ௢ is the initial fiber length, ܣ is the average fiber cross section area and ܥ is the true 

compliance, determined by subtracting the system compliance obtained from compliance 

calibration, ܥ௦, from the apparent compliance for each specimen, ܥ௔. 

 

Temperature effects 

Conventional batteries have a narrow temperature window for optimal operation. Deviating from 

this temperature span impairs the battery performance and/or life. The temperature limitation in a 

structural composite battery also needs to be identified and understood, as it governs the battery 

performance, safety and aging, as well as giving rise to thermal stresses and lowering the 

mechanical performance.  

Thermal modeling coupled with battery modeling is a useful tool to study temperature effects in 

batteries. The thermal model is based on thermal energy balance: 
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௣ܥߩ  ݐ߲߲ܶ = ߘ ∙ (ܶߘ݇) + ܳ (32) 
where ߩ is the density, ܥ௣ is the heat capacity, ݇ the thermal conductivity and ܳ the heat 

generation rate. Heat is generated from overpotentials (i.e. deviations from the equilibrium 

potential during battery operation) and resistances, which means that ܳ is a function of solid 

phase potential in the matrix,  ߔ௦,௠, electrolyte phase potentials in coating and matrix, ߔ௘,௖, and ߔ௘,௠, molar fluxes ܬ௙ and ܬ௠, salt and solvent concentrations in coating and matrix, ܿ௦௢௟௩ and ܿ௦௢௟௩, and Li concentration in fiber and LiFePO4 active material particles, ௙ܿ and ܿ௣. Averaged 

values for the temperature and generated heat can be used to couple the battery and thermal 

model, Figure 31. 

 
Figure 31. Coupling between the battery and thermal model using the average values for the 

temperature and generated heat 
 

Solid Electrolyte Interface/Interphase (SEI)  

The electrode/electrolyte interface is one of the main parameters governing the safety and 

lifetime of the battery. During charge, lithium ions supported by solvent molecules approach the 

surface of the graphite, as the lithium ions are intercalated into the graphite sheets; the potential 

of the negative electrode is very low, there is a thermodynamic driving force for electrolyte 

reductions, leading to formation of decomposition products that deposit on the surface. This layer 
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on the graphite surface is called solid electrolyte interface (SEI)-layer. The SEI layer formation is 

both detrimental and essential for the battery. On one hand, the SEI layer increases the cell’s 

internal impedance. But on the other hand, the SEI acts as a protective barrier on the graphite 

allowing the battery to function properly. The SEI layer is permeable to lithium ions but not to 

electrons, meaning that further degradation of the electrolyte is avoided. 

The thickness of the SEI layer in conventional batteries is not uniform and it increases with age, 

resulting in an increase of the cell’s internal impedance; reducing its capacity and hence its cycle 

life. It remains to be investigated how this SEI layer behaves in a structural composite battery, as 

graphite is replaced with carbon fiber and the SBE replaces liquid electrolyte. Two questions 

should be answered: 1) Does the SEI form at all? 2) To what extent does the introduction of this 

new phase (and especially two new interfaces formed) impact the material load carrying ability 

and electrochemical performance?  

In case the impact of the SEI layer is too prominent to neglect, formation of the SEI layer can be 

incorporated in the battery model, as demonstrated by Ekström and Lindbergh [60].  
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Original article

Multiphysics modeling of mechanical
and electrochemical phenomena in
structural composites for energy storage:
Single carbon fiber micro-battery

Johanna Xu1 , G€oran Lindbergh2 and Janis Varna1

Abstract

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

structured on microscale, with ability to function as battery cell in addition to carry mechanical load. The micro-

battery consists of a single carbon fiber surrounded by very thin solid electrolyte coating and embedded in a matrix

which is a porous material containing active particles able to intercalate lithium. During battery operation (discharging

and charging) the structural battery constituents undergo volume changes, caused by lithium-ion movement.

The presented mathematical model is solved numerically using COMSOL software and results are used to analyze

the physical phenomena occurring in the structural battery material. Parametric analysis is performed to reveal the

significance of geometrical parameters like fiber volume fraction in the battery and the porosity content in the matrix on

the multifunctional performance of the composite unit including its swelling/shrinking during charging/discharging.

Keywords

Carbon fiber, lithium-ion battery, multiphysics modeling

Introduction

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’ struc-

tural performance to also exploiting its multifunctional-

ity. Multifunctionality, i.e. when at least two functions

are delivered by the same material simultaneously, is

regarded as a major weight reduction solution. The mul-

tifunctional concept for composite materials, considering

structural and electrical energy storage functionalities,

can be implemented in different ways, e.g. by multifunc-

tional 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 electrochem-
ical properties is referred to as structural power compos-
ite. 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
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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 limited. For this reason,
the development of structural batteries appears to be
more promising from a future vehicle application point
of view.

A typical lithium-ion (Li-ion, Liþ) battery cell con-
sists 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 pre-
venting 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 elec-
tronic 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 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 electro-
lyte solution via diffusion and ionic conduction to the
positive electrode where they react and diffuse toward
the inner regions of the LiFePO4 particles. During
charging, the process is reversed.

To introduce an energy storage function in the struc-
tural composites, each constituent material must under-
take additional roles to allow for the above-mentioned
mechanisms.

In this paper we analyze a micro-battery containing
one single carbon fiber as negative microelectrode. It is
coated with a solid battery electrolyte (SBE) and
embedded in a solid positive electrode material, which
also acts as matrix.

Previous work investigating the electrochemical per-
formance of different carbon fibers3–5 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 efficien-
cies (the 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 repeat-
ed 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 be around 10%.

The main task of the matrix in a structural compos-
ite 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 in the matrix.

With the carbon fibers as one electrode (the nega-
tive) 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 circuit-
ing. Therefore, an isolating separator material between
the electrodes is needed, together with an electrolyte to
allow for ion transportation between the electrodes.

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 proper-
ties 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 per-
formance. Instead, SBEs are required7–9 to accommo-
date for 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.

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 example, battery
management systems in electric vehicles, the computa-
tionally 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 electrochem-
ical processes of the battery cell, physics-based models
are needed and the phenomena are described by differ-
ential 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
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in the early 1990s. This model based on the principles
of transport phenomena, electrochemistry, and ther-
modynamics is represented by coupled nonlinear
partial differential equations on different scales. This
model is by far the most prevalent among battery
researchers, as it solves for the (i) Liþ concentration
in electrolyte, (ii) electrolyte potential, (iii) solid-state
potential, (iv) Li 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
mechanisms.14

In the field of electrochemistry, the main interest to
investigate mechanical stresses and strains caused by
dimensional changes during intercalation/deintercala-
tion of Li into and from active materials originates
from the necessity 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 focus-
ing on an isolated active particle, meaning that various
assumptions were made in order to disregard the
surrounding phases.

Cheng and Verbrugge15,16 provided models of
diffusion-induced stress in single spherical nanopar-
ticles under different types of operation, with the objec-
tive 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

Botte18 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 forma-
tion 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 active material particles of the positive
electrode has been measured to be approximately
7%.21 The constrain to volume changes during battery
operation can result in microdamage in the material,

degrading both electrical and mechanical performance
of the structural battery composite.

In this work a multiscale and multiphysics electro-
chemical–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 is analyzed.
The battery cell consists of a carbon fiber negative
microelectrode, with individual carbon fiber 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 elec-
trochemical 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 deforma-
tion. The mechanical constraint of surrounding
materials to the fiber that was left out in previous
study19 is taken into account. It is important to take
these constraints into consideration, because they
represent a significant part of the battery structure.

The objective of this paper is to provide a mathe-
matical framework for describing physical phenomena
taking place in this novel microstructured composite
with ability to store energy and to perform mechani-
cally. The developed model is used to demonstrate the
dependence of polarization (i.e. the voltage drop) and
capacity (the amount of charge the cell can deliver) on
different boundary conditions and battery designs.

Theory

The working principle of a micro-battery was presented
in the “Introduction” section. In brief, electrons flow
internally through the electrodes and externally in an
outer circuit. Liþ are transported from one electrode to
the other via the electrolyte through diffusion and
migration, to provide reactants to the interfaces with
the active materials where intercalation reactions
occur, where the ions are reduced and neutral Li dif-
fuses into the active material. The processes taking
place during a normal battery operation are listed in
Table 1, and each of these processes requires its own
modeling, on different length scales.

The chemical reactions for a LiFePO4/carbon fiber
lithium-ion cell giving rise to these processes are given
below.

At the surface of the active material in the positive
electrode

Li1�xFePO4 þ xLiþ þ xe� ����!
discharge

 ����
charge

LiFePO4 (1)
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and at the carbon fiber surface

Li1�yC6 þ yLiþ þ ye�
����!charge

 ����
discharge

LiC6 (2)

The difference between the voltage under equilibri-
um and that under operation (i.e. with a current flow) is
termed polarization. The polarization originates from
three basic subprocesses, including (i) activation over-
potential, associated with the activation of the electro-
chemical 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 elec-
trolyte and electronic conductivity in the solid phase.

Polarization effects have significant impact on the
battery efficiency and how the battery can be charged
and discharged. The contributions from a specific sub-
process 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 polariza-
tion depending on different designs, and the conse-
quences in terms of swelling, rather than the source
of polarization.

Materials and geometry

Previous reported work on structural batteries23 con-
sidered 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 mm.
A method of coating single carbon fiber with a polymer
electrolyte in a continuous process by electropolymeriza-
tion 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 axisymmetric micro-
battery considered in this paper consists of an individ-
ual negative electrode, carbon fiber coated by a gel

electrolyte (lithium salt and solvent dissolved in a poly-

mer) surrounded by a solid positive electrode material,

which partially consists of the electrochemically active

material LiFePO4 (Figure 1).
The radius of the battery system rm is 4:3mm, with a

fiber content of Vf ¼ 0:34, detailed dimensions of con-

stituents are shown in Table 2, which will be called the

reference case where the electrodes are balanced for the

ability to intercalate ions.

Mathematical modeling

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

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 equation

Electronic conduction Electronic conductive phase of the electrodes Ohm’s law

Li diffusion in active material Electrochemically active material Mass balance equation (Fick’s second law)

Migration Electrolyte Electroneutrality

Liþ ionic diffusion Electrolyte Mass balance equation

Figure 1. Schematic of the cell constituents. (SBE: solid battery
electrolyte.)

Table 2. Battery cell constituents for balanced electrodes.

Constituent Thickness (mm)

Carbon fiber, rf 2:5
SBE layer on carbon fiber, rc � rf 0:1
Positive electrode matrix, rm � rc 1:7
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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 r-dependences. The lith-

ium concentration within the electrochemically active

material is solved for the spatial variation along the

r-direction of the battery as well as R-direction of the

active material particles.
To carry out this type of modeling many input

parameters have been collected from various experi-

ments reported in literature (see Tables 3 and 4).

Boundary and interface conditions are summarized in

Tables 5 and 6.

Fiber region. The lithium transportation in the active

material of the negative electrode, i.e. the carbon

fiber, is described by Fick’s law of diffusion in the

cylindrical coordinate system

@cfðr; tÞ
@t

¼ 1

r

@

@r
� Df

@cf
@r

r

� �
(21)

where c is the Li concentration with subscript f denot-

ing the fiber phase, D is the cf-dependent diffusion coef-

ficient, and t is the time.
There is no flux at the center of the fiber, equation

(3) in Table 5. On the fiber surface r ¼ rf, equation (4),

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 equa-

tion (38) in “Reaction kinetics” section.

Coating region. The modeling of mass transport involves

describing the interactions between the species in the

electrolyte. The equations presented in this section are

Table 3. Positive electrode properties and composition used in the reference case.

Property Symbol Value Unit

Solid phase Li diffusivity Da 3:42 � 10�22 m2=s

Particle radius Rp 2:49 � 10�7 m

Electronic conductivity in conductive additives rþcS 91 S=m

Volume fraction conductive additive eþcS 9:3 � 10�2 –

Volume fraction active material eþs 5:33 � 10�1 –

Volume fraction electrolyte phase eþL 2:7 � 10�1 –

Conductive phase Bruggeman’s constant bþcS 1:5 –

Electrolyte phase Bruggeman’s constant bþL 2:92 –

Table 4. State-of-charge-dependent carbon fiber parameters.4

Parameter
SOC %

5 20 40 60 80 100

Df (m
2=s) 1:41 � 10�14 3 � 10�13 6:87 � 10�13 6:69 � 10�13 1:89 � 10�12 3:6 � 10�12

i0;f ð Am2Þ 0:96 2:67 3:87 5:03 5:31 5:90

SOC: state of charge.

Table 5. Boundary conditions for mass balance equations in
electrode active material and SBE phase.

Dependent

variable Boundary Expression

cf r ¼ 0 �Df
@cf
@r ¼ 0 (3)

r ¼ rf �Df
@cf
@r ¼ Jf tð Þ (4)

ca R ¼ 0 �D @ca
@R ¼ 0 (5)

R ¼ Rp �Da
@ca
@R ¼ Jm r; tð Þ (6)

csalt;c r ¼ rf
@csalt;c

@r ¼ DLL 1�tþð ÞþDSLtL
DSSDLL�DLSDSL

Jf
F

(7)

r ¼ rc csalt;c ¼ csalt;m (8)

csalt;m r ¼ rc �DSS
@csalt;c

@r ¼ �DSS;eff
@ccsalt;m

@r (9)

r ¼ rm
@csalt;m

@r ¼ 0 (10)

csolv;c r ¼ rf
@csolv;c

@r
¼ DSS 1�tþð ÞþDSStL

DSSDLL�DLSDSL

Jf
F

(11)

r ¼ rc csolv;c ¼ csolv;m (12)

csolv;m r ¼ rc �DLL
@csolv;c

@r
¼ �DLL;eff

@csolv;m
@r

(13)

r ¼ rm
@csolv;m

@r ¼ 0 (14)
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derived for a gel electrolyte where a lithium hexaflour-
ophosphate (LiPF6) salt is dissolved in an ethylene car-
bonate–propylene carbonate mixture and a poly
(vinylidene fluoride-hexafluoropropylene) copolymer,
the derivations can be found in Nyman.25 A set of
nine transport properties are required to describe the
mass transport in the gel electrolyte. These include one
ionic conductivity j; two coefficients describing the
relation between the potential gradient and the concen-
tration gradients, gsalt and gsolv; four apparent diffusion
coefficients, DSS; DSL; DLS, and DLL, based on
Maxwell–Stefan diffusivities; two transport numbers,
tþ and tL, describing the fraction of the total current
carried in the electrolyte by the Liþ and the solvent,
respectively. These nine transport properties can be
obtained through a series of characterization experi-
ments as described by Nyman et al.26 and have
proven to be solvent concentration dependent.

The governing equations describing the concentra-
tion distributions (salt and solvent) in the gel electro-
lyte coating are

r
@csalt;c

@t
¼ @

@r
r DSS

@ccsalt;c
@r
þDSL

@csolv;c
@r

þ 1� tþð Þ ie;c
F

� �� �

(22)

and

r
@csolv;c

@t
¼ @

@r

r DLS
@csalt;c

@r
þDLL

@csolv;c
@r

þ tL
ie;c
F

� �2
64

3
75

r
@csolv;c

@t
¼ @

@r

r DLS
@csalt;c

@r
þDLL

@csolv;c
@r

þ tL
ie;c
F

� �2
64

3
75

(23)

where csalt;c and csolv;c are the electrolyte salt and sol-
vent concentrations in the coating.

The material balance equations (22) and (23)

describe both diffusion and migration mechanisms by

which ions are transported. The current density in the

electrolyte coating, ie;c, seen in the last term of

the right-hand side of equations (22) and (23) is calcu-

lated from

ie;c ¼ j � @Ue;c

@r
þ gsalt;c

@csalt;c
@r

þ gsolv;c
@csolv;c

@r

� �

(24)

where j is the ionic conductivity of the electrolyte.

The variation of the potential across the coating sepa-

rator, Ue;c, is described by equation (25). The potential

increases with higher current densities and higher con-

centration gradients

@

@r
r

@Ue;c

@r

� �
¼ @

@r
gsalt;c

@csalt;c
@r

r

� �

þ @

@r
gsolv;c

@csolv;c
@r

r

� �
(25)

Coefficients gsalt;c and gsolv;c, also seen in equation

(24) describe the relation between potential and con-

centration gradients, the empirical fitting expressions

are26

gsalt;c ¼ 5:326 � 10�5 þ 2:470 � 10�2 1

csalt;c
(26)

gsolv;c ¼ �5:394 � 10�6 � 3:616 � 10�2 1

csolv;c
(27)

The boundary conditions for solving equations (22),

(23), and (25) are given in Table 5 (equations (7), (8),

(11), and (12)) and (equations (15) and (16)).

Matrix region. The matrix material is a porous electrode,

composed by a mixture of solids that include electro-

lyte, electrochemically active material, electronic con-

ductors, and polymer binder material. Mass transport

in the electrolyte phase of the electrode and reaction

rates in the electrode active material depend on the

physical structure of the electrode.
Li concentration in the active material phase, ca, in

the positive electrode, which is assumed to be spherical

particles, can be described by Fick’s second law in

spherical coordinates

@caðR; r; tÞ
@t

R2 ¼ @

@R
R2Da

@ca
@R

� �
(28)

Table 6. Boundary conditions for charge balance equations in
electronically and ionically conductive phases.

Dependent

variable Boundary Expression

Ue;c r ¼ rf
@Ue;c

@r ¼ Jf
j þ gsalt

@csalt;c
@r þ gsolv

@csolv;c
@r (15)

r ¼ rc Ue;c ¼ Ue;m (16)

Ue;m r ¼ rc �j @Ue;c

@r ¼ �jeff @Ue;m

@r (17)

r ¼ rm �jeff @Ue;m

@r ¼ 0 (18)

Us;m r ¼ rc �reff ;m @Us;m

@r ¼ 0 (19)

r ¼ rm �reff ;m @Us;m

@r
¼ Iapp (20)
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where R is the radial coordinate and Da is the constant
diffusion coefficient for Li in LiFePO4 particle.

There is no flux at the center of the spherical particle
(equation (5)). On the surface of the particle, the flux,
equation (42), is determined by the reaction rate of Li
ions from the electrochemical reaction occurring on the
interface at the active material/electrolyte interface
(equation (6)).

The porous electrode is described with a macro-
homogenous model, where the porous structure is dis-
regarded. Instead the porous electrode is regarded as a
superposition of two continuous phases, electrode and
electrolyte, being present at every point in the 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, eþe (the ratio of electrolyte volume to total
volume) and tortuosity (“labyrinth” effect) through
effective properties with subscript eff

Peff ¼ P � eþe bþe P ¼ DSS; DSL; DLS; DLL; j (29)

where bþe is the electrolyte phase Bruggeman coeffi-
cient, constant for all properties P, 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 equa-
tions (22) and (23)

eþe r
@csalt;m

@t
¼ @

@r
r DSS;eff

@ccsalt;m
@r

þDSL;eff
@csolv;m

@r
þ 1� tþð Þ ie;m

F

� �� �

(30)

and for solvent

eþe r
@csolv;m

@t
¼ @

@r

r DLS;eff
@csalt;m

@r
þDLL;eff

@csolv;m
@r

þ tL
ie;m
F

� �2
4

3
5

(31)

At the interfaces between the positive electrode/
coating the concentrations of the electrolyte and its
flux are continuous (equations (8) and (12)). Also, at
the battery cell outer surface in the radial direction,
there is no mass flux (equation (10)).

