
ABSTRACT 

KIM, SANGWOOK. Multiphysics and Multiscale Investigation of Advanced Lithium Batteries 

 (Under the direction of Dr. Hsiao-Ying Shadow Huang). 

 

A need for high energy density batteries increases dramatically with the growing demand 

for portable electronics and electric vehicles. One of the most promising energy solutions is the 

use of lithium-based batteries, such as lithium-ion batteries and lithium batteries, as an energy 

storage system because of their low cost, high thermal stability, high electrochemical 

performance, and high specific capacity. However, a clear understanding of battery degradation 

mechanisms under higher C-rates, higher temperature, and longer cycle life is still missing 

because battery electrochemistry incorporates many inter-dependent factors. 

The main objective of this research is to investigate the mechanics of the advanced 

lithium batteries using multiphysics and multiscale approaches. Specifically, we propose a 

diagnostic method for the health of batteries and a novel method to estimate battery degradation 

mechanisms based on pressure evolution. From the computational models incorporating coupled 

electrochemical-mechanical-thermal factors, we reveal the relationship between the 

experimentally observed capacity loss and the predicted mechanical stresses during 

electrochemical (dis)charging. Moreover, the geometry effects on the concentration and the 

mechanical stress distribution are investigated based on the Focused Ion Beam/Scanning 

Electron Microscopy images. 

The pressure study on pouch cells and the 2D/3D computational simulations help us to 

better understand the battery degradation mechanisms under various (dis)charging environments 

such as higher C-rates, higher temperature, and longer cycle lives. Furthermore, it would provide 

better insight into improving the performance of the advanced lithium batteries. 
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CHAPTER 1                                 

 Introduction 

1 

1.1 Lithium-ion batteries 

Since carbon dioxide from petroleum-derived fuels has become an environmental issue, 

the need for alternative energy sources and the replacement of the internal combustion engine 

increases. The use of lithium-ion batteries is one of the most promising power sources. Lithium-

ion batteries are composed of a Copper current collector (anode side), an Aluminium current 

collector (cathode side), a positive electrode (cathode), a negative electrode (anode), a separator, 

and an electrolyte (Figure 1.1). Graphite and lithium metal have been used in anode, whereas 

lithium metal oxides such as LiCoO2 (LCO), LiMn2O4 (LMNO), LiFePO4 (LFP), and 

Li(NixMnyCoz)O2 (NMC) over the past 30 years. 

  

 

Figure 1.1 Working mechanisms of lithium-ion batteries during discharging [1].  
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Since the first lithium-ion rechargeable battery was commercialized in the 1990s, energy 

density has increased dramatically. In fact, the energy density of lithium-ion cells made by Sony 

in 1991 was around 100Wh/kg, whereas that of current Tesla cells is around 250Wh/kg. However, 

there is still a huge gap between the energy density of gasoline and the current battery systems, as 

shown in Figure 1.2. Based on 2018 annual merit review report [2] from the Vehicle Technologies 

Office (VTO), the Department of Energy (DOE) is focusing on designing novel electrodes and cell 

architectures utilizing a lithium anode combined with a compatible electrolyte system. They expect 

high-capacity cathodes to achieve 500 Wh/kg over 1,000 cycles at the laboratory cell level. To 

meet the DOE’s goal, the main constituents of a lithium-ion battery including cathode, anode, and 

electrolyte, should be extensively modified. For example, lithium metal as an anode material is 

introduced due to the higher energy density. NMC811 (lithium nickel manganese cobalt oxide) as 

a cathode material is proposed due to the lower cost compared to NCA (lithium nickel cobalt 

aluminium oxide battery) and NMC333. Moreover, conventional electrolyte based on linear 

carbonate solvents needs to be modified to support longer cycle lives and follow higher C-rates. 

Note that, the charging/discharging rate of nC represents that the battery is fully 

charged/discharged in 1/n hour. Therefore, there are strong needs for fundamental research 

including simulations and experiments for the advanced batteries. 

  

 

Figure 1.2 Comparison of the energy density of commercialized batteries and future ones with 

the energy density of petroleum-based fuel [3].  
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1.2  Mechanical stress analysis 

One of the key issues in current lithium-ion batteries is that difficulty retaining the capacity, 

which has been observed at high C-rates and long cycle lives [4][5][6]. It has been suggested that 

the performance and the lifetime of lithium-ion batteries are directly correlated with the 

effectiveness and stability of the electrode-electrolyte interfaces [6][7][8][9]. To overcome these 

problems, there were various modeling approaches to understand battery degradation mechanisms 

because battery chemistry includes many inter-dependent mechanisms as shown in Figure 1.3. 

Recently, special attention has been paid to a mechanic modeling approach because expansion or 

contraction during lithiation/delithiation in the electrodes strongly affects the mechanical stress in 

the electrodes, which finally causes the cracking and fracture in the active materials. 

 

 

Figure 1.3 Main coupling phenomena including electrochemistry, heat transfer, mass transport 

of lithium, and mechanics [10]. 
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It is well known that the structural changes in electrode materials, including volume 

expansions ranging around 2-7% in cathodes and around 200-300% in anodes 

[11][12][13][14][15][16][17], are often reported to be a key factor in the deterioration of lithium-

ion battery performance. In other words, one of the main reasons for battery degradation is the 

large mechanical stress resulting from volume expansion (or contraction) during the (dis)charging 

processes. Indeed, irreversible changes are introduced that render the battery unfit for applications 

requiring high energy storages. As a result, transport properties, such as the rate of ion diffusion 

and migration through the electrolyte, the electrodes, or the electrode-electrolyte interfaces could 

be altered. Moreover, volume expansion and exothermic reactions generate additional mechanical 

and thermal energy during (dis)charge, which could result in the inhomogeneous distribution of 

strain near electrode surfaces. Results to date have yet to delineate how these relationships affect 

the physical phenomena at the electrode-electrolyte interfaces; thus, the scientific underpinnings 

required for the design of next-generation electrochemical energy storage remain elusive. It is well 

known that stress-induced fractures degrade the performance of lithium-ion cells, as evidenced by 

the observation of fractured surfaces in postmortem analysis of batteries [18]. Moreover, Xu and 