Similar to the electrolyte current density in the coat-
ing (24), the electrolyte phase current in the matrix is
given by

ie;m ¼ jeff � @Ue;m

@r
þ gsalt;m

@csalt;m
@r

þ gsolv;m
@csolv;m

@r

� �

(32)

The potential Ue;m is given by

@

@r
r

@Ue;m

@r

� �
¼ @

@r
gsalt;m

@csalt;m
@r

r

� �

þ @

@r
gsolv;m

@csolv;m
@r

r

� �
� A � jloc;m

jeff
r

(33)

Coefficients gsalt;m and gsolv;m in equations (32) and
(33) are given similarly to equations (26) and (27)26

gsalt;m ¼ 5:326 � 10�5 þ 2:470 � 10�2 1

csalt;m
(34)

gsolv;m ¼ �5:394 � 10�6 � 3:616 � 10�2 1

csolv;m
(35)

The solid phase electrical potential /s;m is calculat-
ed by Ohm’s law, given by

reff;m
1

r

@

@r

@/s;m

@r
r

� �
¼ A � jloc;m (36)

Where reff is the effective conductivity of the matrix
corrected for porosity using power function
reff;m ¼ reþcS

bþcS , where eþcS and bþcS are volume fraction
of the electronic conductor and solid phase Bruggeman
coefficient, jloc;m is the local current density calculated
from the reaction kinetics (see next section). A is the
surface area of the active material per total electrode
volume calculated by

A ¼ 3

Rp
ðeþS Þ (37)

where Rp is the radius of the active material particle,
and eþS is the volume fraction active material in
the electrode. Properties of the porous matrix positive
electrode are shown in Table 3.

The net electron flux at the matrix/coating (elec-
trode/separator) interface is zero (equation (19)).
At the outer surface of the matrix electrode, the bound-
ary condition for the charge flux is the current density
applied to the cell (equation (20)).

Reaction kinetics. 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

Jfjr¼rf ¼ i0; f exp
aaFgf
RgT

� �
� exp � acFgf

RgT

� �� �
(38)
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where aa and ac are the transfer coefficients for the
anodic and cathodic reaction in the electrode, Rg is
the universal gas constant, F is Faraday’s constant, T
is the temperature, and gf is the overpotential at the
negative electrode, given by

gfjr¼rf ¼ Us; f � Ue;c � EOCP;f (39)

EOCP; f is the open-circuit potential (OCP) for a
single fiber, obtained from curve-fitting experimental
data from electrochemical cycling.4 The exchange cur-
rent density of the fiber, i0;f, is a measure of the rate of
electron transfer at equilibrium,28 obtained from elec-
trochemical impedance spectroscopy4 and shown to be
strongly Li concentration dependent (Table 4). The Li
concentration is expressed through state of charge
(SOC), defined as

SOC ¼ cf
cf;max

(40)

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 Liþ to and from the surface of the
active material is defined per total electrode volume
in the model, calculated from the product of the flux
density, Jm and the interfacial (surface) area per total
electrode volume.

The active material and electrolyte phases are cou-
pled by the flux of Liþ to or from the surface of the
active material phase, since the charge entering the elec-
trolyte must leave the active material and vice versa.
The current density in the electrolyte (ie;m) is coupled to
the local current per active material area and the flux of
ions over the interface between the active particle sur-
face and the electrolyte (Jm) by

@ie;m
@r
¼ A � jloc;m ¼ A � F � Jm (41)

The Butler–Volmer equation remains locally valid at
each point of the active electrode material–electrolyte
interface according to

jloc;m r; tð Þ ¼ ca;avgka; 0exp
aaF
RgT

� /s;m � /e;m � Eref

� �� �

� csalt;m � ðca; max � ca;avgÞ � kc;0

� exp � acF
RgT

� /s;m � /e;m � Eref

� �� �

(42)

ca; avg and ca; max are the average and the maximum
concentration of lithium in the active material of the

positive electrode, respectively. aa and ac, which is also

included in equation (38), are so-called dimensionless

charge transfer coefficients, here assumed to be 0.5.

Reaction rate constants, ka;0 and kc;0, are the anodic

and cathodic reactions, respectively, and are coupled

by the following expression

kc;0 ¼ ka;0 � ca;avg

csalt;m � ca; max � ca;avg

� � exp F

RgT
� EOCP;a � Eref

� �� �

(43)

where EOCP;a is the OCP of the active material, which is

concentration dependent and measured elsewhere.29

Eref (also seen in equation (42)) is an arbitrary value

that is introduced to keep the anodic and cathodic reac-

tion rate constants within a comparable order of

magnitude.22

Simulation procedure

The mathematical model described in previous section

is a multiscale 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 negative

electrode, coating separator and matrix electrode,

denoted Xf; Xc; and Xm, respectively (Figure 2(a)).
The simulation consists of two coupled 1D models

(Figure 2). The first model represents the macroscopic

level, consisting of the three domains Xf; Xc; and Xm.

The second model represents the microscopic level,

Figure 2. Schematic of the micro-battery computational
domains. (a) On the macroscopic scale the micro-battery is
divided in three domains, Xf ; Xc and Xm, 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 consid-
ered by assuming spherical particles of active material in the
positive electrode.
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which has only one domain, Xp, the active material
phase. It models a spherical particle of the positive
electrode active material.

The two-way coupling between macroscopic and
microscopic problem occurs by solving for the conser-
vation of current for the ionically conducting electro-
lyte phase with equations (24) and (32), the material
balances on the salt and solvent in the electrolyte
phase use equations (22) and (23), and equations (30)
and (31) in the Xc and Xm domains. These equations
couple to equations (38) and (41) that define the flux of
lithium exiting/entering the solid active phase into the
electrolyte phase. The flux of lithium provides bound-
ary conditions for using Fick’s second law to charac-
terize the diffusion of the lithium species in the active
material particle in Xf and Xp domains,
equations (21) and (28). The macroscopic model uses
equation (36) for conservation of current for the
electronically conducting solid phase, where the local
current density jloc;m is solved for each r-coordinate in
Xm using equations (42) and (43). jloc;m is dependent on
the microscopic solution of the Li concentration in the
active material particles in equation (28) in Xp

domain, while the corresponding boundary condition
equation (6) includes the flux of ions over the interface
between the active particle surface and the electrolyte,
equation (41) in Xm domain.

Intercalation-induced volume changes

As a result of battery operation, the composite unit cell
will undergo volume changes. In the micro-battery
cell model described as an axi-symmetric problem in
Figure 1, an infinite long fiber is assumed. All shear
stress components are equal to zero and the only non-
trivial equilibrium equation is

@rkr
@r
þ rkr � rkh

r
¼ 0 (44)

where rki are stress components in cylindrical coordi-
nate system. The stress–strain relationship for trans-
versely isotropic materials with intercalation-induced
volumetric changes can be introduced through a ther-
momechanical analogy,19 where the dimensional
changes are assumed to be proportional to the Li con-
centration, c

rki ¼ Ck
ij ekj � ek; free swelling

j

� 	
k ¼ f; c;m (45)

where index k ¼ m for the matrix, k ¼ c for the coat-
ing, and k ¼ f for the fiber, and i; j ¼ r; h; 1 are cylin-
drical coordinates. Repeating indexes in equation (45)
denote summation. Ck

ij is the stiffness matrix using
Voigt notation, ek; free swelling

j is the free swelling

strain in j-direction due to Li-ion intercalation which
does not have shear components. For fiber
ef; free swelling
j ¼ bfj

cf
cf;max

, where bfj is constant coefficients
of proportionality called intercalation-expansion coef-
ficients to characterize the dimensional changes in the
three directions.

cf
cf;max

is the normalized Li concentration
in the fiber, where cf is the time-dependent Li concen-
tration in the electrode material (equation (21)). cf;max is
the maximum concentration reached when Li have
intercalated into all available sites. The maximum Li
concentration in the fiber is a physical property given
by the specific capacity ¼ 372 mAh=g5 and its
density¼ 1780 kg=m3 for IMS65 carbon fiber.
Similarly, the maximum concentration of lithium in
the active material in the matrix is given by its specific
capacity ¼ 169 mAh=g and density ¼ 3600 kg=m3.

The fiber is taken as a transverse isotropic material,
with C13 ¼ C12; C22 ¼ C33, br ¼ bh.

The matrix material is assumed to be a particle com-
posite with effective isotropic properties. The effective
properties of matrix electrode material are calculated
using the composite spheres assemblage introduced by
Hashin,30 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 K is given by

K� ¼ Kb þ Kp � Kb

� � 3Kb þ 4Gbð ÞVp

3Kp þ 4Gb � 3 Kp � Kb

� �
Vp

(46)

with superscript * denoting the effective property of
the particle composite and subscripts b and p denote
binder and particle phases, respectively. V is the
volume fraction, and G is the shear modulus for each
phase calculated by equation (47), where E is the
Young’s modulus and v is the Poisson’s ratio

G ¼ E

2 1þ vð Þ (47)

The shear modulus for the particle composite is then
given by

G� ¼ Gb þ Vp

1= Gp � Gb

� �þ 6Vp Kp þ 2Gb

� �
=5Gb 3Kb þ 4Gbð Þ

(48)

Since the matrix material is regarded macroscopical-
ly isotropic, Young’s modulus, E�, is calculated from
the bulk and shear modulus

E� ¼ 9K�G�

3K� þ G�
(49)
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The free swelling strain of the homogenized matrix,

assuming bb ¼ 0, is given by

em; free swelling ¼ bpVp

þ 4 Kp � Kb

� �
bpGbVbVp

3KbKp þ 4G1 KbVb þ KpVp

� � cp

cp;max

(50)

where
cp

cp;max
is the normalized Li concentration in the

LiFePO4 particle, calculated from equation (28).

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 h. 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.

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 active material particles in the matrix fully

lithiated, which is also the stress-free state. After charg-
ing the lithium concentration in the fiber at the start of
the simulation is assumed uniform, cf=cf;max ¼ 0:99 and
the battery is not stress free. The potential in the elec-

trolyte phase is zero and the potential in the solid phase
is the OCP. The discharge curves shown in Figures 3
and 4 correspond to the initial stress-free state when the
matrix is fully lithiated.

Another possibility, requiring different manufactur-
ing 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 simulation
starts with cf=cf;max ¼ 0:01 for a delithiated fiber.

Effect of porosity of the positive electrode

The volume fraction of the solid active material in the
positive electrode, eþS , affects the battery in terms of
overall capacity. In Figure 3 the voltage drop during
discharge for micro-batteries with identical geometries,

i.e. fiber volume fractions and coating thickness, but
with different positive electrode matrix compositions
is shown.

The cell voltage is plotted against specific capacity,
Cspec, defined as

Cspec ¼

Z ​

Idt

m
(51)

where

Z ​

Idt is the summation of electric current deliv-

ered during the discharge time, t, and m is the mass of
the electrochemically active material in the positive
electrode (in the matrix material).

If eþS is low, the voltage drops faster and the capacity
of the battery is lower because there is less active mate-
rial into which Li can intercalate.

For a structural battery material, which must also pos-
sess mechanical performance, it is important not to focus
solely on the voltage drop, which is greater for low poros-
ities, but also consider factors affecting the stress
distributions.

In addition to the high diffusion coefficient for the
fiber that enables fast transport also a fairly slow dis-
charging rate is used in this parametric 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; how-
ever, the magnitude of lithiation (average ca) in the
active material depends on the position in the matrix
thickness direction.

At low eþS the active material particles uptake Liþ
more evenly, whereas a high eþS in the matrix prohibits
the Liþ from effectively moving through the electrolyte

Figure 3. Discharge characteristics for different εþS when
the fiber is considered stress free when delithiated during 1C
discharge Vf¼ 0.34.

Figure 4. Discharge characteristics dependent on Vf when
the fiber is considered stress free when delithiated during 1C
discharge. eþS ¼0.533.
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phase in the matrix in the radial direction, resulting in

higher gradients of lithiated and partially lithiated

active material across the positive electrode causing

gradient in swelling behavior.

Effect of fiber volume fraction

In Figure 4 the voltage profiles for micro-batteries with

positive electrodes with eþS ¼ 0:533 in the matrix and

thicknesses of 1, 1:7; and 2 mm during the constant cur-

rent discharging at discharge rate of 1C are shown. The

voltage drop (y-axis) in the discharge curve is increas-

ing with increased fiber volume fraction. Also, the

slopes appear different; higher slopes represent a

higher internal resistance.
It should be noted that although the applied current,

Iapp 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 1 h. 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 reac-

tion to occur do not have enough time to move to their

necessary positions. Additional simulations with the

same discharge current should be run in order to inves-

tigate 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 Vf.

Effect of initial and boundary condition on

volume changes

The analytical model proposed by Hashin, equations

(46) to (50), was used to assess the effective 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

Table 7. Elastic properties of constituents in matrix material.

Constituents Young’s modulus (GPa) Poisson’s ratio (–) Volume change ð%Þ Reference

Particle Ep ¼ 125 �p ¼ 0:28 bp ¼ 7 Zhang21

Binder mixture Eb ¼ 0:1 �b ¼ 0:3 bb ¼ 0 Assumed
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Figure 5. Effective properties. (a) Young’s modulus and (b) the maximum swelling strain of the matrix electrode versus volume
fraction eþS of the electrochemically active material.

Table 8. Elastic properties of fiber and coating.

Constituents Young’s modulus (GPa) Poisson’s ratio (–) Volume change ð–Þ Reference

Fiber Efz ¼ 300

Efr ¼ 30

�f
zr ¼ 0:2

�f
rh ¼ 0:45

bfz ¼ 0:009
bfz ¼ 0:05

Jacques et al.20

Coating Ec ¼ 0:1 �c ¼ 0:3 bc ¼ 0 Assumed
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influence of the volume fraction of the active material

on material elastic modulus and swelling strain is

shown in Figure 5.
The material properties for the fiber and coating is

presented in Table 8.
Since the diffusion coefficients used in this study

enable fast transport, concentration gradients are neg-

ligible 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.

The radial swelling behavior is very different depending

on the two possible cases of the stress-free states

discussed in the beginning of “Results and discussion”

section.
The discharge in the stress-free state with a fully

lithiated matrix in Figure 3 can be compared with the

stress-free state with fully lithiated fiber (Figure 6).

In the latter case, the electrochemical cycling starts

with a discharge, which is shown in Figure 6 where

the discharge voltages for different eþS are shown. It

can be seen that for the so-called reference micro-

battery design, with eþS ¼ 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.

It appears that these two different initial conditions
generate different trends for the extracted capacity.
These differences reflect themselves, in the maximum
radial swelling strain and the specific capacity depen-
dence on volume fraction of the active material shown
for both initial stress-free states in Figure 7.

In Figure 7(a) it can be seen that the capacity nor-
malized to the amount of active material in the positive
electrode increases with increasing volume fraction of
the active material. The maximum dimensional change
occurs when the battery is fully charged, which leads to
shrinkage of the battery in the radial direction. 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 frac-
tion active material in the matrix.

Figure 7(b) shows the opposite to Figure 7(a): the
specific capacity is decreasing and the battery’s swelling
increases with increasing eþs . 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 in the stress-free

Figure 6. Discharge characteristics for different porosities
when the fiber is considered stress free when lithiated.
Vf ¼ 0:34.
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Figure 7. Radial swelling strain and specific capacity versus matrix porosity. (a) Fiber stress free when delithiated and (b) fiber stress
free when fully lithiated from start. Vf ¼ 0:34.
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state means that in the case of eþs < 0:533 (which is the
active material volume fraction when the two electro-
des are balanced with regard to the intercalation abil-
ity) the amount of Li available exceeds the available
sites in the matrix material. For low eþS 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 eþS . The reason why the
dimensional change in the radial direction of the bat-
tery is positive, is the swelling of the matrix; which is
greater than the shrinkage of the fiber; which domi-
nates the global behavior for a fiber volume fraction
of Vf ¼ 0:34. A higher swelling for higher eþs , despite
similar normalized Li utilization in the matrix is
explained by the eþs dependency of the matrix material’s
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.

It appears that for cells with different Vf, different
initial conditions generate different trends for the
extracted specific capacity and maximum radial swell-
ing dependence on volume fraction of the active mate-
rial. In Figure 9 these trends are shown for both initial
condition assumptions.

Figure 9(a) shows that maximum radial shrinkage of
the battery, which occurs at fully charged state, is less
for higher Vf. To explain, we consider a pristine fiber
and the active material in the matrix being fully lithi-
ated at stress-free state in beginning of the electrochem-
ical cycling. At fully charged state the fiber is swollen.
For Vf < 0:34 there is more Li available in the matrix
material than can be intercalated into the carbon fiber,
and for Vf > 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 Vf. The
reason for negative global dimensional change for the
battery in the radial direction is the greater shrinkage in
the matrix material than the expansion of the fiber.
Hence, higher Vf results in lower shrinkage extent.

When the initial stress-free condition is assumed to
be a fully lithiated fiber and delithiated matrix, respec-
tively, the cycling consequently starts with a discharge
and the maximum radial swelling shown in Figure 9(b)
occurs at the cut-off voltage. In this case the opposite
applies concerning available sites for Li intercalation in
each electrode, that is for Vf > 0:34 Li available from
the carbon fiber exceeds the ability to be intercalated in
to active material in the matrix, and for Vf < 0:34
there are more available sites for intercalation in the
matrix than there is Li coming from the carbon fiber. In
general, the maximum radial swelling decreases with
increasing vf, because the amount of fully lithiated
matrix material surrounding the carbon fiber decreases
resulting in Li enclosed in fiber, and the role of the fiber
becomes more dominant. However, it can be seen that
for very low fiber volume fraction (Vf < 0:34) the
degree of swelling is slightly reduced again. The
reason is that the radial size of the matrix material is
too large to allow for efficient transport of Liþ, mean-
ing that the distribution of the Li in the matrix is
nonuniform.

Conclusions

A framework for modeling a novel type of multifunc-
tional composite material is presented, where a com-
posite unit consisting of single carbon fiber
microelectrode coated with an ion-conducting polymer
electrolyte surrounded by a matrix material is consid-
ered as a micro-battery in a physics-based electrochem-
ical model. Mathematical formulation for a single fiber
lithium-ion battery under operation describing the elec-
trochemical processes occurring is outlined. The mod-
eled processes include (i) mass transport in electrolyte
and in active electrode material particles, (ii) electro-
chemical reaction at active electrode material surfaces,
and (iii) electronic and ionic conduction.

The multiscale character of the battery is addressed
by coupling equations solved across the macroscopic
domains of the battery (fiber electrode, coating
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Figure 9. Radial swelling strain and specific capacity dependence on fiber volume fraction with constant eþS ¼ 0:533. (a) Fiber stress
free delithiated and (b) fiber stress free when fully lithiated.
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separator, and matrix electrode) and microscopic

domains (active particle of the positive electrode). At

macroscale the porous electrode model was extended

for a SBE and coupled with a mechanical model,

whereas at microscale Butler–Volmer kinetics was

used for the Liþ flux into the active material.
The effect on electrochemical and mechanical per-

formance of altering the fiber volume fraction and the

matrix composition in the structural battery was inves-

tigated, 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 assuming that the system is

stress free when the fiber is fully lithiated while the

matrix is delithiated show that higher fiber volume con-

tent is favorable for both reduced mechanical swelling

and electrochemical performance. Also a lower volume

fraction of the 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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Carbon fiber composites with battery
function: Stresses and dimensional
changes due to Li-ion diffusion

Johanna Xu1, Göran Lindbergh2 and Janis Varna1

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 suggested 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 while transferring mechanical loads.

The coated fiber is surrounded by a conductive positive electrode material matrix. This paper demonstrates a compu-

tational methodology for addressing mechanical stresses arising in a conceptualized micro-battery 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, swelling, stress state

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 prop-
erties. 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 attract-
ive 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 ter-
minal of the cell, and (iii) a separator preventing short
circuiting and (iv) liquid electrolyte between the two
electrodes. The electrodes consist of nano to microm-
eter 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 are
graphite (powder) in the negative electrode and
lithiated metal phosphate (e.g. LiFePO4) in the positive
electrode, both serving as host materials allowing for
lithium-ion extraction and insertion as the battery is
charged and discharged. This insertion process of lith-
ium active materials is called intercalation. In-depth
information on Li-ion battery and their use can be
found in Linden and Reddy6 and Hamann et al.7

When a lithium-ion battery is in use, i.e. during dis-
charge, Li diffuses to the surface of graphite particles in
the negative electrode where they undergo electrochem-
ical reaction, and then the ions travel through the elec-
trolyte solution via diffusion and ionic conduction to
the positive electrode where they react and diffuse
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towards the inner regions of the LiFePO4 particles.
During charging, the process is reversed.

To introduce an energy storage feature in the struc-
tural 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 elec-
trode material in a battery, allowing for lithium inter-
calation. The matrix material contribution extends
beyond acting as load transfer to also function as elec-
trode material. With two electrodes, one negative (fiber)
and one positive (matrix), two additional functions are
required in order to realize a battery, namely a separ-
ator 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)8–11 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 con-
ductivity is overcome in the suggested micro-battery
cell design, reducing the thickness of the electrolyte to
a less than 1mm by electropolymerization.12

Within this conceptualized micro-battery 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 cap-
ability 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.13 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 h, 10C in 1/10 h. 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 three-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 Pupurs and Varna14 and Cheng
and Verbrugge.15 In the work by Pupurs and Varna,14

the internal stresses in the fiber due to Li concentration
gradients were studied, with the simplification that the
fiber is surrounded by an infinite source of Liþ 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 subse-
quent 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 (a) the Li concentration is different than in
Pupurs and Varna14; (b) 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 swel-
ling and the other one is shrinking) has to be accounted
for in a proper analysis.

Figure 1. (a) Schematics of Li-ion battery operating principle. (b) Micro-battery.
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This paper demonstrates computational method-
ology for addressing mechanical stresses arising in the
carbon fiber, at its interface and in the matrix in a
conceptualized micro-battery cell during electrochem-
ical cycling. Physics-based mathematical modeling is
used to analyze the following electrochemical processes
simultaneously:

. Mass transport in active materials.

. 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 micro-
battery is charged from its fully discharged state
(no Li in fiber), with charge/discharge rates corres-
ponding to 1C and 10C. At full charge, the subse-
quent discharging takes place without any resting
period.

ii. Swelling and shrinking of the carbon fiber micro-
battery due to Li diffusion as affected by elastic
properties of constituents.

iii. The effect of the charge rate on stress distribution in
the carbon fiber, at the fiber/electrolyte interface
and in the matrix caused by Li distribution.

Theoretical background

Design considerations

In the conceptual cylindrical micro-battery, see
Figures 1(a) and 2(a), the negative electrode is an

individual carbon fiber coated by a gel electrolyte (lith-
ium salt and solvent dissolved in a polymer) sur-
rounded 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 (matrix) is the source of lith-
ium, providing lithium to the negative electrode (fiber)
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 dif-
fers 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 volume
fraction in the multifunctional composite is adjusted to
ensure this balance. The maximum Li concentration in
the fiber is a physical property given by the specific
capacity ¼ 372mAh=g 16 and its density¼ 1780 kg=m3

for IMS65 carbon fiber. Similarly, the maximum con-
centration of lithium in the active material in the matrix
is given by its specific capacity ¼ 169mAh=g and dens-
ity ¼ 3600 kg=m3.

The fiber used in this study is an intermediate modu-
lus carbon fiber, with a radius rf ¼ 2:5 mm. The coating
thickness is set to rc ¼ 0:1 mm, and the outer radius of
the micro-battery system is calculated to be rm ¼ 4:3 mm
in order to fulfill the matching in intercalation ability,
from which it can be realized that the matrix thickness
is 1.7 mm and the fiber volume fraction in the composite
material is Vf ¼ 0:34:

Stresses in micro-battery due to ion migration

The mechanisms of lithium ion intercalation in the
structure of carbon fibers are still not fully understood.
Empirical studies have shown that the ability to inter-
calate Li-ion is far superior for PAN-based fibers with

Figure 2. (a) Schematics of micro-battery constituents. (b) Model geometry.
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intermediate modulus than fibers with high and ultra-
high modulus fibers.17 The turbostratic microstructure
of these fibers which also contains amorphous parts are
suggested to be favorable for Li-ion intercalation. It is
believed that lithium intercalation leads to changes in
the crystal lattice of the carbon fiber, both in the direc-
tion of basal planes and interplane, resulting in dimen-
sional changes of the carbon fiber, corresponding well
with experimental observations in Jacques et al.18 In
linear elasticity theory, these dimensional changes are
assumed to be proportional to the Li concentration, c.
In the concentric micro-battery, where the concentra-
tion distribution is not uniform and the carbon fiber is
constrained by the battery constituent materials, inter-
calation induces stresses.

For a transverse isotropic material, two different
constant coefficients of proportionality called intercala-
tion-expansion coefficients are required to characterize
the dimensional changes in the three directions.

The stress–strain relationship for transversely iso-
tropic active materials with intercalation induced volu-
metric changes can be introduced through a thermo-
mechanical analogy.14

�k
i ¼ Ck

ij "kj � �j
ck

ck,max

� �
k ¼ f, c,m ð1Þ

where index k ¼ m for the matrix, k ¼ c for the coating,
and k ¼ f for the fiber, and i, j ¼ r, � are cylindrical
coordinates. Ck

ij is the stiffness matrix using Voigt nota-
tion. Here �j

ck
ck,max

is the free swelling strain in j-direction
due to Li-ion intercalation which does not have shear
components. ck

ck,max
is the normalized Li concentration in

the active material, where ck is the time-dependent Li
concentration in the active material, ck,max is the max-
imum concentration corresponding to Li intercalated
into all available sites in the host materials. The max-
imum Li concentration in the fiber is a physical prop-
erty given by the specific capacity16 of the active
material and its density.

For a transversally isotropic material
C13 ¼ C12,C22 ¼ C33, �r ¼ ��.

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

@�k
r

@r
þ �k

r � �k
�

r
¼ 0 ð2Þ

The strain relationship to radial displacement ur is
given by

"kr ¼
@ukr
@r

"k� ¼
ukr
r

"1 ¼ "10 ¼ "1f ¼ "1m ¼ "1c ð3Þ

The third expression in equation (3) states that axial
strains are the same in all constituents, where "10 is an
unknown constant axial swelling strain of the micro-
battery. 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.

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
diffusion19

@cf
@t

¼ r � ðDfrcfÞ ð4Þ

where subscript f denotes the fiber phase, D is the dif-
fusion coefficient, t is the time, and r is the Nabla
operator. Boundary conditions are

�Df
@cf
@r

����
r¼0

¼ 0 �Df
@cf
@r

����
r¼rf

¼ Jf tð Þ
��
r¼rf

ð5Þ

where Jf 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 kinetics yielding the molar
flux Jf at the electrode surface is given by the Bulter–
Volmer equation7

Jf
��
r¼rf

¼ i0,f exp
�aF�f
RgT

� �
� exp ��cF�f

RgT

� �� �
ð6Þ

where Rg is the universal gas constant, F is the Faraday
constant, i0,f is a material property termed exchange
current density which is the rate of oxidation and
reduction at equilibrium, �a ¼ 0:5 and �c ¼ 0:5 are
the electrochemical reaction symmetry factors, and �f
is the overpotential defined as

�f
��
r¼rf

¼ �s,f ��e,c � EOCP,f ð7Þ

where �e,c is the electrolyte phase electric potential in
the SPE coating, resulting from concentration distribu-
tions of salt and solvent in the coating, and �s,f is the
solid phase electrical potential for the fiber (here the
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carbon fiber is assumed to be grounded, �s,f ¼ 0), EOCP

is the electrode equilibrium potential, a material prop-
erty describing the potential observed experimentally at
zero current.

Similar equations as (4) to (7) are describing the Li
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 conductiv-
ity, �eff,m, in the micro-battery, with the applied current
density as boundary condition

��eff,m
@�s,m

@r

����
r¼rm

¼ I ð8Þ

where the current density I is related to the applied
current iapp at the outer surface of the battery, A, as

I ¼ iapp=A ð9Þ

It has to be realized that in order to assess lithium
concentration distribution in the carbon fiber (negative
electrode), cf, equation (4), also electrolyte phase charge
and mass balances need to be described. The macro-
scopic modeling of the mass transport in the electrolyte
is adapted from work by Nyman et al.20

In summary, the model to describe the ion concen-
tration distribution in this micro-battery consists of a
coupled system of 11 nonlinear partial differential equa-
tions (PDE) with 11 unknowns, which are: 2 active
material concentrations cf, ca, 2 concentrations in the
polymer electrolyte coating containing both salt and
solvent csalt,c, csolvent,c, 2 concentrations in the matrix
material consisting partially of the polymer electrolyte,
csalt,m, csolvent,m, 3 potentials �e,c,�e,m,�s,m, and 2 fluxes
Jf and Jm. The governing equations along with corres-
ponding boundary conditions are discussed in detail in
Xu et al.21

COMSOL model

COMSOL Multiphysics 5.222 software is employed to
model the concentration distributions during Li inter-
calation 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.21

An axisymmetric representation is used to model the
three concentric phases, the mechanical stresses are
obtained by assuming generalized plane strain condi-
tions, "1 ¼ "10 ¼ const. Further, the carbon fiber is con-
sidered stress free with no lithium present, i.e. in a fully

discharged state. The matrix material is also stress free
in the discharged state, when it contains the highest
lithium concentration. For convergence reasons, the
initial concentration in the fiber was set as a small
non-zero value.

Results and discussion

Input parameters

The electrochemical properties of the carbon fiber are
extracted from Kjell et al.23 for PAN-based IMS65
carbon fiber. The electrochemical properties of the gel
polymer electrolyte are adopted from an extensive char-
acterization study for a gel polymer in Nyman et al.20

Both the composition and the electrochemical proper-
ties for the positive electrode (matrix) material are
assumed to correspond to Zavalis et al.24

The experimentally measured diffusion coefficient of
the carbon fiber23 shows strong concentration depend-
ence, D ¼ D cð Þ, ranging over three orders of magni-
tudes. The effect of the diffusion coefficient is studied
by adopting in simulations two extreme constant values
(low and high), Table 1, and comparing two different
charge/discharge C-rates; 1C and 10C. Considering the
relatively low ionic conductivity of the SPEs, these C-
rates might be too high to enable sufficient transport.
However, the gel polymers used in this study have
higher conductivity than SPEs, and researchers are con-
stantly striving to achieve higher conductivities for
SPEs. Also, SPE may give a higher ion-conductivity
at elevated temperatures, in such case, the temperature
effects on the mechanical properties of all the compo-
nents should be considered during modelling. However,
this is outside the scope of this study, which only con-
siders isothermal conditions.

The applied current (iapp) for one cycle has the same
C-rate during charge and discharge without any break
between these two steps.

The input parameters for the mechanical model are
listed in Table 2. The free swelling strain in the fiber
axial direction was obtained by fitting experimental
data from Jacques et al.18 The radial swelling coefficient
for carbon fibers is not available in literature, but it has
been approximated from observations.4

The expansion coefficients �c
z ¼ �mz ¼ �c

r ¼ �mr ¼ 0
can be interpreted as no macroscopic swelling due to
intercalation. In fact, swelling in the active material

Table 1. Fiber diffusion coefficients used in this study.

Parameter Low High

Diffusion coeff. of carbon fiber, Df ðm2=sÞ 10�14 10�11
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particles which are constituents 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 porous matrix microstructure, we sim-
plify the analysis by setting the overall expansion coef-
ficient of the matrix to zero for the reference elastic
property data set and using it as a parameter in follow-
ing analysis. Swelling of the coating is neglected,
because the properties are unknown, and the stiffness
and thickness are very low, and hence insignificant
influence on stresses expected.

In addition to the reference case presented in
Table 2, calculations were also performed with
10 times higher elastic modulus of the coating and the
matrix, and a non-zero expansion coefficient for the
matrix �r

m ¼ �z
m ¼ 0:05.

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,6 which is outside the scope

of this present study. The battery is operable until the
cell voltage, Ecell, 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 voltage is set to 3.6V and
the lower cut-off voltage to 2.7V, commonly specified
by battery manufacturers.24,25

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 com-
bination with the charge/discharge rate.

In Figure 3, the difference in Li concentration gra-
dients corresponding to the two diffusion coefficients
is shown. In the case of 1C charge/discharge rate
(Figure 3(a)) slow diffusion in the fiber (solid lines)
leads to small but noticeable gradient in the beginning
of the charge, which is maintained throughout char-
ging, and then mirrored during discharging. During

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.

Table 3. Time instants of studied concentration and stress

distributions during the charge/discharge.

Designation Progression in the charge/discharge cycle

a After the onset of charging

b Half-way through charging

c Before the end of charging

d After the onset of discharging

e Half-way through discharging

f End of discharging

Table 2. Elastic constants and expansion coefficients of con-

stituents: Reference case.

Constituent

Ez
(GPa)

Er
(GPa)

�zr
(�)

�r�
(�)

Expansion

�z(�) �r(�)

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
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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 may still slightly increase, a
process driven by the previously created concentration
gradient. With continued discharging, the Li concentra-
tion is always lower in the fiber surface region. In con-
trast, when the diffusion is fast, there are no discernible
concentration gradients. 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 previous observation
regarding uniform concentration distributions for a
fast diffusion remains. A slow diffusion shows highly
non-uniform concentration distribution in the fiber,
with a slope changing dependent on the charge/dis-
charge 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 in the case of low
diffusion coefficient, the Li supply from the electro-
chemical reactions to the fiber surface exceeds the abil-
ity 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 with time is rather similar at the surface and
at the center of the fiber as shown in Figure 4. If the
diffusion coefficient is high, the difference between con-
centration in the center of the fiber and on the surface is
negligible.

The time-dependent gradients in Li concentration
distribution in the carbon fiber obtained through multi-
physics modeling differ from the concentration profiles
presented by Pupurs and Varna14 and Cheng and

Verbrugge,15 where the concentration gradients are
decreasing during charging, until finally becoming uni-
form. This shows that assumptions (boundary condi-
tions) 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 mod-
eling all the physical events (mass transport in active
material, mass transport in electrolyte, electronic con-
duction and electrochemical reactions).

The diffusion coefficient is directly related to whether
the concentration gradients arise in the fiber: fast diffu-
sion 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 (Df ¼ 10�14 m2=s) with charge/dis-
charge rates corresponding to 1C and 10C.

Macroscopic swelling

The swelling strain of the micro-battery is the largest at
the end of the charge when the Li concentration in the
fiber is as shown in Figure 3 and the Li concentration in
the matrix as shown in Figure 5. The swelling strain of
the composite micro-battery at the end of the charge
calculated using the stress model described in ‘Stresses
in micro-battery due to ion migration’ section is shown
in Figures 6 and 7. Results for three cases of matrix
Young’s modulus (0.3GPa, 1.5GPa and 3GPa), two
extreme cases of matrix swelling (no swelling and 0.05
swelling coefficient) and two cases of charge rate (1C
and 10C) are presented. Thus, the results cover a range
of all possible combinations within these extreme cases.
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The calculated longitudinal swelling strain for differ-
ent combinations of matrix stiffness and swelling coef-
ficients is shown in Figure 6. At full charge, the total
amount of Li in the fiber differs for the two charging

rates; hence, a higher degree of swelling for 1C charging
than 10 C charging can be read in Figure 6. It can be
seen that for the case with no matrix/cathode swelling,
a 10-fold increase in matrix stiffness gives very little
contribution to lowering the longitudinal macroscopic
swelling. However, the stiffness of the matrix has sig-
nificant impact when the matrix material also experi-
ences volume changes during electrochemical cycling: a
higher stiffness renders less longitudinal swelling of the
battery and the dependence is rather linear.

A simple one-dimensional analytical model based on
force balance and iso-strain assumption was used to
explain this behavior. Analytical expression for the lon-
gitudinal expansion strain is

"1 ¼ Ef
zVf�

f
z�cfn þ EmVm�

m�cmn

Ef
zVf þ EmVm

ð10Þ
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The effect of the coating is neglected in this expres-
sion. �cfn and �cmn are average concentration changes
with respect to the initial state (when no Li is present in
fiber, and matrix has maximum possible Li content).
�cfn is calculated from Figure 3, and �cmn is calculated
from Figure 5. According to equation (10), if the matrix
is not swelling, the matrix modulus which is much lower
than the fiber modulus enters only the denominator in
equation (10) and the effect of swelling is small. In con-
trary, if �m is large, the effect of the matrix modulus is
more significant.

In all presented cases, the longitudinal swelling
strain calculated from the analytical model using the
real average concentrations is in a good agreement
with numerical results. If the matrix is not swelling
the agreement is excellent.

The upper bound analytical value of the swelling
strain can be calculated using the maximum uniform
Li distribution in the fiber and no extractable Li is
present in the matrix. This situation would correspond
to a very slow charge (<<0.1C) 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 longitudinal swelling strain of the micro-battery
would asymptotically increase approaching the curve
‘‘Analytical, upper bound’’ in Figure 6. It can be
seen that the ‘‘Analytical, upper bound’’ greatly
exceeds the swelling strain obtained from numerical
calculations, because the real Li concentration due to
cut-off is lower than the assumed in ‘‘Analytical,
upper bound.’’