Zhao [19] reported that insertion of lithium is blocked by the high local compressive stress and 

finally results in a significant reduction of the effective capacity. Lu et al. [20] also confirmed by 

theoretical and experimental analyses that mechanical stress plays an important role in voltage 

hysteresis in lithium-ion batteries. It is, therefore, very important to analyze electrochemical 

degradation due to mechanical stresses. 
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1.3 Importance of understanding external pressure  

Among the various approaches to overcome the limited energy density of conventional 

cells, lithium metal (3860 mAh/g) has received significant attention recently. Lithium metal has a 

very low redox potential (-3.04V vs S.H.E.) and a small gravimetric density of 0.534g/cm3 [21]. 

In the cathode side, the improved energy density (~200 mAh/g) and prolonged life span of 

Li(NixMnyCoz)O2 (NMC) explains why NMC has been chosen for most electric vehicles. In 

Li/NMC battery chemistry, one of the challenges of the anode side is that dendritic and mossy 

lithium surface can form easily during the cycling (Figure 1.4) [22]. On the other hand, in the 

cathode side, the higher mechanical stress promotes the structural de-cohesion and particle 

cracking of NMC secondary particles [18][23][24]. Moreover, cathode-induced oxidation of the 

solvents causes gas generation including CO, CO2 and other products [25]. These are the primary 

factors responsible for the capacity retention or short cycle life of Li/NMC batteries, which can be 

detected by pressure evolution during cycling. 

 

 

Figure 1.4 Scheme of negative electrode degradation mechanisms 
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1.4 Scope of Research 

The goal of this work is to understand battery degradation mechanisms using multiphysics 

modeling and experiments. Specifically, mechanical stresses, including the diffusion-induced 

stress and the thermal stress, are quantitatively estimated under different pressure conditions. 

Moreover, volume changes in the electrodes and the gas generation inside of cells result in the 

expansion of the cells; thus, external pressure is measured, and the diagnostic method is developed. 

The specific research objectives are,  

 

 To quantitatively estimate the thermal stress and the diffusion-induced stress in different C-

rates and external temperature;  

 To investigate lithium-ion concentration and mechanical stress distribution in 2D and 3D 

microstructures based on Focused Ion Beam-Scanning Electron Microscope (FIB-SEM) 

images;  

 To confirm the applications of fiber optical sensor as a temperature measurement in lithium-

ion battery research;  

 To measure mechanical and electrochemical responses during cycling and develop a 

diagnostic method to estimate battery degradation; 

 

In Chapter 2, the previous studies from other research teams related to the computational 

efforts, experimental results and valuable insights are reviewed.  

In Chapter 3, we focus on analysis on pressure evolution measured during cycling in 

Li/NMC811 pouch cells. In this work, lithium metal, which shows significantly higher energy 

density compared to graphite, and NMC811, which is cheaper than NMC111, are used to make 
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the pouch cells. We aim to investigate pressure evolution during cycling and identify battery 

performances based on pressure data.  

In Chapter 4, 2D multiphysic computational models based on the reconstructed 

microstructure of LiFePO4 obtained by FIB-SEM are presented. Specifically, we aim to study the 

effect of temperature and volume changes on the thermal stresses, and the diffusion-induced 

stresses. Moreover, we aim to integrate FIB-SEM, potentiostat, fiber Bragg grating (FBG) sensors 

to verify the results from computational models. Based on the validated computational models, the 

relationships between the capacity loss over a range of charging rates (i.e., C-rate), temperature, 

and lithium-ion concentration are investigated. 

In Chapter 5, 3D reconstructed microstructure through the conjunction of simulations for 

electrochemistry and solid mechanics are used to better understand the battery systems. Because 

the 2D computational model in Chapter 4 has few limitations of the analysis, an improved 3D 

fully-coupled electrochemical-mechanical models are presented in this chapter. We aim to focus 

on the geometric effect on stress distributions and stress variations during discharging under 

different C-rates. 

Finally, Chapter 6 summarizes and draws conclusions from this research.  
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CHAPTER 2                                  

Literature Review 

2 

2.1 Cathodes and Anodes in lithium-ion batteries 

2.1.1 LiFePO4 

One of the key issues in LiFePO4 regarding battery degradation is that cracks are observed 

in LiFePO4 after cycling. Wang et al. [26] have investigated cracks on the LiFePO4 particles using 

XRD and SEM. Small flaws were observed in some particles after 10 cycles (Figure 2.1) 

demonstrating that the crack became more obvious after 30 cycles. They believed that the cracks, 

which related to performance degradation, may be caused by high internal strain energy during 

lithium intercalation. Thus, the importance of investigating mechanical stresses and strain energy 

in electrode particles during charging and discharging becomes more significant. 
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Figure 2.1 The SEM images of LiFePO4 carbon coated electrode (a) before cycling, (b) after 10 

cycles, (c) after 30 cycles, and (d) after 60 cycles [26]. 
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Several studies have suggested that carbon coating could potentially overcome the capacity 

loss in LiFePO4 [6][27]. For example, Cho et al. [27] have conducted experiments to examine the 

effect of carbon content in the cathode. They have used different carbon fractions, 1.25wt.% 

(Product-0), 1.67wt.% (Product-1), 2.28wt.% (Product-2), and 2.54 wt.% (Product-3), as an 

additional layer on the surface of the cathode, respectively, and compared the battery performance. 

Figure 2.2 compares the discharge capacity of pure LiFePO4 with various LiFePO4/C samples. It 

has been observed that an increase in the carbon content of samples showed a reduced capacity 

loss during cycling, which is related to the increase in electronic conductivity. However, the 

electrode containing too much carbon (i.e., Product-3 with 2.54 wt.% carbon) showed lower 

performance comparing to Product-1 (with 1.67wt.% carbon) and Product-2 (with 2.28wt.% 

carbon) due to the carbon thickness. They have reported that LiFePO4 coated with a thin and 

uniform carbon film can deliver a maximum discharge capacity of 151mAhg-1 at 0.2C and sustain 

415 cycles with 80% of capacity retention [27]. The higher performance of the carbon-coated 

LiFePO4 particles was found due to the higher electron conductivity and more nucleation from 

more surface areas, comparing to a carbon-free electrode [28]. 
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Figure 2.2 Discharge capacity versus cycle number for various LiFePO4 electrodes in 0.2 C-rate 

[27]. 
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2.1.2 Nickel Manganese Cobalt Oxide (NMC) 

Notable potential cathode candidates include nickel-rich layered oxides (LiNi1-xMxO2, M 

= Co, Mn and Al), lithium-rich layered oxides (Li1+xM1-xO2, M = Mn, Ni, Co, etc.), high-voltage 

spinel oxides (LiNi0.5Mn1.5O4), and high-voltage polyanionic compounds (phosphates, sulfates, 

silicates, etc.) [29]. Among them, Lithium Nickel Manganese Cobalt Oxide (LiNixMnyCozO2) is 

one of the most common and promising cathode materials for lithium-ion batteries as well as all 

solid-state batteries [30] due to it has a relatively large capacity and high average voltage. 

Moreover, NMC has better cycling performance compared to Li-rich layered oxides and spinel 

oxides as shown in Figure 2.3. 

 

 

Figure 2.3 Radar plots comparing various classes of high-voltage positive electrode materials 

with one example composition in terms of energy density (volumetric), power, cyclability, cost 

and thermal stability [29]. 
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The intercalation and the ageing-induced volume changes of electrodes lead to significant 

mechanical pressure or volume changes on battery cells and modules [31]. Specifically, the crack 

formation and damage evolution within secondary particles in NMC have been addressed in many 

studies [24][32]. It results in the loss of connectivity within the battery electrodes due to the 

mechanical failure by decohesion and fractures between primary grains that form spheroidal 

secondary particles, which may be a main reason for the widely observed and reported capacity 

fading. Sun et al. [32] investigated the fragmentation of secondary particles in NMC. Figure 2.4 

presents SEM images of secondary particles prior to cycling, after the first cycle, 15th cycle, and 

50th cycle. The secondary particles prior to cycling revealed well-bonded primary particles (Figure 

2.4a). After  15 cycles, the secondary particles revealed the presence of cracking (Figure 2.4e). 

After 50th cycles, particles showed extensive fragmentation and amorphisation shown in Figure 

2.4f [32]. 
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Figure 2.4 (a) Overall low magnification view of lithium-rich NMC cathode, showing 

agglomeration of spherical secondary particles. (b) High magnification view of second particle 

periphery revealing individual primary particles in the form of ‘stacks’ of hexagonal plates, and 

crystallites with well-defined facets. (c) Medium resolution imaging of the as-fabricated 

secondary particle (fully-discharged) prior to cycling, revealing well-bonded primary particles. 

(d) Secondary particle following the first charge/discharge cycle revealing the presence of 

peripheral cracking. (e) Secondary particle following the 15th cycle charging showing cracks 

closed due to lithiation-induced deformation. (f) Secondary particle after the 50th cycle charging 

showing extensive fragmentation and amorphisation [32]. 
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2.1.3 SEI formation 

Many studies have focused on the effects of solid-electrolyte interface (SEI) films, which 

cause the deterioration in the surface structures of the electrode and generally result in aging in 

anode materials [26][33][34][35][36][37][38]. Specifically, during the first several (dis)charging 

cycles in lithium-ion batteries, reductive electrolyte decomposition accompanied by irreversible 

consumption of lithium-ions takes place at the SEI when the anode is in the charged state. SEI 

layers are also found in cathodes. When voltages are above the oxidation potential of the 

electrolyte, understanding and controlling SEI formation at the cathode becomes very important. 

Across the range of SEI studies, chemical engineers, material scientists, and electrochemists have 

reported their findings on (electro)chemical reactions, material stability, and the associated 

kinetics. Yet, a fundamental understanding of the relationships between charge and mass transport 

properties, structural changes, and thermal and mechanical stresses at the electrode-electrolyte 

interface is still lacking. For example, Aurbach et al. [9][39] have studied the effects of acidic and 

non-acidic electrolytes on carbon-coated LiFePO4 cathodes during storage period by measuring 

Fe ion dissolution (the chemical reaction of rusting). Fe ion dissolution represented the loss of the 

active mass from the electrode, indicating that the cathode was deteriorated. As expected, higher 

temperature led to more dissolution of Fe ions. The study showed that as the electrolyte became 

more acidic at the higher temperature, and the dissolution of Fe ions became more pronounced, 

causing unstable behaviors in the electrode. These observations suggested that temperature-related 

chemical reactions in cathodes appear to be important determinants of the charge transport 

property and structural responses at the cathode-electrolyte interface. 
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2.1.4 Dead lithium in lithium metal anode 

Figure 2.5 shows the battery degradation mechanisms in lithium metal cells, which use 

lithium metal as an anode. During the charging process, lithium-ions are extracted from the 

cathode and transport through the electrolyte. When they reach on the surface of the lithium metal, 

lithium intercalation occurs (Figure 2.5a). During lithium intercalation, the lithium metal expands, 

which results in particle cracking on the surface of the anode. When particle cracking occurs, there 

are side reactions between the lithium metal and the electrolyte (Figure 2.5b). The side reactions 

result in dead lithium and dendrite on the surface, and they finally block lithium intercalation into 

the anode (Figure 2.5c and d). 