The free radial swelling strain occurs as the compos-
ite unit in Figures 1 and Figure 2 changes its outer
radius without any external constraint, see Figure 7

where the radial swelling strain is defined by expression
"r ¼ urðrmÞ=rm.

The biggest difference compared to the longitudinal
swelling is a negative radial dimension change of the
unit, i.e. radial shrinkage of a fully charged micro-bat-
tery when the matrix material shrinkage is accounted
for, Figure 7(b). 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 swells and pushes the electrolyte prohibiting the
matrix hoop shrinkage at that boundary. There is also a
Poisson’s ratio contribution adding to the shrinkage:
(a) tension to the matrix in the hoop direction leads
to contraction in the radial; (b) tensile swelling strain
of the micro-battery leads to shrinkage of the matrix in
radial direction. As an adaption to these constraints,
the matrix at the outer radius shrinks even more.

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
micro-battery by ‘‘tailoring’’.

Stress distributions

Stresses at the fiber surface. Stresses at the carbon fiber
boundary during charge/discharge cycle for slow diffu-
sion are shown in Figures 8 and 9. The elastic modulus
and the swelling coefficient of the matrix are used as
parameters in simulations.

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
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fiber, which is further emphasized when matrix under-
goes volume changes as well.

During charging, all stress components in the fiber at
the surface are compressive. The radial stress change is
very similar for both charge rates, whereas other stress
components are much larger at 10C charge rate.
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 concentra-
tion distribution in the fiber. In the 1C case, the con-
centration distribution in the fiber is much more
uniform than in the 10C case (compare Figure 3(a)
and (b)). 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 shrink-
age. 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, 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 at the
fiber surface, see Figure 9(c), 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 con-
strained by the surrounding matrix and in 10C case also
by the bulk of the fiber.

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 in 10C charge rate case contains considerably

less Li than the bulk, attempts to contract in the � dir-
ection. 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. Contribution of the matrix to this
process is rather small. At the end of the discharge,
corresponding to the cut-off voltage, there is still certain
non-uniform Li distribution in the fiber, which is the
reason for stresses at the end of the cycle. The conclu-
sions from the above analysis are: (i) since radial stres-
ses are always compressive, the fiber/coating interface
failure is unlikely; (ii) at high discharge rate, large ten-
sile hoop stresses develop which may lead to initiation
of radial cracks in the fiber; (iii) large axial tensile stres-
ses during discharge may initiate fiber breaks.

Radial distribution of stresses in the fiber. In order to ana-
lyze potential damage growth in the carbon fiber
induced by charge/discharge, the stress distributions
along the carbon fiber radial direction are needed.
Figures 10 and 11 show stress distributions in the
fiber for different matrix elastic properties at 1C and
10C charging/discharging rate in the instant, when the
upper voltage limit is reached. Figures 12 and 13 show
stresses at the lower cut-off voltage.

Charging with 1C stresses have rather uniform dis-
tribution when the battery cell is fully charged, 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 �r ¼ �� if the Li concentration distribution is uni-
form. 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 on fiber stresses as a
result of intercalation is rather small for a low modulus
matrix, but if the matrix is stiff, the matrix swelling has
significant influence. For a 10C charging/discharging
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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.
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rate, when the Li transport is not sufficiently fast,
higher stress gradients are expected, since they are
resulting from concentration gradients. Indeed, hoop
and axial stresses at the fiber center experience tensile

stresses, while the outer part of the fiber is under com-
pressive loading. This is due to the non-uniform Li con-
centration distribution creating a Li-rich shell exerting
additional forces on the Li-poor fiber core. This is valid
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Figure 12. Stress distribution along fiber radial direction at cut-off voltage¼ 2.7 V, with 1C discharging.
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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 fiber is 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.

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 large tensile
hoop stresses present both during charging and dischar-
ging of the battery cell, meaning that if radial cracks are
initiated at the surface, they may grow inside the fiber

in fatigue during both charging and discharging in
repeating cycles.

Stresses in the coating. Since the task of the SPE coating
in addition to transferring load is also to act as an elec-
trical insulator preventing short-circuiting and also as
an ion conductor between the fiber and matrix, it is of
great importance that it is damage-free. This motivates
studying stresses in the coating and at the interface.
Radial stresses at the fiber/coating interface analyzed
in ‘Stresses at the fiber surface’ section are compressive.
Since they do not change much over the thickness of the
coating, we can exclude that as a possible threat.
Remaining possible damage modes are radial cracks
introduced by tensile hoop stresses and cracks due to
high tensile axial stress with a normal in axial direction
fragmenting the coating. In Figure 14, the hoop stress
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radial distributions during 10C charging/discharging at
selected time instants detailed in Table 3 are shown.

In addition to a higher modulus in the matrix result-
ing 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 dis-
charge if the matrix material does not swell. In a
more realistic case when the matrix material swells,
the stress in the coating is negative during both
charge and discharge.

This result eliminates the hoop stress as the potential
cause of coating damage. However, not only mechan-
ical stresses cause damages to the material, at an exces-
sive reduction of the coating thickness, there is a risk of
dielectric breakdown. Therefore, the changes in thick-
ness of the coating should be reported. The reduction of
coating thickness reaches 12 nm with matrix swelling
and 6 nm without swelling.

The axial stress in the coating for the case of a stiff
matrix with swelling reaches �36.5MPa for charging to
upper cut-off voltage and �12.2MPa for discharging to
lower cut-off voltage, with only insignificant change
through the thickness of the thin coating. In the case
of zero matrix swelling, the axial stress varies between
�1.2MPa (at upper cut-off) and �0.4MPa (lower cut-
off). The axial stress in the coating is compressive
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 compos-
ite micro-battery.

The results presented in this section show that the
coating damage is not likely for matrix materials with a
relatively large swelling coefficient.

Stresses in the matrix. Stresses in the matrix are greatly
affected by the matrix swelling. In Table 4, the matrix
stresses at the outer boundary ðr ¼ rmÞ and at the coat-
ing/matrix interface ðr ¼ rcÞ are shown. The radial
stress at the outer boundary is zero.

The dependency of all stresses on matrix stiffness
and swelling coefficient is evident. The most notice-
able difference between a matrix that shrinks

during charging and the one which does not, is the
enormous tensile axial stress arising in the matrix
during charging, since the matrix is constrained from
shrinking (it cannot shrink more than the whole micro-
battery). These stresses can cause multiple matrixes
cracking with cracks oriented transverse to the fiber
direction.

The high tensile hoop stresses when the matrix is
shrinking during charging, indicating that radial
cracks at the coating–matrix interface also is a possible
damage mechanism to consider.

Conclusions

Lithium diffusion in a single carbon fiber composite
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-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 differ. Results show that
estimations from analytical expression based on aver-
age Li concentration correspond well to swelling
obtained from numerical solution.

The expansion of the composite in the radial direc-
tion may be either positive or negative, depending on
the matrix material swelling character, indicating the
possibility to minimize the radial swelling of the com-
posite by optimizing the swelling of the matrix during
material development.

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.

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 dischar-
ging. Radial cracks in the fiber may be initiated in this
region. Matrix shrinkage delays damage initiation in
the fiber at the interface and makes the coating
damage unlikely.

Due to matrix shrinkage, large tensile hoop and
axial stresses develop in the matrix, which may lead
to matrix failure.

Table 4. Stresses at the coating/matrix interface and at the

outer boundary at full charge for 10C charging.

Em
(GPa)

�m
(�)

�r
ðr ¼ rcÞ
(MPa)

�� ðr ¼ rcÞ
(MPa)

��
ðr ¼ rmÞ
(MPa)

�z
ðr ¼ rcÞ
(MPa)

�z
ðr ¼ rmÞ
(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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ABSTRACT 
In this paper propagation of radial matrix cracks and debonds at the coating/matrix interface in 

unidirectional (UD) carbon fiber structural micro-battery composite are studied numerically. 

The micro-battery consists of a solid electrolyte coated carbon fiber embedded in an 

electrochemically active polymer matrix. Stress analysis shows that high hoop stress in the 

matrix during charging may initiate radial matrix cracks at the coating/matrix interface.  Several 

2-D finite element models of the transverse plane with different arrangements of fibers and 

other matrix cracks were used to analyze the radial matrix crack growth from the coating/matrix 

interface of the central fiber in a composite with a square packing of fibers. Energy release rates 

(ERR) of radial cracks along two potential propagation paths are calculated under pure 

electrochemical loading. The presence of a radial matrix crack imposes changes in the stress 

distribution along the coating/matrix interface, making debonding relevant for consideration. 

Results for ERR show that the debond crack growth is governed by Mode II. 

 

1. INTRODUCTION 
In a conventional fiber reinforced polymer (FRP) composite laminate, cracking within plies, 

often referred to as matrix cracking or transverse cracking is a well-studied phenomenon [1]. 

This failure mode, which is caused by the combined action of in-plane tensile transverse and 

shear stresses in the ply, is the first to occur under tensile loading of the laminate. By itself, it 

leads to laminate thermo-elastic properties reduction, but the performance reduction is not 

necessarily significant. However, other failure modes can be initiated through the presence of 

matrix cracks, such as interlayer delaminations and fiber failures in neighboring layers, which 
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certainly have detrimental effects on the load bearing capability of the laminate.  

The initiation of these ply-scale cracks is a sequence of phenomena on the fiber/matrix scale. 

In polymeric composites under mechanical and thermal loads it usually starts with fiber/matrix 

interface crack (debond) initiation and growth (because of large tensile radial and shear stresses 

at the interface). When the load increases these debonds deviate from the interface to link by 

building a ply-scale crack.  Mechanics of these processes has been studied on many models of 

varying degree of complexity. Most often the analysis is based on energy release rate (ERR) 

calculations based on linear elastic fracture mechanics (LEFM) [2-5] or sometimes using 

cohesive elements at the interface [6-8]. The basics of the debond growth were understood in 

studies of a single fiber embedded in an infinite matrix [5,9,10] finding that there is an opening 

in a certain part of the interface crack while a relatively large  part at the crack tip is in contact 

with sliding. So, with increasing debond arc length the crack propagation changes from 

predominantly Mode I  to mixed mode and finally the growth is in a pure Mode II. The effect 

of the position of the neighboring fiber was studied in [11] considering a two fiber system 

embedded in an infinite matrix. In [12] the effect of a local hexagonal cluster with high local 

fiber content and with the partially deboned fiber in the middle was studied embedding this 

cluster in a homogenized composite material. Among other studies we can mention [13] where 

the debond growth in a local cluster and its deviation from the interface were analyzed assuming 

that the neighboring fiber also has a debond of a certain size.  

In all these studies the fiber/matrix debonding is the first phenomenon and the crack can (or 

may be it cannot) deviate in the matrix. Thermal shrinkage of the matrix material during the 

cool-down after curing adds some compressive radial stresses at the interface which are 

expected to improve the interface resistance to debonding in Mode I. When performing FEM 

studies on carbon fiber/epoxy unidirectional (UD) composites subjected to 0.5% transverse 

strain it was shown that the Mode I ERR decreases by about 20% whereas the Mode II ERR 
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remained almost unchanged [14]. These microscale effects were “overshadowed” by thermal 

stresses on the ply scale for cases when the layer is a part of a multi-directional laminate. For 

example, the ply scale thermal transverse stresses in a cross-ply laminate almost triple the Mode 

I and the Mode II ERR comparing with the values in a stand-alone UD composite layer at the 

same 0.5% applied strain.  

In addition, due to larger thermal expansion coefficient of the matrix, tensile hoop stresses at 

the interface rise in the matrix during the cool-down. Potentially these stresses could cause 

radial micro-crack formation at the interface. However, this stress component in polymeric 

composites is relatively small and the radial micro-crack scenario has not been addressed 

seriously in the literature. 

However, there is another shrinkage mechanism in polymers taking place during cross-linking; 

chemical shrinkage. For epoxy resins the volumetric chemical shrinkage is less than 5% but for 

unsaturated polyester (UP) it can reach 10%. The residual stresses related to this phenomenon 

were analyzed in [15-17] finding that the hoop stresses may be large and lead to matrix crack 

initiation without debonding before that. 

In the current paper we analyze a different physical phenomenon which also results in large 

swelling and shrinking strains not only in the matrix but also in the fiber. The material is 

structural UD composite battery and the shrinking and swelling is caused by electrochemical 

reactions resulting in diffusion of ions into the carbon fiber during charging and back into the 

matrix during discharging. 

Structural batteries is a concept aiming to combine two functionalities into one material; 

mechanical load carrying and electrical energy delivering capabilities. The concept can be 

realized by utilizing the lithium-ion battery (LIB) technology, using carbon fibers as a) an active 

electrode material (host material for lithium intercalation/deintercalation: the reversible 

insertion and extraction of ions into materials structures) and b) as a high strength and stiffness 
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reinforcement in a polymeric composite material. The achieved synergetic multifunctionality 

has the potential to enable vast mass and volume savings in the transportation sector in 

particular [18].  

One of many possible concepts for implementing structural composite batteries is through the 

so called micro-battery design, with single carbon fibers acting as negative electrodes. Each 

carbon fiber is individually coated with a thin layer of a solid battery electrolyte (SBE) 

surrounded by a matrix material acting as a positive electrode [18].  

Volume changes in the intercalated carbon fibers were studied experimentally [19], measuring 

a longitudinal expansion of 1% and an approximately 5% radial expansion. The active material 

in the positive electrode (matrix) is also swelling/shrinking upon lithiation/delithiation [20].  

The arising stresses during the charging and discharging can be so high that microcracks may 

initiate and grow without any applied external load [21]. Particularly, the hoop stresses close to 

the fiber surface are so high that radial crack formation is one of the most probable micro-

damage modes. This microdamage mode with a possible extension to create interface cracks is 

analyzed in the present paper. 

A simplified modelling strategy for analyzing the initiation and propagation of possible damage 

mechanisms in the micro-battery is presented based on analysis of ion distribution and stress 

changes during intercalation/deintercalation. The static elasticity problem is solved and the 

ERR is calculated at time instant corresponding to the worst case, corresponding to fully 

charged battery. Radial matrix microcracks, which are assumed not to affect radial diffusion in 

the battery, were introduced and trends in their growth were analyzed using the virtual crack 

closure technique (VCCT) [22], well known in LEFM. Conditions for interface crack initiation 

at the radial crack tip are also analyzed. 
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2. STRUCTURAL MICRO-BATTERY 
Conventional LIB cells have three main constituents, a cathode (positive electrode), an 

electrically insulating separator, and an anode (negative electrode), stacked in layered structure 

and immersed in an ionically conductive liquid electrolyte. During operation, oxidation takes 

place at one electrode, releasing electrons to an external circuit via the current collector and 

lithium ions to the electrolyte, and reduction at the other electrode where lithium ions and 

electrons are collected [23].  

Structural batteries have not yet progressed far enough for implementation and much more 

research is required – a comprehensive review of the subject area is carried out in [18].  

In the so called micro-battery a single carbon fiber acts as a negative electrode. Each carbon 

fiber is individually coated with a thin (a few hundred nanometers thick) layer of solid battery 

electrolyte (SBE) surrounded by a matrix material mixed with intercalation compounds acting 

as a positive electrode, Figure 1. 

 
Figure 1. Schematic of the computational domains in micro-battery. a) on the largest scale the 

micro-battery is divided in three domains, ߗ௙,  ௠. Two phases are present in theߗ ௖ andߗ
matrix domain: the electrolyte mixture phase homogenized with respect to porosity and the 

solid active material phase. b) The matrix (positive electrode) is porous, with spherical active 
material particles. 

 

The multi-scale physics-based electrochemical model to describe the micro-battery contains a 

coupled system of 11 nonlinear partial differential equations (PDEs), solved in COMSOL 

Multiphysics [24], following the mathematical methodology developed by Newman et al 

[25,26]. The PDEs describe the spatial and time dependent variation in lithium ion 
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concentration in the matrix and in the fiber, see more details in Appendix 1.   

Conventional LIB are manufactured with the negative electrode (anode) capable of 

accommodating more charge than can be stored in the positive electrode (cathode) [27]. For a 

structural micro-battery this means that the capacity for Li intercalation in the matrix has to be 

balanced with Li intercalation capacity in the fiber. There is no advantage of storing more ions 

in the matrix than can be transferred and inserted in the fiber, since it is associated with safety 

issues which ultimately leads to battery failure [28]. On the other hand, if the storage capacity 

in the matrix is too small, the fiber’s ability to intercalate is not fully utilized. An important 

parameter in the following analysis is the capacity ratio of the positive to negative electrode, ܴ௉/ே, see Appendix 2 for details. A consequence of improper ܴ௉/ே is lithium plating and 

dendrite formation during charging process, which in turn results in irreversible capacity loss, 

extensive mechanical swelling and potentially internal short circuit within the battery cell [29]. 

In order to avoid this type of damage, whilst optimizing the battery performance, electrodes 

have to be designed to hold ܴ ௉/ே as close as possible but less than 1 (i.e. with over-dimensioned 

negative electrode). In Figure 2 the relation between ௙ܸ and capacity ratio ܴ௉/ே is shown, with 

input data from [30], including non-feasible micro-battery designs with ܴ௉/ே > 1. In this 

present study, as well as previous studies [21,30] ܴ௉/ே = 0.92 is used. It is referred to as the 

“reference case” with corresponding ௙ܸ = 0.338, highlighted in Figure 2. 
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Figure 2. ܴ௉/ே  as a function of ௙ܸ, with the “reference case” highlighted. 

 

3. ELASTIC PROPERTIES OF MATERIALS 
The micro-battery is a multiscale composite material: it is a UD coated fiber composite with 

the matrix by itself being a spherical particle reinforced composite. In this section we present 

material laws for constituents and expressions for calculating the homogenized properties of 

the matrix. 

3.1  MATERIAL MODELS FOR CONSTITUENTS 

The dimensional changes and internal stresses in the constituents of the composite are due to 

mismatch and anisotropy of expansion coefficients, and local concentration changes of Li in 

active species in the composite. The dimensional changes are not free expansion of constituents 

but rather a result of interaction with mechanical constrains from other parts of the structural 

battery. 

The stress-strain relationship for a transversely isotropic material with intercalation induced 

volumetric changes can be introduced using the thermo-mechanical analogy [31], assuming that  

the dimensional changes are proportional to the Li concentration, ܿ.  ߪ௜௞ = ௜௝௞ܥ ൫ߝ௝௞ −  ௝௞,௙௥௘௘ ௦௪௘௟௟௜௡௚൯  (1)ߝ
For the cylindrical unit cell index ݇ = ݉ is for the matrix, ݇ = ܿ for the coating, and ݇ = ݂ for 

the fiber, and indices ݅, ݆ = ,ݎ ,ߠ 1 are cylindrical coordinates. For the spherical unit cell 
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representing the matrix, the upper index is for the particle and the surrounding slurry and the 

lower index for spherical coordinates. Repeating indexes in Eq. (1) denote summation. ܥ௜௝௞  is 

the stiffness matrix using Voigt notation, ߝ௝௞,௙௥௘௘ ௦௪௘௟௟௜௡௚ is the free swelling strain in ݆ -direction 

due to Li-ion intercalation; swelling does not have shear components. For fiber ߝ௝௙,௙௥௘௘ ௦௪௘௟௟௜௡௚ = ௝௙ߚ ௖೑௖ೞ,೘ೌೣష , where ߚ௝௙ are constant coefficients of proportionality called 

intercalation-expansion coefficients to characterize the dimensional changes in the three 

directions. ௖೑௖ೞ,೘ೌೣష  is the normalized Li concentration in the fiber, where ௙ܿis the time dependent 

Li concentration in the electrode material, ܿ௦,௠௔௫ି  is the maximum concentration reached when 

Li has intercalated into all available sites. The free swelling strain ߝ௠,௙௥௘௘ ௦௪௘௟௟௜௡௚ of the matrix 

is analyzed in Section 3.2. 