 

 

Figure 2.5 Development of dead lithium and dendrite during cycling. 
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To investigate the lithium dendrite and the dead lithium, Niu et al. presented [40] a cross-

sectional image of the 50 µm thick lithium foils on both sides of the Copper foil after 50 and 200 

cycles (Figure 2.6). After 50 cycles, the surface of the lithium metal became dark and rough. It 

was mainly caused by the breakdown of lithium metal during the degradation process presented in 

Figure 2.5. After 200 cycles, the layer of intact lithium (i.e., dead lithium) became thicker whereas, 

positive and negative electrodes became thinner, and it finally resulted in a decrease in 

performance. 

 

 
Figure 2.6 Cross sectional images of lithium metal cells after (a) 50 cycles and (b) 200 cycles 

[40]. 
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2.2 Computational models for mechanical stresses 

Lithium-ions are shuttled between an anode and a cathode through electrolyte during the 

charge and discharge process. When lithium-ions reached the cathode surface, lithium-ion 

insertion (i.e., intercalation) occurs, and it causes phase transformation from lithium-poor phase to 

lithium-rich phase. Additionally, it has been also observed that the unit cell volume changes 6.6% 

due to the phase transformation as shown in Figure 2.7, and it is mainly related to the volume 

misfit causing diffusion-induced stress (DIS) during charging and discharging [41].  

 

 

Figure 2.7 Unit cell volumes and the normalized crystalline phase fraction of triphylite (unfilled 

symbols) and heterosite (filled symbols). (C) Galvanostatic voltage curve at C/50 measured at 

room temperature [41]. 

 

The fracture of the electrode, one of the most significant problems in electrode materials, 

can be associated with DIS [42][43]. Cheng et al. [44] adopted a thermal stress analysis approach 

to investigate DIS based on the similarity of the law of heat conduction (Fourier’s law) and Fick's 

laws of diffusion. Renganathan et al. [45] have reported that the intercalation process, related to 

the elastic deformation of the material, must be considered to quantify the stress generated in the 

electrode. It has been observed that the capacity fade with a high C-rate or with a long period of 

cycling was strongly related to the mechanical stresses inside lithium-ion batteries [46]. Moreover, 
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it has been experimentally observed that stresses due to the intercalation and the phase 

transformation can cause local fractures in the active materials of lithium-ion batteries[47]. 

Researchers have used simple geometries such as spheres, spheroids, cylinders, and discs 

in Newman’s pseudo-2D model to study DIS in cathode materials [48][49][50][51] while 

recognizing that stress development had a significant impact on the performance of lithium-ion 

batteries [52]. Figure 2.8 presents potential, concentration, and von Mises stress distribution in the 

simple geometry of the electrode. This suggested that concentration distribution is not consistent 

with von Mises stress distribution.  
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Figure 2.8 Simulation with a pre-described potential variation: (a) potential variation, (b) time 

history of von Mises stress on particle surface, (c) concentration distribution, and (d) von Mises 

stress distribution inside the particle [48]. 
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Xiao et al. [49] have investigated the strain and stress of a separator in a battery cell at the 

end of a charging period with COMSOL. Since there was no specific method to evaluate the stress 

inside a battery, they developed a finite element based multiscale approach. The simulation 

processes were divided into two steps: obtaining the lithium and temperature distributions in 

COMSOL, and then performing stress analysis in ANSYS. The total strain is the summation of 

the mechanical strain, concentration variation induced strain, and temperature variation induced 

strain such that 

2 [(
1 1

1 ) ] ,
3

ij ij kk ij ij ij ijC T
E

                                         (1) 

where ij  is the coefficient of thermal expansion, T and C is temperature and concentration 

variation, respectively. Overall, this model considered charge/species transport through diffusion 

and migration, charge balance, electrochemical reaction kinetics, heat generation and heat transfer, 

as well as the stress and deformation due to mechanical loading, lithium intercalation and 

temperature variation in the battery.  
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Figure 2.9 Illustration of the multiscale modeling approach. The electrochemical performance of 

the battery is evaluated with an existing 1D lithium-ion battery model in COMSOL® , which 

consists of two sub-models: (a) battery and (b) electrode. The stress analysis for the components 

in a cell is performed concurrently using (c) a meso-scale RVE sub-model [49]. 
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In their study, numerical experiments were conducted with a charge-discharge cycle with 

an input current density of 9Am−2, which was equivalent to a 1.03 C-rate. One cycle consists of a 

charge (0–2000s), open circuit (2000–3000s), discharge (3000–5000s), and another open circuit 

period (5000–6000s) (Figure 2.10). Specifically, charging procedures were composed of two steps: 

charging the battery at a constant current until reaching a voltage of 4.2 V, and then holding the 

cell voltage at 4.2 V while gradually reducing the charging current until it dropped to a small 

percentage of the initial charge rate, such as 3%. At this point, the battery was considered to be 

fully charged. 

 

 
Figure 2.10 (a) A battery cycle for a half-sized unit cell at a 1.03C (i =9Am−2) charge and 

discharge rate. The cycle consists of charge, open circuit period, discharge, and open circuit 

period. (b) The cell voltage histories obtained by simulations [49]. 
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However, there were still limitations when simple geometries were used because they 

failed to predict the phenomena relating to the inhomogeneous natures of the electrode 

microstructures [53]. To overcome the limitations of using a simple geometry, realistic 

microstructures reconstructed based on X-ray nanoscale computer tomography (CT) [53][54][55] 

and focused ion beam - scanning electron microscopy (FIB-SEM) [56][57][58][59][60][61][62] 

have gained significant attention (Figure 2.11). Specifically, LiCoO2 current density, over-

potential intercalation rate [54], electrostatic potential [56], and microstructural parameters [58] 

have been investigated with microstructure geometry. Ender et al. [58] demonstrated significant 

parameters including particle sizes, active surface areas, and tortuosity of LiFePO4 with the 

FIB/SEM. Furthermore, the lithium concentration distribution in LiFePO4 electrodes was 

investigated by Kashkooli et al. [53]. An increasing number of researchers have used detailed 

microstructures for stress analysis. Song et al. [62] tried to explain particle fragmentation in 

Li(Li0.2Mn0.54Ni0.13Co0.13)O2 (LLMNC) using the predicted stress based on a simple mathematical 

model with the detailed microstructures. Moreover, Wu et al. [55] investigated mechanics in 

nickel-manganese-cobalt (NMC), showing that concave and convex regions of stress 

concentration were crucial.  
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Figure 2.11 Local contour maps of (a) electrostatic potential and (b) intercalated Li 

concentration under 5C [63]. (c) Lithium concentration in the solid electrolyte, in units of mol/m3 

and (d) von Mises stress in the solid electrolyte, in units of Pascals [57]. 

 

 

 

 

 

 



   

26 

 

Malave et al. [64] have investigated the transient three dimensional stress fields within the 

reconstructed LixCoO2 cathode particles with ANSYS. They assumed that lithium diffusion within 

the cathode particles was isotropic, and the driving force of lithium diffusion solely depended on 

the lithium concentration gradient. They also assumed that the diffusivity was constant within 

particles (D = 5.39 × 10−15 m2s−1). The lithium concentration field can be represented as follows: 

( ),
C

D C
t


 


                                                       (2) 

where J D C    is the diffusion flux. In an isotropic case, the elastic strains are expressed as  

1 1
[( ) ]1 ,ij ij kk ij ij C

E
                                                 (3) 

where ij is the Kronecker delta, ij is stress tensor, and C is the concentration difference 

between the current and initial lithium concentration. 

 

 
Figure 2.12 Localized fields at t = 1820 s during a 1C discharge. a) Maximum principal stress, 

b) equivalent diffusion strain, and c) local Li fraction x [64]. 
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Hutzenlaub et al. [65] studied lithium concentration distribution in the electrolyte and 

electrode. Figure 2.13a, b, and c demonstrate the lithium concentration in the active material 

domain at the state of charge (SOC) of 0, 0.1, and 1, respectively. Note that SOC of 0 and 1 indicate 

fully discharged and charged, respectively. Because they simulated the charging process, the 

average lithium concentration decreased with increase in SOC. Figure 2.13a, b, and c show 

uniform concentration distribution across the electrode. In Figure 2.13d, case A showed a 

relatively low concentration compared to the other parts. It indicated that smaller particles are more 

likely to release lithium-ion compared to larger particles. For case B, it showed a relatively high 

concentration profile compared to the region near the separator. It indicated that high concentration 

profile was observed near the current collector during charging due to a longer diffusion length. In 

spite of the smaller size, case C showed a high concentration profile. Unlike the other particles, it 

was totally surrounded by carbon binders (dark grey in Figure 2.13d). It was because the carbon 

binder considerably hinders lithium transfer to the electrolyte. 

 

 
Figure 2.13 Respective lithium concentration in the active-material domain at SOC (a) 0, (b) 0.1, 

(c) 1, and (d) 0.15. (Electrolyte-black, carbon-binder domain-dark grey) [65]. 
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2.3 The temperature in Lithium-ion batteries 

2.3.1 Computational approach 

Wu et al. [66] performed thermal and stress analyses in the lithium-ion battery. They 

assumed that heat generations in lithium-ion battery came from five possible sources including 

irreversible resistance heating, reversible entropy heating, heat of mixing, heat of phase change, 

and reaction heat. They considered two main heat sources in their computational models; resistive 

and entropic heating. Figure 2.14 demonstrates heat generation histories at the center of cathode 

particles during a discharge-charge process. Resistance heat generation (black line in Figure 2.14) 

varied monotonically with time. Its magnitude increased during discharging and decreases during 

charging. Entropy heat generation, marked in light gray in Figure 2.14, was more complicated. It 

showed that the electrode materials could either absorb (negative value) or release heat (positive 

value) during the charge-discharge process. Furthermore, the entropic heat behavior was not 

strictly symmetric during discharge and charge. They concluded that the resistive heating played 

a more dominant role than the entropic heating. 

 

 
Figure 2.14 Heat generation during discharge-charge process at the center of a positive electrode 

particle [66]. 
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The displacement, caused by the lithium diffusion and surface pressure, increased and then 

decreased back to the original value during the discharge-charge cycle (Figure 2.15a). On the other 

hand, the displacement due to thermal expansion increased continuously in the entire cycle. The 

total displacement during charging was higher than that during discharging. Figure 2.15b 

demonstrates the stress-history profiles at the end of discharge across the cell thickness along a 

line passing through the center of the negative and positive particles. It suggested that the 

maximum value of the diffusion-induced stress was one order higher than that of thermal-induced 

stress. They concluded that the lithium diffusion-induced stress played a dominant role in both 

electrodes.  

 

 
Figure 2.15 (a) The displacement curves at the midpoint of the right side of the cell and (b) x-

stress profiles across the thickness of the Lithium-ionbattery cell at the end of discharge 

operation [66]. 
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It has been suggested that heat generation could initiate electrolyte ignition, resulting in 

thermal runaway and explosion [67]. This is strongly related to electrochemical and mechanical 

degradation of battery materials. Computational thermal analysis in lithium-ion batteries has been 

studied by many research groups to relate the degradation in lithium-ion batteries with excessive 

temperature rise under high C-rate. Zhang et al. [48] investigated heat generation and intercalated-

induced stresses in LiMn2O4 single particles and concluded that those two factors are coupled to 

each other and should be considered simultaneously. The computational model developed by Wu 

et al. [68] also demonstrated that intercalation and thermal expansion occurred in both electrode 

and electrolyte concurrently and were not a simple summation. The same research group, as well 

as Xiao et al. [49] and Wu et al. [69], reported that the thermal stress was comparable to or even 

higher than the diffusion-induced stress in the separator. Furthermore, Yan et al. [54] investigated 

heat generation in a reconstructed LiCoO2 instead of simple core-shell particles.  