3.2 MATRIX MATERIAL – SPHERICAL PARTICLE COMPOSITE 

The matrix material is a particle composite with isotropic effective properties. The 

micromechanical model used to obtain effective properties of the matrix uses the composite 

spheres assemblage (CSA) introduced by Hashin [32], 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 slurry phase, 

shown schematically in Figure 3 

 
Figure 3. Modeling scheme for effective matrix elastic properties. 
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In the CSA the bulk modulus ܭ given by  ܭ∗ = ௦ܭ + ൫ܭ௣ − ௦൯ܭ ௦ܭ3) + (௦ܩ4 ௣ܸ3ܭ௣ + ௦ܩ4 − 3൫ܭ௣ − ௦൯ܭ ௣ܸ (2) 
with superscript * denoting the effective property of the particle composite and subscript ݏ and ݌ denotes slurry and particle phases, respectively. ܸ is the volume fraction, and ܩ is the shear 

modulus for each phase calculated by Eq. (3), where ܧ is the Young’s modulus and ݒ is the 

Poisson’s ratio  ܩ = 1)2ܧ +  (3) (ݒ
The shear modulus for the particle composite, ܩ∗, is then given by  ܩ∗ = ௦ܩ + ௣ܸ1 ൫ܩ௣ − ௦൯ܩ + 6 ௣ܸ൫ܭ௣ + ௦ܭ௦(3ܩ௦൯/5ܩ2 + ⁄(௦ܩ4  (4) 
Since the matrix material is regarded macroscopically isotropic, Young’s modulus, ܧ∗, can be 

calculated from the bulk and shear modulus as  ܧ∗ = ∗ܭ3∗ܩ∗ܭ9 +  (5) ∗ܩ
The free swelling strain of the homogenized matrix, assuming ߚ௦ = 0, is given by  ߝ௠,௙ ௥௘௘ ௦௪௘௟௟௜௡௚ = ௣ߚ ௣ܸ ቆ1 − 4൫ܭ௣ − ௦ܩ௦൯ܭ ௦ܸ3ܭ௦ܭ௣ + ௦ܭ௦൫ܩ4 ௦ܸ + ௣ܭ ௣ܸ൯ቇ ܿ௣ܿ௣,௠௔௫ (6) 
where ௖೛௖೛,೘ೌೣ is the normalized Li concentration in the LiFePO4 particle, calculated from the 

electrochemical model, Appendix 1. 

In this study, the volume fraction of the active material is ௣ܸ = 0.553, the isotropic constituent 

material properties of the particle composite are presented in Table 1. The elastic properties of 

the fiber and SBE coating are shown in Table 2. 

 
Table 1. Elastic properties of the constituents of the matrix. 

Constituent ࡱ (GPa) ࢼ (-) ࣇ (-) 

LiFePO4 125 0.28 0.07 

Slurry 1 0.3 0 
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Table 2. Elastic constants and swelling parameters of the composite constituents for reference 
case.   

Constituent 
 ࢠࡱ

(GPa) 

 ࢘ࡱ

(GPa) 

 ࢘ࢠࣇ

(-) 

 ࣂ࢘ࣇ

(-) 

Expansion ࢘ࢼ (-)ࢠࢼ(-) 

Matrix 2.5 2.5 0.3 0.3 0.04 0.04 

SBE coating 1 1 0.3 0.3 0 0 

Fiber 300 30 0.2 0.45 0.009 0.05 

  

4. STRESS DISTRIBUTION IN UNDAMAGED COMPOSITE 
4.1 UNIT CELL WITH AXIAL SYMMETRY 

In [21] the transient lithium ion diffusion in the carbon fiber and the arising stresses were 

studied numerically using an axisymmetric unit cell representation of the UD composite. It was 

concluded that the two mechanisms governing the stresses in the fiber are a) the interaction 

with the surrounding material and b) the non-uniform Li concentration distribution in the fiber, 

which is only dominant for a fast charge rate. However, in reality such fast charge rates are not 

likely. 

The intercalation expansion induced stresses in a transversely isotropic active materials can be 

considered through a thermo-mechanical analogy [30,31,33] using the material model 

described in Section 3.1. In the micro-battery cell model described as an axisymmetric problem 

in Figure 1, an infinite long fiber is assumed. All shear stress components are equal to zero and 

the only non-trivial equilibrium equation is  ߲ߪ௥௞߲ݎ + ௥௞ߪ − ݎఏ௞ߪ = 0 (7) 
where ߪ௜௞ are stress components in cylindrical coordinate system. 

Figure 4a show the Li concentration in the fiber (to the left in graph) and matrix (to the right in 

graph) during charge, for four time instants evenly distributed throughout the charge of one 

hour (1C charge rate). The battery is fully charged when all Li initially stored in the matrix 

active material has been intercalated into the fiber. Figure 4b show the corresponding Li 



 

 III - 11 

 

distribution during discharge. The difference in Li concentration at the center of the fiber 

= ݎ)  0) and the fiber surface (ݎ = 2.5μ݉) is negligible during both charging and discharging. 

In the matrix the difference in Li concentration between the coating/matrix interface (ݎ =  (௖ݎ

and the matrix outer surface (ݎ =  ௠) is evident. At the beginning of charging all available Liݎ 

is stored in the active material of the matrix. As the charging progresses via electrochemical 

reactions Li-ions are transported to the fiber via the SBE coating, starting at the coating/matrix 

interface. The concentration gradient arise due to low ionic conductivity in the matrix, with the 

concentration at the coating/matrix constantly lower than the outer surface, although the 

difference decreases closer to full charge, and at full charge there is no difference. At 

discharging the reverse applies, although due to the discharging being disrupted at a so called 

cut-off voltage the concentration distribution never fully levels out. 

 
a) b) 

Figure 4. a) Li distribution in micro-battery during charge, curves on the left represent Li 
concentration in the fiber and on the right the Li concentration in the matrix. b) Li distribution 

in micro-battery during discharge, curves on the left represent Li concentration in the fiber 
and on the right the Li concentration in the matrix. 

 

The initial state corresponding to completely delithiated fiber and fully lithiated matrix is 

assumed stress-free. As shown in Figure 5a and Figure 6a, the radial stresses at the fiber 

boundary are compressive during both charging and discharging, meaning that debonding 

between fiber and coating is not likely to occur without applying external constraints. 
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a) b) c) 

Figure 5. Stress distribution during charging. a) radial stress. b) hoop stress. c) axial stress 
 

Due to matrix axial shrinkage and fiber swelling, large tensile axial stresses develop in the 

matrix during charging, Figure 5c, which may lead to multiple matrix fragmentation with crack 

plane transverse to the fiber direction. However, since the axial stress is rather uniform in the 

matrix at full charge, implying unstable crack propagation with initiation anywhere, fracture 

mechanics analysis of this failure mode is not feasible. The high tensile hoop stresses built up 

during charging, Figure 5b, indicate that radial cracks at the coating-matrix interface are a 

possible damage mechanism to consider. Radial cracks are of particular interest because they 

may contribute to debonding phenomena under mechanical transverse loading, which in this 

structural composite battery material would lead to impaired electrochemical performance as 

well, since transport mechanisms (diffusion and migration) are hindered. Having radial cracks 

present before the application of transverse tensile loading may change the matrix/interface 

failure evolution.  

a) b) c) 

Figure 6. Stress distribution during discharging. a) radial stress. b) hoop stress. c) axial stress 
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In Figure 4a (solid black line) it can be seen that the Li distributions in both fiber and matrix 

are uniform at instant of full charge. Furthermore, Figure 5-Figure 6 show that all stresses are 

the highest at full charge, making this time instant the most dangerous from a damage point of 

view. Therefore, when studying microcracking we can focus on uniform Li distribution 

corresponding to the fully intercalated fiber with uniform Li distribution. The stresses in other 

instants are lower. Due to this feature, the computational time can be reduced significantly 

assuming perfectly uniform distribution. In Figure 7 the accuracy of the uniform concentration 

distribution assumption is demonstrated, the hoop stress distribution obtained from the transient 

(electrochemical) model in the instant when the fiber is fully charged is plotted together with 

the stress from the model with assumed uniform Li distribution in the fiber, and near zero 

uniform distribution in the matrix. The two curves in the graph correspond very well, with less 

than 0.1% difference.  

 
Figure 7. Hoop stress distribution along matrix radial direction; from coating/matrix interface 

to matrix outer boundary. In “Nonuniform” the Li distribution is from the electrochemical 
model corresponding to a fully charged state, in “Uniform” the Li distribution is assumed 

uniform.  
 

It can be seen in Figure 7 that the hoop stress is high comparing with typical tensile strength 

values for polymers, which is due to very large shrinkage in matrix and expansion in fibers. 

The mismatch in volume change in both main constituents is similar to that of the chemical 

shrinkage of the UP matrix discussed in the Introduction. Similarly as studying cure shrinkage 
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of the UP, where hoop stresses may be large and lead to matrix crack initiation without prior 

debonding, radial matrix crack caused by Li intercalation is a phenomenon of interest to this 

study. 

4.2 MULTIFIBER MODELS WITH SQUARE PACKING 

When a model with multiple fibers is analyzed or when a radial crack parting from the 

coating/matrix interface is the subject of interest, the axial symmetry of the problem is lost. 

Therefore, a 2-D transversal representation of the problem in generalized plane strain 

formulation is discussed in the following. Square packing of 9 fibers is shown in Figure 8, with 

coordinate systems ݔ − ᇱݔ and ݕ −  ᇱ shown for the so called “central fiber”. The interfiberݕ

distances, ݈ூ஽, between the central fiber and the neighboring fibers for the reference case are 

listed in Table 3. 

 
Figure 8. Square packing of 9 fibers. 
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Table 3. Geometrical parameters of the unit cell for the reference case, Figure 8 
Parameter Value 

 ௖ 0.1 ݈௠ 1.2 ݈ூ஽,଴° 2.4 ݈ூ஽,ସହ° 5.6ݎ ௙ 2.5ݎ [࢓ࣆ]

 

Analysis of the local stresses in the composite micro-battery under electrochemical loading was 

conducted using commercial finite element (FE) software ANSYS APDL®. Eight-node 

“PLANE183” quadrilateral elements were used, with generalized plane strain behavior. 

Displacement coupling conditions were applied to outer boundary of the unit cell to reflect the 

repeatability of the microstructure. With the assumed uniform Li concentration distribution in 

the fiber with ௙ܿ,௠௔௫ = ܴ௉/ே and no Li in the matrix, the stress distribution with respect to the 

two potential (in this section cracks are not introduced) crack growth paths (ߠ = 0° and ߠ =  45° directions) denoted as ݔ and ݔᇱ is shown in Figure 9a. The hoop stress along the 

coating/matrix interface of the central fiber is not constant, with a slightly higher stress at = 0°, 

meaning that most probably the crack will be initiated there, growing towards the nearest 

adjacent fiber. The hoop stress value at the interface at ߠ = 0° is slightly higher than in the 

CCA model and very similar to CCA, when ߠ = 45°, see Figure 7. 

Figure 9a shows large difference in the normal stress ߪ௬ and ߪ௬ᇱ distribution along the ݔ  and ݔ′ path respectively. The minimum stress value that occurs in the middle between two fibers is 

much higher than the ߪ௫ᇱ value at ݔ′/݈ூ஽,ସହ° = 0.5. The main reason for higher stresses along 

the ݔ -paths is the shorter inter-fiber distance: since fiber F#1 is closer to the central fiber than 

F#2, there is less distance for stress reduction. Another difference is presence of F#3 and F#1 

fibers, Figure 8, which are close to the considered ݔ′-path and may affect the stress distribution. 
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There are no such close fibers in the vicinity of the ݔ-path. To analyze the possible effect of 

these fibers on the stress field, a square packing model with lower ௙ܸ=0.17 was introduced 

where ݈௠  is equal to ݈௠ᇱ   used in the previous model with ௙ܸ = 0.338. In Figure 9b the ߪ௬ distribution for this case is shown together with the ߪ௬ᇱ distribution along ݔ′ for 

௙ܸ =  0.338 . In both cases, the same Li distribution was assumed in both the fiber and the 

matrix. It can be seen, comparing curves in Figure 9b, that the stress at the coating/matrix 

interface decreases when lowering the ௙ܸ. Further, the ߪ௬  stress in Figure 9b is larger than ߪ௬ᇱ 
proving that the presence of F#1 and F#3 on both sides of the ݔᇱ-path has a shielding effect.   

a)  b) 

 

Figure 9. ߪ௬ and ߪ௬ᇱ distribution between the central fiber and fibers F#1 and F#2, 
respectively, without damage, for a) ௙ܸ = 0.338; b) ߪ௬ for ௙ܸ = 0.17  and ߪ௬ᇱ for ௙ܸ =  0.338 

 

4.3 EFFECT OF CURING TEMPERATURE 

In Section 4.2 the stresses possibly leading to matrix cracks were investigated as caused by pure 

electrochemical loading. It is of interest to investigate the influence of stresses arising as a result 

of manufacturing features. In the initial stage of SBE development UV-curing was used [34,35]. 

However, due to practical limitations such as carbon fiber in itself being black, UV cure of an 

entire laminate is impossible and it is inevitable to switch to heat curing. In heat curing, the 
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cool-down of the laminate from the curing temperature causes local thermal stresses. Figure 10 

show distribution of ߪ௬ and ߪ௬ᇱ  stress in the matrix, with and without thermal effects generated 

by the cool-down temperature difference ∆= −80℃. The temperature change was applied 

uniformly to the model before applying intercalation loading. However, the thermal stress 

contribution is small, as shown in Figure 10 and not included in the calculations of the strain 

energy release rate presented in the following sections. 

 

 

Figure 10. ߪ௬  and ߪ௬ᇱ distribution between fibers with and without thermal stress. 
 

5. MULTIFIBER MODELS WITH MATRIX CRACK 
Based on results presented in Section 4 we expect that the first mode of damage will be 

formation of radial cracks near the coating/matrix interface due to high tensile hoop stresses 

arising during intercalation. Since the ion transport  in the battery is in the radial direction, the 

Li distribution is not affected by the presence of any radial cracks. 

In the models shown in Figure 11, symmetry conditions were assigned to ݕ =  0 and ݕᇱ =  0, 

respectively, depending on the assumed crack growth direction. All remaining outer boundaries 

are assigned with coupling boundary conditions to represent a repeating unit in a UD composite.  

In all models one radial crack, ݈௥, was introduced at the coating/matrix interface at either ݔ = ௙ݎ  + = ′ݔ ௖ orݎ  + ௙ݎ   ௖, Figure 8. Appropriate mesh refinement was used in the vicinityݎ 
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of the crack tip, Figure 12, where uniform quadrilateral elements were generated ahead of and 

behind the crack tip.  

 

Model geometry and 
boundary conditions Description  Designation 

 

One crack growing 
towards free surface CCA 

 

One ߠ = 0° crack towards 
oncoming crack tip in the 

opposite propagation 
direction 

ߠ  = 0°, 1 CF 

ߠ = 0° crack in every 
layer, growing towards 

neighboring fiber in x-dir. 
ߠ = 0°, 3 CF 

 

ߠ = 0° crack in every 2nd  
layer, growing towards 

neighboring fiber in x-dir. 
ߠ = 0°, 9 CF 

 

ߠ = 45° crack in every 
2nd  layer, growing 

towards neighboring fiber 
in x’-dir. 

ߠ = 45°, 6 CF 

Figure 11. Model geometry and boundary conditions for cracking analysis in UD micro-
battery composite material . 

 

 

 
Figure 12. FE model for calculating radial crack growth related energy release rate; deformed 

FE mesh near the crack tip.
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5.2 ENERGY RELEASE RATE FOR MATRIX CRACK PROPAGATION 

In Figure 13 the Mode I ERR, ܩூ [ܬ/݉ଶ] at the instant when the fiber is fully intercalated is 

shown as a function of normalized radial crack length, ݈௥,௡ =  ݈௥/݈ூ஽,଴°. ݈௥  is the length of the 

matrix crack.  

In multifiber units containing 3 and 9 fibers the ERR of a crack propagating towards F#1 is 

proportional to the crack length, as typical for cracks in an infinite medium. May be an 

insignificant shielding effect can be noticed from the fiber in front of the central, slightly 

slowing down the ERR increase. For the CCA unit the linearity is lost when the crack 

approaches the free surface that facilitates its growth. It is obvious that boundary conditions in 

the concentric cylinder model with one radial crack and free boundary do not apply to a 

composite material, where the micro-battery units are surrounded and affected by the rest of the 

material.  

For the “ߠ = 0°,  model, one crack approaching to the boundary means that two cracks-”ܨܥ 1

are growing towards each other. For small crack lengths there is no difference in ERR with 

other models. At normalized crack lengths > 0.35 when the crack tip is interacting with the 

oncoming crack, the available energy increases rapidly, although less than for the CCA case.  

 
Figure 13. Variation of ERR as a function of normalized radial crack length ݈௥,௡ =   ݈௥/݈ூ஽,଴°, 

for the reference case ௙ܸ=0.338, with different boundary conditions. 
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The “ߠ = 0° ,  model is a repeating element in the y-direction, which means that it ”ܨܥ 3

represents a composite that is a stack of thin layers of thickness ℎ = ௙ݎ + ௖ݎ + ݈௠. Each layer 

in this model contains only one fiber in the thickness direction and the central fiber has a radial 

matrix crack in the ݔ-direction. Parallel cracks in neighboring layers in the “ߠ = 0° ,  ”ܨܥ 3

model could shield each other, reducing the ERR. In the “ߠ = 0°,  model we have three- ”ܨܥ 9

layers of thickness ℎ and only the central layer has a crack (the surrounding two layers of 

thickness ℎ do not have cracks). Certainly, due to coupling conditions, the following layer also 

contains a central fiber with a radial crack in the ݔ-direction, but this layer with a crack is rather 

far away from the investigated crack. If there is an interaction (shielding) between these parallel 

cracks it should be more pronounced in the “ ߠ =  0°,  model. However, in Figure 13-”ܨܥ  3 

the ܩூ shows no difference, this means that the interaction of these cracks is negligible.  