 

 

Figure 2.16 Distribution of (a) the reaction heat generation rate and (b) the entropic heat 

generation rate at the interface between the electrolyte and the cathode particles at 3000 s during 

the 1 C discharge process at 25 ◦C. The legend for heat generation rate is exponentially expressed 

[54]. 
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2.3.2 Experimental approach 

Many studies have shown that lithium-ion battery performance is highly affected by 

temperature. Once the temperature of a lithium-ion cell at full charge exceeds a predetermined set 

point, the possibility of a thermal runaway becomes a serious concern [70][71]. Liu et al.[72] 

developed framework models incorporating mechanical effects, short-circuit, thermal runaway, 

and thermal sub-models in batteries and demonstrated temperature rising behaviors during abusive 

conditions. Liu’s research group continued moving forward on better understanding interactions 

between these factors [73][74]. To measure temperature variations due to heat generation in the 

lithium-ion battery, several methods such as gold-resistance temperature detectors (Figure 2.17a) 

[75], thermocouples (Figure 2.17b) [67][76][77][78] , and infrared images (Figure 2.17c) [77][79] 

have been used. However, the aforementioned methods were not able to measure the temperature 

inside of the battery (i.e. the cathode layer surrounded by electrolyte). Thus, fiber Bragg grating 

(FBG) was an attractive sensor for the temperature measurement due to its immunity against 

electromagnetic interference and the surrounding electrolyte (Figure 2.17d). Specifically, FBG is 

a narrow band wavelength filter inscribed in an optical fiber. It can measure mechanical strain and 

temperature based on the reflected wavelength shifts due to the applied strain and temperature 

[80]. Meyer et al. [81] verified the accuracy of FBG sensors for temperature measurement by 

comparing to a thermistor measurement. Moreover, Novais et al. [82] successfully measured the 

external and internal temperatures in lithium-ion batteries by using FBG sensors. 
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Figure 2.17 (a) Gold RTD (resistance temperature detector), (b) thermocouple, (c) IR Camera, 

(d) FBG (Fiber Bragg grating) sensors 
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2.4 Pressure study 

2.4.1 Cell swelling 

Even though pouch cell type has been chosen by most electric vehicle companies due to 

the manufacturing efficiency and stack-ability, the swelling has observed in the pouch packs for 

automotive applications [83]. One of the reasonable explanations for this phenomenon is the 

volume expansion of cell components. In conventional Gr/metal oxide (e.g., LiCoO2, LiMnO2, 

and LiFePO4) batteries, lithium intercalation/de-intercalation results in volume expansion of 6~8% 

in the cathode and ~12% in the anode. However, the studies [84][85] revealed that the dendrite 

growth in lithium metal accelerated the formation of inactive metallic lithium, and it finally caused 

infinite volume expansion. Niu et al. [40] recently presented the swelling comparison of three 

parallel Li/NMC622 pouch cells with different electrolytes with the same initial thickness. They 

reported the effect of uniform pressure on pouch cells on performance, such as less capacity 

retention and longer cycle lives shown in Figure 2.18a and c. The black data points in Figure 2.18c 

represent the Li/NMC622 cell with a conventional electrolyte (i.e., LiPF6 in EC/EMC/VC) without 

pressure. the cell thickness increased significantly from 2.7 mm to 5.7 mm (swelling by 111%) 

after only 12 stable cycles. On the other hand, the cell with LiFSi in TEP/BTFE under 10psi 

expanded much more slowly, with an increase of only 19% in the following 150 cycles (reaching 

4.5 mm at the 200th cycle). 
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Figure 2.18 Voltage curve during 200 cycles (a) under 10psi and (b) without pressure. (c) 

Swelling comparison of Li/NMC622 pouch cells with different electrolyte. 
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Another explanation for the swelling in pouch cells is gas generation from NMC. Jung et 

al. [25] reported that gas generation rate such as O2, CO2, and CO was very high in layered NMC 

such as LiNi1/3Mn1/3Co1/3O2 (NMC111), LiNi0.6Mn0.2Co0.2O2 (NMC622), and LiNi0.8Mn0.1Co0.1O2 

(NMC811) compared to the other electrodes. Especially, NMC811 showed extremely higher gas 

generation (Figure 2.19). 

 

 

Figure 2.19 (a) Cell voltage vs. specific capacity of NMC-Li cells using NMC111 (black), 

NMC622 (red), NMC811 (green), and LNMO (blue). The cells contain 120μl LLP57 electrolyte 

(1M LiPF6 in EC:EMC 3:7) and Celgard H2013 separators. The total moles of evolved gases in 

the OEMS cell, normalized by the cathode active material (CAM) BET area versus the 

theoretical state-of-charge (SOC) is shown for (b) O2, (c) CO2, and (d) CO [25]. 
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2.4.2 Pressure evolution measurement 

A couple of recent papers [83][86][87][88] have reported the operando pressure 

measurements to investigate the battery degradation mechanisms because it is an effective way to 

understand the reasons of swelling and relationships between the cell performance and the 

mechanics. Zhang et al. [83] showed that external pressure changed the mechanisms of lithium 

charge transport and lithium diffusion behaviors. The work from Louli et al. [87] exhibited a 

reversible pressure evolution because of the net expansion and contraction of electrode materials 

during charge and discharge, as well as an irreversible pressure growth concomitant with cycling. 

Moreover, they showed that irreversible pressure growth was inversely correlated to the cell 

performance based on the capacity retention and the polarization growth measurements. They also 

correlated pressure changes with SEI growth and lithium inventory (Figure 2.20). 
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Figure 2.20 (a) Fresh negative electrode, (b) cycled negative electrode, and (c) capacity and 

pressure evolution during 100 cycles [86]. 

 

 

 

 

 

 

 

  



   

38 

 

CHAPTER 3  

Pressure study 

 

This chapter focuses on analyzing pressure evolutions measured during cycling in Li/NMC 

pouch cells. Especially, NMC811 was investigated in this work since NMC with Ni-rich 

compositions are less well studied due to their multiple challenges. It is suggested that higher 

pressure on pouch cells have better performance based on the following assumptions; external 

pressure of pouch cell suppresses lithium dendrite development, minimizes isolated particles, and 

removes gas from the active surface of the electrode. Moreover, assumptions shown in Figure 3.1 

provides a link between degradation mechanisms and pressure evolutions. Through the analysis 

on pressure evolution, the battery performance will be identified.  

 

 

Figure 3.1 It is assumed that an increase in pressure cause better performance; higher pressure 1) 

suppress lithium dendrite, 2) minimize isolate particles, and 3) force gas out from the active 

surface area. 
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3.1 Experimental methods 

3.1.1 Pouch cell preparation 

We used Li[Ni0.8Mn0.1Co0.1]O2 (NMC811) as a cathode and lithium metal as an anode. 

NMC811 laminate were obtained from Argonne’s Cell analysis, Modeling, and Prototyping 

(CAMP) Facility and Pacific Northwest National Laboratory (PNNL), respectively. Commercially 

available lithium metal laminates were obtained from China Energy Lithium Co., Ltd. (China). 

Single-layer pouch cells were assembled with the dimension of 43mm x 56mm for the cathode and 

45mm x 58mm lithium metal for the anode, using Celgard 2325 separator and Standard electrolytes 

1.2 M LiPF6 in EC:EMC (3:7 wt%) with 2% vinylene carbonate (VC). 

 

3.1.2 Cycling test 

All cells were cycled in a temperature-controlled chamber BTZ-133 (ESPEC corp.), and 

MACCOR Model 2200 (Maccor, Inc.) was used for all electrochemical cycling. For the formation 

cycle, cells were charged to 4.2V at C/20 with a 15 min rest, and then discharged to 3.0V. After 

formation, a reference performance test (RPT) was conducted with C/10 and C/20. Those are 

followed by 25 aging cycles, which was composed of C/10 for charging and C/3 for discharging. 

Every 25 aging cycles, RPT under C/10 and C/20 were conducted.  

 

3.1.3 Operando pressure measurement 

Figure 3.2 showed the experimental setup to measure pressure changes during cycling. The 

pouch cell was located between the first two fixtures, and 3 load cells were placed between the 

middle and the last plates. In this study, three different initial pressure conditions (e.g., 1 psi, 17 

psi, and 25 psi) were imposed by adjusting the gap, which was fixed during cycling.  
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Figure 3.2 (a) Side view and (b) top view of a schematic illustration of the experimental setup. 

(c) Picture of the experimental setup 
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3.2 Results and discussions 

3.2.1 Effect of pressure on capacity fade and cycle life 

In this study, lean electrolyte (~ 2g/Ah) was used to enhance the battery degradation based 

on the fact that a large amount of electrolyte normally favors a long cycle life for lithium metal 

[89]. Figure 3.3 shows capacity fade during 100 cycles, including 3 reference performance tests 

(RPTs). We can observe a significant capacity loss in all pressure conditions due to the lean 

electrolyte. When we focus on the effect of pressure on the capacity, the highest capacity fade is 

observed in the 1 psi cell marked in black, whereas a longer cycle life is observed in cells with 25 

psi. The results showing better performance in higher pressure conditions are supported by 

galvonostatic electrochemical impedance spectroscopy (GEIS) results from Zhang et al. [83]. They 

reported that there is an increase in diffusion resistance with a decrease in constant external 

pressure. Interestingly, the capacity in the 25 psi cell overtakes capacity in the 17 psi cell after 

cycle number of 15. In the second RPT, 25 psi cell has the highest capacity, followed by the 17 

psi cell and the 1psi cell. Similar Coulombic Efficiency (C.E.) is observed in different pressure 

conditions. 
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Figure 3.3 Capacity change during charge and discharge under 1 psi, 17 psi, and 25 psi 

 

Figure 3.4a demonstrates differential capacity (dQ/dV) analysis at the first RPT and the 

second RPT under different pressure conditions. Note that there are 25 aging cycles between the 

first and the second RPT. Differential capacity analysis is very important because the ability to 

analyze the cell voltage is the key to understand cell degradation and the differential method is an 

easy way to understand cell voltage [90]. Generally, slope changes and intensity changes indicate 

lithium inventory loss and peak position changes indicate loss of active material in the positive 

electrode from dQ/dV curves. At the first RPT, 17 psi cell shows a higher intensity at the primary 

peak in dQ/dV than that in 25 psi cell. However, the intensity in 25 psi cell is higher than that in 

17 psi at the second RPT. It means that battery degradation in lower pressure is accelerated during 

aging cycles. This result is in good agreement with what we observed in Figure 3.3. In Figure 3.4a, 

the change in peak intensity of dQ/dV at the first RPT and the second RPT also suggest that higher 

lithium inventory loss is expected under lower pressure (i.e., the 17psi cell compared to the 25psi 
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cell). However, we did not recognize a significant peak position change in dQ/dV curve, which 

indicates that there is no distinct loss active material in the positive electrode.  

We also investigate polarizations in the cells under different pressures (Figure 3.4b). 

Polarization 1 and polarization 2 are determined by voltage relaxation during rest right after 

discharge and charge, respectively. 

Polarization 1 = Vmin – max (Vrest after discharge)                              (4) 

 Polarization 2 = Vmax – min (Vrest after charge),                                (5) 

where Vmin = 2.8V and Vmax = 4.4V. 