In Figure 14 ܩூ is shown for crack growth in ߠ = 0° and ߠ = 45° directions towards fibers F#1 

and F#2, respectively, (Figure 8), according to the “ߠ = 0°,  model and the-”ܨܥ 9

= ߠ“  45°,  .model, models which we consider as the most adequate for the problem-”ܨܥ  6  

Based on the above presented conclusion of the negligible shielding effect, we assume that the 

= ߠ“  45°,  model ERR results are not affected by the crack in the next repeating-”ܨܥ 6 

element.  

 
Figure 14. Variation of ERR as a function of the radial crack length for crack growth in 

different directions, for the reference case ௙ܸ=0.338. 
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The difference in behavior for the two directions of crack growth is mainly due to the large 

differences in stress distribution in the matrix in the undamaged state, Figure 9a. In the ߠ = 0° 

direction where the interfiber distance is significantly shorter than for ߠ =  ௬ isߪ ,45°

significantly higher than ߪ௬ᇱ and the ERR is larger. Further, Figure 14 shows that the crack 

growth in ߠ = 0° direction is unstable regardless of the crack length. For ߠ = 45° direction 

crack there exists a local maximum and minimum of ERR. The local maximum at 

approximately ݈௥ =  is associated with a following stable crack growth region whereas ݉ߤ1

after the local minimum at approximately ݈௥ =  the growth is unstable, until the crack ݉ߤ3.5

reaches the coating/matrix interface of the neighboring fiber and reduces again. These local 

variations are caused by the general stress reduction with the distance from the fiber and the 

shielding effect of fibers F#1 and F#3 described in Section 4.2. 

5.3 EFFECT OF FIBER VOLUME FRACTION ON CRACK GROWTH 

The analysis above only treats the reference case ( ௙ܸ = 0.338), but it is of interest to clarify 

whether the results hold for other ௙ܸ as well. In Figure 2 the trade-off between increased fiber 

volume fraction and decreased capacity ratio is shown: mechanical performance increases, but 

at the same time each fiber cannot be fully intercalated due to limited Li available in the matrix. 

a) b) 

Figure 15. a) The ߪ௬ and ߪ௬ᇱ stress distribution in ߠ = 0° and ߠ = 45° directions for  ௙ܸ = 0.482. b) ܩூ vs crack length. 
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In Figure 15a the ߪ௬ and ߪ௬ᇱ stress in the matrix for ௙ܸ = 0.482 is shown. In the same manner 

as for the reference case the stress at the coating/matrix interface in the undamaged composite 

is higher along the ݔ-direction compared to the ݔ’-direction, meaning higher probability for 

crack initiation at ߠ = ߠ ூ for crack growth in the two directionsܩ .0° = 0° and ߠ = 45°is shown in Figure 15b based on  

the  “ߠ = 0°, ߠ“  and “ܨܥ 9 = 45°, ܸ models. The same trends apply for the-“ܨܥ 6 ௙ = 0.482 as 

for the reference case shown in Figure 14, but with lower values. As in the reference case, the 

matrix material is fully deintercalated, but the difference is that for higher ௙ܸ  each fiber is only 

partially intercalated. In addition, the distance between fibers is shorter and the crack never 

reaches the length as in the reference case. Since the ERR is roughly proportional to the crack 

length, it explains the significantly lower values of ERR in the ௙ܸ = 0.482 case. 

6. ENERGY RELEASE RATE FOR DEBOND CRACK PROPAGATION 
In Section 4 it was shown that radial stresses at the fiber boundary and also at the coating/matrix 

interface in the undamaged composite are compressive during both charging and discharging, 

eliminating the risk of debonding. However, due to the presence of a radial crack in the matrix, 

the stress distribution changes. In Figure 16 the radial and shear stress in the matrix along the 

coating/matrix interface are shown for different (normalized) crack lengths in the ߠ =  0° 

direction. For a short radial crack, the radial stress distribution is very similar to that without 

damage, compressive along the entire interface; except for a very local radial crack tip region 

where it is tensile and very high, Figure 16a. For longer radial cracks, especially when the crack 

has almost reached the next fiber; the high tensile radial stresses region slightly increases. In 

Figure 16  b it can be seen that the shear stress distribution along the interface is greatly affected, 

due to the presence of a radial crack, leading to large values not only at the radial crack tip but 

in a large region. The combined action of high tensile radial stresses and shear stresses near the 

tip of the crack is a very probable cause for initiation of small debonds. Growth of these debonds 
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will be analyzed in this section using geometry shown in Figure 17a. Due to the used symmetry, 

this model simulates a case of two radial cracks starting in opposite points of the interface, each 

with a debond of the same size  

a) b) 

Figure 16. a) Matrix radial stress distribution at coating/matrix interface. b) Matrix shear 
stress distribution at coating/matrix interface 

 

The ERR for coating/matrix debond crack growth for two different normalized matrix crack 

lengths with respect to the distance between fibers, ݈௥,௡ = 0.5 and ݈௥,௡ = 0.9, are shown in 

Figure 17b. The debond growth at the coating surface is governed by the Mode II ERR, with 

diminishing values with increasing debond angle ߙ. As expected, the ERR for the debond 

growth increases with the length of the radial crack. 

a) b) 

Figure 17. a) Schematic of coating/matrix debonding in the presence of a radial matrix crack. 
b) ERR of debond crack subjected to electrochemical loading. 
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In Figure 18 the radial stress distribution in the matrix is shown for the two normalized matrix 

crack lengths with respect to the distance between fibers, ݈ ௥,௡ = 0.5 and ݈ ௥,௡ = 0.9, with debond 

angular length ߙ = 15° and ߙ = 75°, respectively. The debond crack tip is indicated on each 

stress curve. As can be seen, close to the debond crack tip, the radial stress is negative, which 

means that the front part of the debond crack is closed and the two debond surfaces are in 

contact by sliding. For debond angle ߙ = 15°, for both radial crack lengths the radial stress is 

compressive over the whole debond crack surface. For a ߙ = 75° debond in the case of radial 

crack length ݈௥,௡ = 0.5 , the matrix remains in compression along the entire coating surface. 

However, for ߙ = 75° with long radial crack, ݈ ௥,௡ = 0.9, the radial stress becomes zero between ߠ = 35° and ߠ = 50°, meaning that there is a radial separation of the two debond surfaces in 

this region.  

 
Figure 18. Radial stress distribution in the matrix along the debonded and bonded parts of the 

coating/matrix interface.  
 

From a battery application point of view debonds with arc type of separation are worse than 

radial matrix cracks, since they result in lost connectivity between the constituents, while 

creating new surfaces for unwanted side-reactions. 

Comparing the ERR values for matrix cracks in Figure 13 with the ERR values for interface 

cracks presented in Figure 17, we see that in the latter case the ERR is about 10 times lower. 
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Neither the fracture toughness of the matrix nor that of the interface is known, but the values 

could be similar. For the interface crack we have Mode II propagation with fracture toughness 

in Mode II usually being several times higher than in Mode I. The presented values lead to 

conclusion that most probably the matrix crack will keep growing until stopping at the next 

fiber and only then, the interface crack will develop (most probably during cyclic charging and 

discharging). 

7. CONCLUSIONS 
In this work, multiphysics simulations and linear elastic fracture mechanics have been used to 

analyze radial crack propagation in the matrix material under pure electrochemical loading of 

the micro-battery consisting of a solid electrolyte coated carbon fiber embedded in a 

electrochemically active polymer matrix. It was shown that a simplified modeling strategy can 

be adopted by assuming uniform Li distribution in the fiber and in the matrix corresponding to 

the capacity ratio ܴ௉/ே  in the fiber. 

Stress analysis shows that high hoop stress in the matrix at the coating/matrix interface during 

charging may be a reason for radial matrix cracks initiating at the coating/matrix interface. 

Propagation of these cracks was studied by calculating energy release rate (ERR) assuming 

square packing of fibers. For a micro-battery (unit in the structural composite) containing 

electrodes balanced with respect to storage capacity, with ௙ܸ = 0.338, results show that the 

crack growth towards the nearest fiber in ߠ = 0° direction is unstable, whereas the crack growth 

in the ߠ = 45° direction includes both stable and unstable propagation regions. The ERR for 

growth in ߠ = 0° direction is larger. Composites with higher ௙ܸ have the same trends, but with 

lower ܩூ values.  
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In the presence of a radial crack, large tensile radial and shear stresses at the coating/matrix 

interface make the debonding relevant for consideration. Results for ERR show that the debond 

crack growth is governed by Mode II. The ERR values for the interface crack growth are of an 

order of magnitude lower than for the radial matrix crack growth.   
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Appendix 1 

The physics-based electrochemical model to describe the micro-battery is a multi-scale model, 

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

unknowns, presented in Table A1.1. The governing equations and corresponding boundary 

conditions are presented in detail in [30]. The equations describe the spatial and time dependent 

variation in lithium concentration as well as the electrical potential in the solid (active material) 

and electrolyte phases. The model is divided into three domains: fiber (negative electrode), 

coating (separator) and matrix (positive electrode), denoted ߗ௙,  ,௠ respectivelyߗ ௖ andߗ

Figure 1. 

 

Table A1.1. The variables in the electrochemical model 
Symbols Description Unit ߔ௦,௠ Electrical potential in solid phase of matrix 

electrode ܸ ߔ௘,௖, and ߔ௘,௠ Electrical potential in electrolyte phase in 
coating and matrix, respectively ܸ ܬ௙ and ܬ௠ Molar fluxes ݈݉݋/݉ଷ ܿ௦௔௟௧,௖ and , ܿ௦௔௟௧,௠ Salt concentration in electrolyte phase in 
coating and matrix, respectively ݈݉݋/݉ଷ ܿ௦௢௟௩,௖ and ܿ௦௢௟௩,௠ Solvent concentration in electrolyte phase in 
coating and matrix, respectively ݈݉݋/݉ଷ 

௙ܿ and ܿ௣ Li concentration in active materials, fiber 
and particle ݈݉݋/݉ଷ 
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Appendix 2 

Lithium-ion cells operate by cycling lithium ions between two insertion electrode hosts having 

different capacities. For optimum performance, the ratio of the lithium-ion capacities of the two 

host materials should be balanced, as described in details in [36]. The ratio between the capacity 

of the negative and the positive electrode, ܴ௉/ே, is defined as 

  ܴ௉/ே = ݆ଵ஼ା
ଵ݆஼ି  (A2.1) 

 
where ݆ଵ஼  is the current density [ܣ ݉ଶ⁄ ] for 1C discharge rate, superscripts + and – represent 

the positive (matrix) and negative (fiber) electrode respectively, ݆ଵ஼ is given by 

  ݆ଵ஼ା = ܿ௦,௠௔௫ା ∙ ௦ାߝ ∙ ܨ ∙ ܸା1[ℎ]  ݆ଵ஼ି = ܿ௦,௠௔௫ି ∙ ܨ ∙ ܸି1[ℎ]  (A2.2) 
 

where ߝ௦ା is the porosity of the positive electrode, ܨ is the Faraday constant,  ܨ = ݏ ܣ  96487  ∙  ,ଵ,  ܸା and ܸି is the volume of the positive and negative electrodesି݈݋݉ 

respectively, ܿ௦,௠௔௫ା  and ܿ௦,௠௔௫ି is the maximum Li concentration in the positive electrode active 

material (LiFePO4) and fiber electrode, respectively, defined as  ܿ௦,௠௔௫ା = ܳ௦௣௘௖ା ∙ ܨାߩ  ܿ௦,௠௔௫ି = ܳ௦௣௘௖ି ∙ ܨିߩ  (A2.3) 
 

where ܳ௦௣௘௖ା  and ܳ௦௣௘௖ି  are specific capacities, defined as the amount of charge per weight that 

a battery electrode material contains. This is a fundamental characteristic of the materials, and 

depends upon its redox chemistry and structure. Parameters of the electrochemical model for 

calculating the capacity ratio are listed in Table A2.1. 
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Table A2.1 Properties of the electrode active material. 
Parameter Description Value ܳ௦௣௘௖ା  Specific capacity, positive electrode 169 [݉ܣℎ/݃]  ܳ௦௣௘௖ି  Specific capacity, negative electrode 372 [݉ܣℎ/݃]  ߩା Density, positive electrode 3600 [݇݃/݉ଷ] ିߩ Density, negative electrode 1780 [݇݃/݉ଷ]   

 

Eq. (A2.2)-(A2.3) in Eq. (A2.1) gives:  ܴ஼ = ݆ଵ஼ା
ଵ݆஼ି = ௦ାߝ  ∙ ܳ௦௣௘௖ାܳ௦௣௘௖ି ∙ ିߩାߩ ∙ ାܸି݈݋ܸ  (A2.4) 

where   ܸାܸି = ൫ݎ௙ + ௌ஻ாݐ + ௖௔௧௛൯ଶݐ − ൫ݎ௙ + ௙ଶݎௌ஻ா൯ଶݐ  (A2.5) ݎ௙, ݐௌ஻ா and ݐ௖௔௧௛ are dimensions for the fiber radius and thicknesses of the coating and matrix, 

shown in Table A2.2. 

Table A2.2. Dimensions of battery cell constituents for the reference case.  
Constituent Description Symbol Value 

Carbon fiber radius ݎ௙ 2.5݉ߤ 

SBE thickness ݐௌ஻ா 0.1݉ߤ 

Matrix thickness ݐ௖௔௧௛ 1.7݉ߤ 
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MATRIX AND INTERFACE CRACKING IN CROSS-PLIED COMPOSITE STRUCTURAL BATTERY 
UNDER COMBINED ELECTROCHEMICAL AND MECHANICAL LOADING 

Johanna Xu, Janis Varna 

1Department of Engineering Sciences and Mathematics, Luleå University of Technology SE-97187 Luleå, Sweden 

ABSTRACT 
In this paper propagation of matrix cracks and debonds at the coating/matrix interface in the 90°-

layer of a cross-plied structural composite battery are studied numerically. The structural composite 

battery consists of micro-battery units, made of a solid electrolyte coated carbon fiber embedded 

in an electrochemically active polymer matrix. During charging the fiber swells and the matrix 

shrinks leading to high stresses on the fiber/matrix scale and to anisotropic free expansion of the 

composite ply. Two load cases are considered, pure electrochemical load (intercalation) and 

combined electrochemical and thermomechanical load. Energy release rates (ERR) of radial matrix 

cracks along two potential propagation paths are calculated using 2-D finite element models of the 

transverse plane in a cross-ply laminate with a square packing of fibers in the 90°-ply and using 

homogenized 0°-ply. Results show that the matrix crack growth towards the nearest fiber is 

unstable, and that the debond crack growth is in mixed mode. For a cross-plied structural battery 

composite the sequence of macro-scale crack forming events differs from a conventional cross-

plied composite, as well as for a UD composite battery laminate. The most likely course of failure 

events in a cross-ply laminate are: 1) vertical radial matrix crack initiation and unstable growth; 

2) debond is initiated at certain length of the matrix crack. 

1. INTRODUCTION  
For a conventional high performance composite laminate subjected to tensile (and/or 

hygrothermal) loading, a ply transverse cracking is the damage formed first [1]. This failure mode, 

often referred as matrix cracking is caused by the combined action of in-plane tensile transverse 

and shear stresses in the ply. Although the immediate effect of microcracking can be a rather 
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insignificant deterioration of mechanical properties of the laminate, its subsequent failure events 

such as interlayer delaminations and fiber failures in neighboring layers may certainly lead to 

severe degradation of the structure [1-3]. 

The transverse failure on microscale is widely studied, the sequence of phenomena usually starts 

with a debond crack running circumferentially at the fiber/matrix interface. After these cracks have 

grown to a certain length, due to large tensile radial and shear stresses acting on the interface, in a 

second step they kink-off from the interface, giving rise to a macro-crack formation in the 

composite. Mechanics of these processes has been studied in many models of varying degree of 

complexity. Most often the analysis is using the energy release rate (ERR) calculations based on 

linear elastic fracture mechanics [4-6]. The basic mechanisms of fiber/matrix debond growth were 

understood in studies of a single fiber embedded in an infinite matrix [6-9].  

In the current paper the material considered is a so called structural composite battery, where both 

the cause for damage initiation and the course of damage events appear different from the above-

mentioned conventional composite. The structural composite battery is a multifunctional fiber 

composite, which delivers electrical energy via electrochemical reactions while carrying 

mechanical load. The achieved synergetic multifunctionality of such material may allow for large 

mass and volume savings [10]. One route for realization of structural composite batteries is via the 

three-dimensional (3D) structural battery concept developed by Asp and co-workers [10-12].  

A conventional lithium-ion battery does not have structural functions. It is composed of a negative 

electrode, a positive electrode, and an electrolyte that allows for ionic conductivity. Batteries also 

have separators to prevent short circuits. The negative electrode typically consists of graphite-based 

materials. The positive electrode is commonly a porous mixture containing lithium metal 

oxide/phosphate. The task of the electrolyte is to transport ions between the electrodes. Usually the 

electrolyte consists of a lithium salt and solvent in liquid form. During charge lithium-ions (Li) are 
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oxidized and extracted from the positive electrode. Electrons travel in an external circuit and the 

lithium-ions diffuse to the negative electrode via the electrolyte. At the negative electrode the 

lithium ions are inserted. This insertion/extraction mechanism of lithium ions is called 

intercalation/deintercalation, and the material hosting the lithium ions is referred to as “active 

material”. When we discharge the battery, the processes are reversed, Figure 1a. 

Intercalation/deintercalation causes swelling/shrinking in the electrodes. For conventional batteries 

where it is mainly a battery safety and durability concern (short-circuiting, self-discharge etc), this 

phenomenon is well-known and studied. However, for a structural battery it is a completely 

different matter, as the swelling/shrinking results in mechanical stresses that may cause damage to 

the composite impairing both mechanical and battery performances. In the 3D structural composite 

battery architecture, carbon fibers constitute the negative electrode, with individual carbon fibers 

coated by a few hundred nanometers thick solid battery electrolyte (SBE) material [13]; which is 

electrically insulating as well. A solid positive electrode material, called the cathode, made from a 

LiFePO4 doped solid polymer electrolyte matrix material, surrounds the coated fibers. The 

shrinking and swelling of fibers and matrix happens as lithium ions intercalate into the fiber during 

charging and back into the matrix during discharging. Experimental work by Jacques et. al [14] 

showed that intercalation of lithium ions into PAN-based carbon fiber causes a 1% longitudinal 

expansion, and a 8-13% increase in cross sectional area. It is known that the active material in the 

positive electrode, LiFePO4 is swelling approximately 7% upon lithiation [15]. In Figure 1b the 3D 

structural composite battery is shown on different length scales, from the matrix which is a 

particulate composite with active electrode material, via the three-phase (fiber, coating, matrix) 

concentric cylinder assemble for each battery unit, to a unidirectional (UD) lamina scale. As with 

conventional composite laminates, the UD plies are stacked in well-designed configurations 

(laminates), to be useful in a load bearing structure. 
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a) 

 

b) 

 
Figure 1. a) Schematic representation of a conventional lithium-ion battery during discharge. b) 

Schematic illustration of the 3D structural composite battery on different length scales. (From left 
to right: unidirectional composite lamina, single battery unit, matrix as a particle composite.) 

 
In [16] initiation and growth of radial and arc-shaped cracks in the fiber was studied. The transient 

ion concentration distribution and corresponding stress distribution showed that radial cracks may 

appear in the fiber during intercalation/deintercalation, from which arc cracks may deflect. 

However, the ion concentration obtained from heat transfer analogy with convection boundary 

conditions on the fiber surface used in [16], overestimates the gradients in the fiber and thus the 

mechanical stresses.  

Li distributions obtained from multi-physics model [17,18] show that damage due to intercalation 

is likely to occur in the matrix material rather than in the fiber. The arising stresses in the matrix 

during the charging and discharging can be so high that microcracks may initiate and grow without 

any applied external load[18]. Particularly, the tensile hoop stresses close to the fiber surface are 

so high that radial crack formation in the matrix is one of the most probable micro-damage modes. 

In [19] the ERR for radial crack growth along two potential propagation paths in a square packing 
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configuration were calculated for pure electrochemical loading of the UD lamina. Furthermore, in 

the presence of a radial crack, large tensile radial and shear stresses at the coating/matrix interface 

make the debonding relevant for consideration as well. Debonding is critical for mechanical as well 

as electrochemical performance of the material as it impedes load transfer and ion-transport 

between constituents in the structural battery. Results for ERR show that the debond crack growth 

in a UD composite is governed by Mode II. The ERR values for the interface crack growth are of 

an order of magnitude lower than for the radial matrix crack growth.   

In a multidirectional laminate, the anisotropic swelling of an individual lamina causes mesoscale 

(ply-level) stresses in addition to micro-stresses due to fiber/matrix interaction. Thermo-

mechanical loading applied to the laminate is also contributing to the stress build-up. In this present 

work Mode I and Mode II ERR are analyzed using stress fields calculated with finite element 

method (FEM) for a cross-plied laminate with assumed square packing of fibers. The 

fiber/coating/matrix microstructure of the 90°-layer in the laminate is explicitly included in the 

model, whereas homogenized properties are used for the 0°-layer in the laminate. The objective is 

to study the matrix and debond crack growth under combined intercalation and thermomechanical 

loading. 

2. HOMOGENIZATION 
Homogenization is used to compute: a) the effective properties of the matrix, which is a particulate 

composite, and b) the homogenized properties of the UD composite, Figure 2. The UD ply 

properties are necessary in developing multi-fiber models for microcracking analysis to reduce the 

number of explicitly considered fibers and to adequately account for the constraint applied by 

surrounding layers in a multidirectional laminate.   
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Figure 2. Modeling scheme for effective properties of UD composite. 

 

In this study only one fiber volume fraction, ௙ܸ=0.338, is considered, which is referred to as the 

“reference case”, to be consistent with previous studies [17,18]. The reason for this particular ௙ܸ is 

to accommodate for the lithium ion storing capacity in the fiber and in the active material of the 

matrix. The aim is to have a volume fraction ensuring that a) almost all Li from the matrix can be 

transported to the fiber, and b) the fiber can be fully intercalated.  

Elastic properties of the UD composite are calculated using the concentric cylinder assembly 

(CCA) model introduced by Hashin [21,22]. Explicit expressions are obtained for the effective 

plane-strain bulk modulus ܭଶଷ, the shear modulus ܩଵଶ, longitudinal modulus ܧଵ and Poisson’s ratio ߥଵଶ. The transverse shear modulus is obtained by using a self-consistent scheme, first introduced 

by Christensen and Lo [23]. The entire set of equations can be found in [24]. In [20] the effect of 

state of charge on elastic properties of 3D structural composite battery was studied using the CCA 

model, it was found that the effect is significant for transverse properties ܧଶ and ܩଶଷ for high ௙ܸ, 

which is not considered in this present study. 

The matrix is a particulate composite with isotropic effective properties. The composite spheres 
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assemblage (CSA) introduced by Hashin [22] is a micromechanical model that can be used to 

obtain the effective properties of the matrix. 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 slurry phase. The LiFePO4 particles 

expand/shrink upon intercalation/deintercalation with a swelling coefficient [15] ߚ. The used 

values of elastic and swelling parameters for the matrix constituents are shown in Table 1. 

Table 1. Assumed properties of matrix constituents. 
Constituent ࡱ (GPa) ࢼ (-) ࣇ (-) 

LiFePO4 125 0.28 0.07 

Slurry 1 0.3 0 

In Table 2 the properties of the fiber, coating and the homogenized matrix (with a particle volume 

fraction ௣ܸ = 0.553) are presented along with the calculated the UD composite properties. 

Table 2. Assumed and calculated elastic constants and intercalation swelling parameters. 
Constituent ࢠࡱ (GPa) ࢘ࡱ (GPa) ࣂ࢘ࣇ (-) ࢘ࢠࣇ (-) Expansion 

 (-)࢘ࢼ (-)ࢠࢼ     

Fiber 300 30 0.2 0.45 0.009 0.05 

SPE coating 1 1 0.3 0.3 0 0 

matrix, ௣ܸ = 0.553 2.5 2.5 0.3 0.3 0.04 0.04 

 (-)ࢀࢼ (-)ࡸࢼ (-) ࢀࣇ (-) ࢀࡸࣇ (GPa) ࢀࡱ (GPa) ࡸࡱ 

UD composite, ( ௙ܸ=0.338) 103.0 4.0 0.27 0.47 0.0089 -0.017 

 
The expansion coefficients for the UD composite ߚ௅ and ்ߚ require special discussion presented 

below. Free expansion of electrode host materials due to intercalation is a well-known phenomenon 

[25-27]. Initially, it may seem tempting to model this mechanism by following the approach of 

well-studied models of other volume changing phenomena in fiber reinforced composites, such as 

moisture absorption. However, the moisture weight in the composite increases during absorption, 

which makes the moisture weight fraction a suitable variable to use in modeling. In contrast, the 

amount of Li in the composite material is constant, but the content in the constituents changes 
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(redistributes) during charging/discharging causing dimensional changes of the constituents and 

the whole composite. Therefore, the effective composite intercalation expansion cannot be related 

to the amount of available lithium (which is not changing). A different variable has to be introduced 

to correlate with the macroscopic dimensional changes, and in this study the normalized average 

Li content in the fiber,  ௙ܿ,௔௩௚/ ௙ܿ,௠௔௫ was used. ௙ܿ,௔௩௚ is the average Li concentration in the fiber, 

and ௙ܿ,௠௔௫ is the carbon fiber maximum Li storing capacity.  

According to linear theory, the intercalation is inducing dimensional changes (strains) to the 

composite, ߝூ, which are proportional to ௙ܿ,௔௩௚/ ௙ܿ,௠௔௫, and different in different directions, Eq. (1) 

in matrix form  ቐ ௅்ூߛூ்ߝ௅ூߝ ቑ = ൝ߚ௅0்ߚ ൡ ௖೑,ೌೡ೒௖೑,೘ೌೣ. (1) 
For the UD composite the reference state with zero macroscopic expansion and zero micro-stresses 

is when the Li content in the fiber is zero (discharged) and the matrix is fully charged. The 

expansion coefficient in the fiber direction, ߚ௅, can then be described by a simple rule-of-mixture 

expression [18]  ߚ௅ = ௭௙ܧ ௙ܸߚ௭௙ + ௠ܧ ௠ܸߚ௠ܧ௭௙ ௙ܸ + ௠ܧ ௠ܸ   (2) 
The effect of the thin coating layer is neglected in (2). The expansion coefficient in the composite 

transverse direction, ்ߚ, is obtained from radial displacements calculated from the coupled 

electrochemical-mechanical model [17]   ்ߚ = ௥ߚ = /௥(ܿ௙,௔௩௚ߝ ௙ܿ,௠௔௫) (3) 
where ߝ௥ is the radial strain calculated from the radial displacement, ݑ௥, at the outer CCA 

boundary, Figure 2.  

It appears that the transverse swelling coefficient of the UD composite calculated using this concept 
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is actually not a constant value: it depends on Li concentration. However, the stress analysis 

performed in [9] showed that the worst stress state is in the instant at the end of the charging. Hence, 

when analyzing the crack growth, we focus on this instant only and ்ߚ in this instant is of interest; 

the value is given in Table 2. 

In order to maintain the accuracy of ERR for radial crack propagation, it is important not to place 

the homogenized material too close to the crack under investigation. In Figure 3 schematics of the 

FE-model used in this study is shown, with explicit undamaged fiber/coating/matrix units located 

adjacent to the “central fiber” with radial matrix crack. The considered laminate is [(0 90⁄ )௡]௦ with 

very thin plies (3 fibers). 

Analysis was conducted using commercial finite element (FE) software ANSYS APDL®. Eight-

node “PLANE183” quadrilateral elements were used, with generalized plane strain behavior. 

Coupling conditions for normal displacement were applied to outer boundary of the unit cell to 

reflect the repeatability of the microstructure (coupl. DoF in Figure 3).  

The geometrical parameters including interfiber distance, ݈ூ஽, for the reference case are listed in 

Table 3. Two directions of radial matrix crack growth are considered in this study. The matrix 

crack perpendicular to the 0°-layer, Figure 3a, is denoted “vertical crack”, and matrix crack 

growing parallel with the 0°-layer is denoted “horizontal crack”, Figure 3b. In [19] it was shown 

that having one fiber on each side of the damaged fiber unit in the x-direction is sufficient to 

represent a matrix crack in an infinite ply in the laminate.  

Table 3. Geometrical parameters of the unit cell for the reference case ௙ܸ = 0.338. 
Parameter Value [࢓ࣆ] ݎ௙ 2.5 ݎ௖ 0.1 ݈ூ஽ 2.4 

 



IV - 10 
 

a) b) 

  
Figure 3. Schematics of the FEM model with boundary conditions for a) vertical crack and  

b) horizontal crack in the matrix starting from coating/matrix interface and growing towards 
adjacent fiber. 

3. INTERCALATION INDUCED MICROCRACKS 
The energy release rate (ERR) of the matrix cracks induced by the intercalation mechanism is 

calculated by ANSYS built-in virtual crack closure technique (VCCT) [28], providing the fracture 

mode. Appropriate mesh refinement was used near the crack tip, Figure 4a, where uniform 

quadrilateral elements were generated ahead of and behind the crack tip, and a mesh convergence 

study was conducted.  

a) b) 

 
 

Figure 4. Details of FE model for calculating crack growth related energy release rate, deformed 
FE mesh for a) the matrix crack tip and b) debond crack tip. 
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In the FEM model containing coating/matrix interface debonds, the debonded region of the 

interface is modeled by two coinciding areas; one being matrix and the other being coating, Figure 

4b. Contact elements with Lagrange multiplier on contact normal and penalty on tangent were 

generated on the debonded coating/matrix interface.  

3.2 RADIAL MATRIX CRACKS  

The difference in the ߪ௫ along the y-axis and ߪ௬ along the x-axis between the central fiber and the 

adjacent fiber in the undamaged cross-ply material is shown in Figure 5a. It can be seen that added 0°-layer for a cross-ply laminate results in large increase of tensile ߪ௫ in comparison with UD and 

the stress distribution is rather uniform. 

a)  b) 

  

Figure 5. a) ߪ௬ and ߪ௫ distribution between fibers in undamaged composite. b) Variation of ERR 
as a function of normalized radial crack length ݈௥,௡ = ݈௥/݈ூ஽,, for the reference case ௙ܸ=0.338. 

 

In Figure 5b the Mode I ERR, ܩூ [ܬ/݉ଶ] at the instant when the fiber is fully intercalated is shown 

as a function of normalized radial crack length, ݈௥,௡ =  ݈௥/݈ூ஽,  ݈௥  is the length of the matrix crack, 

and ݈ ூ஽ is the interfiber distance for both crack directions, Figure 3. The Mode I ERR is proportional 

to the crack length, as typical for cracks in an infinite medium subjected to uniform stress. The 

ERR for the vertical crack growth is much larger than for the horizontal and both are larger than in 

the UD composite. 
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3.3 DEBONDING AT COATING/MATRIX INTERFACE 

The presence of a radial crack, imposes changes to the stress distribution at the coating/matrix 

interface. In Figure 6(a,b) and Figure 7 the radial and shear stress along the coating/matrix interface 

in a cross-ply laminate is shown, both without matrix crack and for matrix cracks with different 

normalized crack lengths.  

Figure 6a, shows that the radial stress distribution is rather unaffected by the presence of the vertical 

crack, with the exception of a very local region near the tip of the radial crack where the stresses 

are tensile and very high for longer radial cracks (݈௥,௡ = 0.5, ݈௥,௡ = 0.9). After this region the radial 

stress is compressive until ߠ < 40° is reached where it becomes tensile again.  

In Figure 6b it can be seen that the shear stress distribution along the interface is affected to a higher 

extent by the presence of a radial matrix crack. The shear stress is high not only at the radial crack 

tip but also in a larger region. The combined action of high tensile radial stresses and shear stresses 

near the tip of the radial crack could be a likely cause for initiation of debonds.   

Figure 6c-Figure 6d show the stresses along the coating/matrix interface in a UD composite [19] 

not constrained by the 0°-layer. There is a significant difference in terms of radial stress in UD 

composite in comparison with a cross-ply (Figure 6c). The radial stresses in the UD composite are 

compressive along the entire interface, with the exception for a very local region close to the crack 

tip (for longer radial cracks), where the stresses are tensile and very high. As for the shear stress, it 

can be seen in the comparison between the UD and cross-ply (Figure 6b, d) that both the region 

with high stress and the magnitude of the stresses are higher for cross-ply layup. 
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a)  b) 

  
 

c)  d) 

  
Figure 6. Stress distributions at the coating/matrix interface in 90-layer of a cross ply laminate 

under pure intercalation loading: a) radial stress distribution and b) shear stress distribution, with 
and without the impact of a vertical matrix crack. Similar distribution in UD composite, c) radial 

stress distribution and d) shear stress distribution. 
 

Figure 7a, shows the radial stress distribution along the coating/matrix interface for ߠ′-coordinate, 

(Figure 3b), with and without horizontal matrix crack. Like the case with the vertical matrix crack, 

the radial stress distribution is very similar to that without damage, except the small region close 

to the matrix crack tip, where the radial stresses are tensile and very high. Since at small angles the 

radial stress is tensile in absence of the matrix crack, there is possibility to create a debond even 

without matrix damage. The shear stress distribution, Figure 7b, shows the same trends as in the 

case of a vertical crack, regarding the influence of matrix cracks. 
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a)  b) 

  
Figure 7. Stress distributions at the coating/matrix interface in 90-layer of a cross ply laminate 

under pure intercalation loading: a) radial stress distribution and b) shear stress distribution 
with and without the impact of a horizontal crack. 

 
By comparing the stress distributions shown in Figure 6(a-b) and Figure 7(a-b), we conclude that 

most probably the debond in both matrix crack cases will initiate at the matrix crack tip, but the 

growth of debonds occurring in connection to the two different types of radial matrix cracks will 

be very different. The initiation of a debond before the matrix crack is less likely and if it would 

happen, then at angle ߠᇱ = 0° , where the radial stress is tensile. 

In Figure 8a schematics of the debond and the vertical matrix crack are shown. The whole model 

containing bonded and debonded fibers and matrix cracks is the same as shown in Figure 3a. It has 

to be noted that due to the used symmetry, this model simulates a case of two radial cracks starting 

in opposite points of the interface, each with a debond of the same size. The Mode I and Mode II 

ERR for coating/matrix debond for two different normalized matrix crack length, ݈௥,௡ = 0.5 and ݈௥,௡ = 0.9, are shown in Figure 8(b, c).  
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a) 

 

b) 

 

c) 

 
Figure 8. ERR as a function of the debond angular size, for a debond crack along coating/matrix 

interface originating from vertical matrix crack: a) detail of the model; b) Mode I ERR and  
c) Mode II ERR 

 

The debond growth at the coating surface is in mixed mode. For small debonds (ߙ < 30°) with 

vertical crack the debond is governed by the Mode II ERR component (ܩூூ), Figure 8c, increasing 

with the debond angle until reaching a peak value at approximately ߙ = 30°, then the ܩூூ starts to 

decrease with increasing debond angle ߙ, approaching zero for very large debonds. The Mode I 

ERR component (ܩூ), Figure 8b remains insignificant until the same ߙ = 30°, where ܩூ starts to 

grow with increasing debond angle ߙ. As expected the ERR for debonding is higher for longer 

matrix crack.  

For comparison, debond growth in a UD material is shown in Figure 8 as well, where debond 

growth is governed by Mode II only, with significantly lower ERR compared to the cross-ply 

laminate. 

In Figure 9a the considered debonds originate from horizontal matrix cracks, other parts of the 

model and boundary conditions are shown in Figure 3b. In Figure 9b - Figure 9c the mixed mode 

character of the debond growth with and without horizontal matrix crack is shown. For small 
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debonds, when the debond crack can be regarded as perpendicular to x-direction, where the tensile 

stress ߪ௫ in the matrix is the highest, due to constraints from the cross-ply layup. For these small 

debonds ܩூ is increasing with increasing debond angle ߣ. For large debonds (ߣ ≥ 60°)  ூ, is greatlyܩ

reduced, as the debond crack growth direction becomes almost parallel with the x-axis, while 

generating the maximum value for  ܩூூ. The impact of the increasing horizontal matrix crack length ݈௥,௡ on the ERR for debonding is increasing ܩூ. The effect on ܩூூ is more complex: for small 

debonds it significantly increases but for large debonds it reduces. 

a) 

 

b) 

 

c) 

 
Figure 9. ERR as a function of the debond angular size, for a debond crack along coating/matrix 
interface originating from horizontal matrix crack : a) detail of the model; b) Mode I ERR and 

c) Mode II ERR. 
 

4. EFFECT OF COMBINED LOADING ON MICROCRACK GROWTH 
In this section the effect of a combined thermo-mechanical load added to the intercalation is 

analyzed in a cross-ply laminate. In Section 3 radial crack growth followed by a subsequent debond 

crack growth in the 90°-layer of a cross-ply laminate was investigated for pure electrochemical 

loading. In the UD composite the effect of thermal stresses on micro-scale, originating from the 

cool-down from the curing temperature was shown to be very small in comparison with 
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intercalation induced stresses [19]. However, in a cross-ply the same cooldown temperature 

introduces ply-scale stresses that may cause changes in the failure processes discussed above. The 

impact of thermo-mechanical loading is evaluated as a single event. The temperature load was 

applied as a temperature difference, ∆ܶ =  with calculated coefficient of thermal expansion ,ܥ80°−

(CTE) for the UD composite, ߙ௅ = 2.87 ∙ 10ି଻(1 ℃⁄ ) and ்ߙ = 4.45 ∙ 10ି଺ (1 ℃⁄ ). CTE used for 

the carbon fiber was ߙ௅ = −0.5 ∙ 10ି଺ (1 ℃⁄ ) and  ்ߙ = 7.8 ∙ 10ି଺ (1 ℃⁄ ) [29,30]. Matrix CTE 

was assumed ߙ = 50 ∙ 10ି଺ (1 ℃⁄ ). 

The mechanical load was applied as a uniform displacement to correspond to the added mechanical 

strain of ߝ௫ = 0.5% to the laminate deformed by electrochemical swelling and temperature change.  

Figure 10a shows the stress distributions between fibers in ݔ and ݕ-directions for the undamaged 

cross-ply composite under combined intercalation and thermomechanical loading. The stresses 

from the added thermo-mechanical load are higher, but with a larger increase for the ߪ௫(ݕ) at ݔ =  0 than for ߪ௬(ݔ) at ݕ = 0. Consequentially, ܩூ is larger than in the pure electrochemical case. 

Figure 10b shows the Mode I ERR variation of the radial matrix crack with thermo-mechanical 

loads added to the electrochemical load. As in the case for electrochemical load alone, it can be 

seen that ERR is higher for a crack that grows vertically. The added thermo-mechanical load results 

in a 10% increase of ܩூ for the growth in horizontal direction in comparison with pure 

electrochemical case, and at most about 20% for vertical crack growth. 
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a) b) 

 
 

Figure 10. a) Normal stress distribution between fibers in 90°-layer for undamaged composite. 
b) Variation of Mode I ERR as a function of normalized radial crack length ݈௥,௡ =   ݈௥/݈ூ஽, for 

the reference case ௙ܸ=0.338 for the two load cases with intercalation only (solid lines) and 
combined intercalation and thermomechanical load (dashed lines). 

In Figure 11a - Figure 11b the effect of combined loading on the Mode I and Mode II ERR for 

coating/matrix debonding is shown. Just like for intercalation only, the debond growth at the 

coating surface is in mixed mode. It can be realized that the added thermomechanical load changes 

the mode ratio (ܩூ/ܩூூ) for the debond. Mainly it is Mode I for debonds ߙ > 30°  that has increased 

considerably, due to the applied thermo-mechanical load, ߝ௫ = 0.5%, acting normal to the crack 

plane for large debond angles ߙ. The increase in Mode II ERR follow the same trends as for the 

case of only intercalation load, but with magnified values. 

a) b) 

Figure 11. ERR as a function of the debond angular size, for debond crack along coating/matrix 
interface originating from vertical matrix crack under pure intercalation (solid lines) and 

combined loading (dashed lines): a) Mode I ERR and b) Mode  II ERR. 
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In Figure 12a - Figure 12b the mixed mode character of the debond with and without horizontal 

matrix crack is shown for the load case with combined loading. The trends in ERR for debonding 

remain similar as in the electrochemical case. However, the impact of the added thermo-mechanical 

loading on Mode I ERR (Figure 12 a) is considerable, especially for debonds ߣ ≤ 40°, which is 

when the debond crack can be regarded as near-perpendicular to the direction of the applied load. 

For large debonds (ߣ ≥ 60°), the crack growth direction is near parallel with the x-axis, reducing ܩூ regardless of the added loads in the x - direction.  

The added thermomechanical load results in added driving force for debond crack growth in 

Mode II for debond which is not preceded by a matrix crack, Figure 12 b. For debonds preceded 

by matrix cracks the thermomechanical load has an impeding effect on small debonds ߣ ≤ 40°, 

due to decreased shear stress at the coating/matrix interface. For debonds ߣ > 40° the added load 

increases ܩூூ. The Mode I ERR is significantly larger than the Mode II ERR. 

a) b) 

  
Figure 12. ERR as a function of the debond angular size, for a debond crack along coating/matrix 

interface originating from horizontal matrix crack under pure intercalation (solid lines) and 
combined intercalation and thermomechanical load (dashed lines): a) Mode I ERR and  

b) Mode  II ERR. 
 

In the above discussion it has been shown how the length of the radial crack, in both cases of 

propagation direction, affects the debond crack growth. However, the presence of debonds may 

have an effect on the radial crack ERR as well. In Figure 13 the debond length impact on Mode I 
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component of the ERR for matrix crack growth is shown for two crack length, ݈௥,௡ = 0.5 

and ݈௥,௡ =  0.9, for the vertical matrix cracks in Figure 13a and the horizontal matrix cracks in 

Figure 13b. It is clear that the difference between the two matrix crack directions is very large. It 

is a direct result of the electrochemical loading which causes large swelling strains in the 

longitudinal direction of the 0°-deg layer, which facilitates the Mode I growth for the vertical 

matrix crack growing perpendicular to that layer. As the debond angle ߙ increases, the amount of 

material that counteracts the radial crack growth decreases and the ERR is larger, Figure 13a. It 

can be expressed also in terms of the opening displacement of the matrix crack, which becomes 

significantly larger when the debond arc length increases. 

a) b) 

  
Figure 13. Debond angular size impact on the matrix crack tip for a) vertical cracks and  

b) horizontal cracks in the matrix. 

The horizontal matrix crack growth, see Figure 13b, is less affected by increasing debond angle ߣ, 

with larger effect for small debonds (ߣ ≤ 30°), i.e. when the entire debond is normal to the 

horizontal matrix crack. The small increase of ܩூ for increasing ߣ, favors the radial crack growth 

slightly. As the debond grows further away from the radial crack, the changes in stress distribution 

due to the debonds ceases to impact the radial crack tip ERR. Thermo-mechanical loading, added 

to the electrochemical load, does not change the described trends but the ERR values are higher, 

see Figure 13.  
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In all cases the presence of the debond crack would facilitate the growth of the matrix crack. 

According to results presented in this paper the matrix crack growth is always unstable and, as 

shown in Figure 13, the presence and size of the debond does not change this feature. 

 CONCLUDING REMARKS 
In this work linear elastic fracture mechanics have been used to analyze radial matrix crack 

propagation and debonding at coating/matrix interface in a carbon fiber reinforced structural 

composite aimed for multifunctional application. The material is a cross-plied structural composite 

battery consisting of a solid electrolyte coated carbon fiber embedded in an electrochemically 

active material doped polymer matrix.  

We have shown that the initial course of events before the transverse macro-scale matrix crack 

forming is different for a structural composite battery in comparison to a conventional cross-ply 

composite. Stress analysis shows that high hoop stress in the matrix at the coating/matrix interface 

during charging may be a reason for radial matrix cracks initiating at the coating/matrix interface. 

Propagation of these cracks was studied by calculating energy release rate (ERR) assuming square 

packing of fibers in the 90°-ply and using homogenized properties for the 0°-ply. For a micro-

battery (unit in the structural composite) with fiber content ௙ܸ = 0.338, results show that the crack 

growth towards the nearest fiber in both x-direction and y-direction is unstable.  

Due to anisotropic ply swelling in the cross-ply lay-up when subjected to electrochemical loading, 

large tensile radial and shear stresses at the coating/matrix interface make the debonding relevant 

for consideration. Unlike an UD laminate in electrochemical loading where a debond is not likely 

to occur without a radial crack, debonds alone can occur at the coating/matrix interface in a cross-

ply. Results for ERR show that the debond crack growth is in mixed mode. The ERR values for 

the interface crack growth are lower than for the radial matrix crack growth. Therefore, the most 

probable sequence of failure event in the cross-ply laminate are: 1) vertical radial matrix crack 
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initiation and unstable growth; 2) debond is initiated at certain length of the matrix crack and 

propagates in a mixed mode manner. 
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Abstract 

A method is described for evaluation of fiber/coating interface quality of novel 

multifunctional fiber composites. One of the functions of these materials is mechanical 

performance but the interfacial properties may be significantly reduced. The method can be 

used when the available amount of fibers is insufficient for macroscale tests. Dry coated fiber 

bundles of the novel composite are embedded at the mid-plane of a Double Cantilever Beam 

(DCB) specimen, between layers of commercial unidirectional (UD) prepreg material. The 

excess resin in prepreg layers impregnates the bundles. The crack in the DCB test propagates 

through the weakest region (in the coated fiber bundle with weak interface between coating 

and the fiber). The fiber surface and the fiber imprint in the matrix, containing parts of the 

coating, are analyzed using scanning electron microscopy (SEM) to correlate the locally 

varying fracture toughness values with  the SEM observations. 

The methodology is demonstrated on coated carbon fibers with electrical energy storage and 

mechanical functions. Mode I tests show the influence of coating thickness variation along the 

fiber on changing failure mechanisms and on the fracture toughness.  

 

Introduction 

In composite materials the efficiency of stress transfer from matrix to reinforcement and, 

hence several mechanical properties including compressive strength, strain to failure, damage 

initiation, fracture toughness and fatigue life depend on fiber/matrix interface [1]. In most 

cases, fibers are coated with sizing to enhance interfacial properties [2]. Other reasons for 

coating may be introducing additional functionalities to the composite material. One route for 
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multifunctional performance of carbon fiber reinforced polymers, currently under 

development, is introducing electrical battery function by stipulating extra requirements for 

all constituents [3-5]. In the present case, the coating constitutes the active electrode material, 

where ions can be inserted. Hagberg et al. [6] described the manufacturing of carbon fibers 

coated with lithium iron phosphate particles, with a particle size of 100-300 nm, by 

electrophoretic deposition.  

The fracture toughness of the coating/fiber interface is still an issue, since one of the functions 

for these novel composites is mechanical performance. It is expected to be lower than for 

composites with high mechanical performance but high enough to avoid premature composite 

failure. 

These materials are still under development, and most of used coating techniques are limited 

by small-scale and batch-wise manufacturing under inert conditions (though continuous 

electrocoating process at ambient conditions has been investigated [7]). Fiber bundles (not 

individual fibers) are coated and the variability of the coating thickness between different 

bundles and inside each individual bundle is rather large even for the same manufacturing 

parameters. The feature that the particle size is comparable with the coating thickness add 

additional complexity to possible failure mechanisms. The amount of coated fibers from these 

setups is not sufficient for macro-specimens to be manufactured and tested.  

The commonly used test techniques for interface characterization on single fiber scale are the 

single fiber fragmentation, the single fiber pull-out and push-out tests [8]. However, fibers 

coated in bundles risk damaging the coating in the single fiber separation process during test 

preparation, making certain methods dubious.  

The methodology suggested in this paper is based on double cantilever beam (DCB) test, 

widely used on macroscale [9,10] to determine Mode I fracture toughness. A special 

symmetric DCB specimen is designed with dry coated fiber bundles of the novel material in 
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the middle. Fibers in the bundles are aligned along the specimen axis (0°-bundles). The coated 

fiber bundles are embedded between prepreg layers of commercial unidirectional composite 

aligned in the same direction. During curing, the excess resin in the prepreg impregnates the 

coated bundles. The DCB specimen and possible microdamage locations are shown in Figure 

1. The Mode I fracture toughness, ܩூ஼, measured in the test, reflects possible combination of 

failures at all interfaces and/or in the matrix and in the coating. Scanning electron microscopy 

(SEM) and optical fractographic analysis are performed to correlate the measured local 

variation of ܩூ஼ along the specimen with the actual failure mechanisms close to the fiber. The 

performed analysis shows that the mechanism of failure changes with the coating thickness: 

more energy is absorbed and the crack path is longer if the coating is thin. 

 
Method 

DCB test on the designed specimens was carried out to determine the Mode I interlaminar 

fracture toughness, using multiple loading-unloading steps to achieve stable crack 

propagation. 

1.1 Materials and specimen 

The DCB specimens (DCB-1, DCB-2 and DCB-3) were manufactured from carbon 

fiber/epoxy prepreg (HexPly ® M10/38%/UD300/CHS, ABIC Kemi, Sweden) stacking 22-

plies in 0° direction and placing the coated bundles in the middle; also in 0° direction. The 

coated fiber bundle thickness was about 5 fibers. A pre-crack of 40݉݉ was created with a 7μ݉ PTFE-film insert, placed at one end of the specimen between coated bundles, Figure 1a. 

Two piano hinges were attached to the end of the specimen using mechanical joints, Figure 

1b. 
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Figure 1. DCB test:  schematics of a) material manufacturing, b) specimen geometry and c) 

test definition. d) possible damage initiation sites along, at i) fiber/coating, ii) coating/matrix 
interfaces, in the iii) coating and iv) matrix.  

 

1.2  DCB test method 

A hydraulic universal testing machine (Instron 3366) with a 10kN load cell was used to 

perform the tests, under displacement control at room temperature conditions, with a 

crosshead speed of 2݉݉/݉݅݊ during loading and 10݉݉/݉݅݊ during unloading. 

Compliance calibration (CC) method was used for data reduction. The critical strain energy 

release rate (fracture toughness), ܩூ஼ , for each crack length was found using Eq. (1) [11]

ூ஼ܩ  = ௠ܲ௔௫ଶ2ܾ ߲߲ܿܽ (1) 
where ௠ܲ௔௫ is the recorded load for each crack length ܽ when the crack start to grow, ܾ is the 

specimen width and ܿ is the specimen compliance for crack length ܽ  

 ܿ = 2∆/ܲ (2) 
where 2∆ is the load point vertical displacement, and ܲ is the recorded load, see Figure 1c. 

The compliance as a function of crack length was calibrated using a power function:  

 ܿ =  ௡ (3)ܽܣ
where coefficients ܣ and ݊ for the particular specimen are obtained from the compliance (ܿ) 

versus crack length (ܽ) curve. 
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1.3 Fracture surfaces 

Fractographic analysis was performed on the fully separated half beams of the specimens. 

Fracture surfaces of the coated bundle were Au sputter-coated and examined using a JEOL-

IT300LV SEM. 

 

Results and Discussion 

Since the coated fiber bundle was dry prior to the manufacturing, the quality of its 

impregnation by the excess matrix of the prepreg is of great importance. It should be avoided 

that poor impregnation is the reason for premature crack propagation in the test. In Figure 2a, 

a cross section of the DCB specimen captured in light microscope is shown. The fiber volume 

fraction, ௙ܸ, for the embedded coated bundle is lower than for the supporting prepreg material, 

and most important; the porosity is negligible. SEM images, Figure 2b-Figure 2c, render 

complementary information showing that the impregnation on the fiber/matrix scale by epoxy 

from the prepreg is good.  

 
Figure 2. a) Polished cross section of specimen with PTFE-film and coated bundles at the 
mid-plane. b) SEM image of carbon fiber from the prepreg material, c) SEM image of the 

coated fibers. 
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The Mode I fracture toughness is sensitive to a number of interacting factors, including; ௙ܸ, 

resin toughness, local plasticity [12,13], strength/fracture toughness of interfaces, the latter 

differing between the coated and uncoated part of the bundle. Hence, a direct identification of 

contribution of each mechanism is not possible.  

The recorded load-displacement curves for one specimen are shown in Figure 3a, the 

corresponding ܩூ஼ as a function of crack length ܽ is calculated using Eq. (1) - (3) and shown 

in Figure 3b.   

 
Figure 3. a) Load vs displacement curves for DCB specimen containing coated fibers at the 

specimen mid-plane. b) ܩூ஼ vs crack length. ܩூ஼  values for all tested specimens are shown in Figure 4. While ܩூ஼ is stable with increasing 

crack length for two of the specimens, DCB-1 and DCB-2, but with widely different values, at 

around 500 ܬ/݉ଶ and 200 ܬ/݉ଶ, respectively, a leaping behavior can be found for DCB-3 

specimen, with values ranging between these two extreme values. 

 
Figure 4. Critical Mode I strain energy release rate ܩூ஼ for tested specimens, DCB-1, DCB-2 
and DCB-3, with coated bundles at the mid-plane of a 22 ply UD carbon fiber/epoxy prepreg. 
 



 

V - 7
 

SEM fractography indicates that the variations in measured ܩூ஼ can be attributed to varying 

coating thickness between bundles, and within each bundle. The pulled-out fibers and carbon 

fiber imprints in the damaged composite in the low ܩூ஼ specimen (DCB-2) show that the 

interface between coating and fiber has failed, see Figure 5, where the imprint contains 

coating particles (Figure 5a) and the fiber surface (Figure 5b) is clean. 

 
Figure 5. Fracture morphology of  the DCB-2 specimen with low strain energy release rate 
 a) imprint of a fiber with coating particles and a fiber with clean surface and b) clean .(ூ஼ܩ)

fiber surface (magnified). 

In specimen DCB-1, Figure 6a, the imprints from the fiber in the fracture surface contain only 

some coating particles, resulting in more particles and even the matrix adhered to the fiber 

(Figure 6b-c), The crack surface alternates through the coating from the fiber/coating interface 

to the coating/matrix interfaces (even inside the matrix) and back to the fiber surface. The real 

crack path becomes longer than the nominal, and the crack is crossing regions with higher 

toughness, which correlates to higher ܩூ஼ in this region. 

 
Figure 6. SEM picture of fracture surface of DCB-1 specimen with high strain energy release 

rate ( ܩூ஼). a) imprint of a fiber not containing particles and rests of the coating b) fiber 
surface with rests of resin.c) fiber surface with rests of resin and matrix. 
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This behavior seems to be more typical for thinner coating when the particle size becomes 

comparable with the coating thickness: the coating does not behave as a homogenized 

material, and high heterogeneity facilitates crack deviation. Fractography of specimen DCB-3 

with ܩூ஼ leaping from high to low confirms these observations; in the region where ܩூ஼ is 

high, only a few particles are seen on the imprint surface, whereas many particles and rests of 

the coating material are on the imprint in the low ܩூ஼ region, Figure 7. 

 
Figure 7. SEM picture of fracture surface of DCB-3 specimen a) imprint of fiber in the 

beginning of the coated part of the specimen b) imprint of fiber at the end of the coated part of 
the specimen with low ܩூ஼. 

 

Conclusions  

Specially designed macro-specimens have been used in DCB test to study fiber/coating 

interface properties in novel composites, where due to insufficient amount of fibers to 

produce macro-specimens, the coated fiber bundle is embedded in-between two unidirectional 

layers of a commercial  prepreg and impregnated by the excess of the resin in the prepreg. 

The analyzed case is novel coated carbon fibers for energy storage applications, where the 

coating itself is a particulate composite. The post-test SEM fractographic analysis of the 

fracture surface was used to correlate the highly different ܩூ஼ values with differences in fiber 

imprints in the matrix and cleanness of fiber surfaces. 
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It was found that for the used material, the fiber/coating interface is the weakest among all 

interfaces. In some cases the coating material was still connected with the fiber  and in other 

cases it was found in the imprint in the matrix. The current non-standardized coating process 

results in large variation of coating thickness along fiber, between fibers and between bundles. 

The observed failure mechanisms in the DCB test is as follows  

 Thick coating: ܩூ஼ =  ଶ is measured in the DCB test with debonding between݉/ܬ 200 

fiber and coating with clean fiber surface. 

 Thin coating: ܩூ஼ =  ଶ is measured in the DCB test. Heterogeneity of the coating݉/ܬ 500

is high (particle size is comparable with the coating thickness), the fiber/coating interface 

crack deviates in the coating reaching the coating/matrix interface and returning to the 

fiber/coating interface. The real crack path is longer and crosses regions with higher 

fracture toughness.  
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