During the first 25 aging cycles, higher polarization is observed in the 1 psi cell, but no 

distinct differences between the 17psi cell and the 25psi cell. During the second 25 aging cycles, 

a discrepancy in polarization between the 17psi cell and the 25psi cell is significant. Trends 

observed in polarization 1 is consistent with that in polarization 2 (Figure 3.4b). 

 

 

Figure 3.4 (a) dQ/dV at first RPT(solid line) and second RPT(dash line) and (b) polarization 

1(solid line) and polarization 2(dash line) under 1 psi(black), 17 psi(blue), 25 psi(red) 
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Normalized pressure change is determined by the following equation; 

   
peak valley

initial

P P
Normalized pressure change

P


                                       (6) 

In Figure 3.5, end of battery life (EOL) is determined by the cycle number showing 80% capacity 

fade, and beginning of battery life (BOL) is the cycle number right after the first RPT. The gradient 

of normalized pressure change becomes steeper when cells are aged in each pressure condition. 

Although the 17 psi cell and 25 psi cell died at different cycles, the ratio of BOL to EOL in the 

17psi cell and the 25psi cell are very consistent. We believe that the ratio suggested here can be 

used to estimate EOL at different pressure conditions. However, the 1 psi cell shows different BOL 

to EOL ratio. We believe that it is because 1 psi cell died too early. This parameter will be 

confirmed under various pressure conditions in future research. 

 

 

Figure 3.5 Normalized pressure change during cycling under 1psi, 17psi, and 25psi 
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3.3 Conclusion 

This study focuses on pressure evolution in Li/NMC811 pouch cells. By using lean 

electrolyte, we confirmed that higher external pressure is effective for obtaining longer cycle life 

and higher capacity. The most interesting part is that the capacity of 25 psi cell overtakes the 

capacity of 17 psi cell at the middle of the first 25 aging cycles. To confirm the influence of 

pressure on the performance, we also investigated polarization. Both polarization 1 and 2, which 

indicate voltage relaxation after discharging and charging, respectively, show lower at higher 

pressure. Moreover, dQ/DV comparisons between the first and the second RPT show that a lower 

inventory loss is observed in higher pressure conditions. To develop a diagnostic method to 

estimate battery degradation, the ratio of normalized pressure change is proposed. In both 17 psi 

and 25 psi, the ratios of BOL and EOL are very consistent.  
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CHAPTER 4  

Multiphysics Coupling in Lithium-ion Batteries with 

Reconstructed Porous Microstructures 

3 

In this Chapter, we developed a 2D multiphysic computational model based on the 

reconstructed microstructure of LiFePO4 obtained by FIB-SEM. Specifically, we studied the 

relationships between temperature, volume change, thermal stresses, and diffusion-induced 

stresses to address their coupling effects on the electrochemical performance in lithium-ion 

batteries. Therefore, the goal of this study is to integrate experimental and computational 

approaches which consider charge/mass transport properties, structural changes, and thermal and 

mechanical stresses at the electrode-electrolyte interfaces to understand the relationships between 

the capacity loss over a range of charging rates (i.e., C-rate), temperature, and lithium-ion 

concentration.  

 

The content of this chapter is reproduced based on the published work as:  

Sangwook Kim, Junghyun Wee, Kara Peters and Hsiao-Ying Shadow Huang, “Multiphysics 

Coupling in Lithium-ion Batteries with Reconstructed Porous Microstructures.” The Journal of 

Physical Chemistry C: Energy Conversion and Storage, 2018. DOI: 10.1021/acs.jpcc.7b12388. 

  



   

47 

 

4.1 Experimental methods 

4.1.1 Electrochemical Testing 

Rate capability electrochemical testing on 14430 lithium-ion cells - 400mAh (Battery 

Space, Richmond, CA) was performed via a 273A potentiostat/galvanostat (EG&G Princeton 

Applied Research, Oak Ridge, TN) at four different discharging rates (0.6C, 1.2C, 2.0C, and 3.6C). 

0.6C charging rate was used between each discharging, whereas the potential was set between 

2.0V and 4.0V. A data acquisition board 6052E and LabVIEW Robotics 2013 (National 

Instruments, Austin, TX) were used to communicate between the potentiostat and the computer to 

obtain the capacity fade of the battery cells. During the electrochemical testing, the total 

(dis)charging time was also recorded. To ensure the temperature was recovered to the ambient 

temperature (20°C) during discharging and charging, adequate resting time over 30 mins was 

included after each electrochemical (dis)charging cycle. 

 

4.1.2 Temperature Measurement by Fiber Bragg Grating (FBG) sensor 

Fiber Bragg grating (FBG) sensor was used for the in operando measurements of strain 

and temperature variations at the electrode-electrolyte interface during the electrochemical testing. 

FBG sensor has 1 cm grating length with 5 μm thick polyimide coating (Micron Optics. Inc., 

Atlanta, GA). The sensor was connected to an optical interrogator (Micron Optics. Inc., Atlanta, 

GA) to track the peak wavelength shift as a function of the temperature with the precision of ± 1 

pm. The sampling rate was 1 sample/s, which was sufficient for the measurement of quasi-static 

temperature change. Layers encapsulating the cathode and anode in a commercial LiFePO4 battery, 

such as heat shrink wrap and outer aluminium can, were removed to measure the temperature 

inside the cell. FBG sensor for the temperature measurement was mechanically decoupled from 
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the cathode surface but was placed on the surface of the cathode in order to ensure accurate and 

concurrent temperature measurement along with the mechanical strains [94]. Moreover, the battery 

and FBG sensor were located inside a styrofoam box to minimize convective heat transfer (Figure 

4.1 a and b). 

 

 
Figure 4.1 (a) Representative diagram of in operando temperature measurement by FBG sensors 

at the electrode-electrolyte interface during electrochemical testing. The battery and FBG sensors 

were located inside a styrofoam box to minimize convective heat transfer. (b) To better 

understand temperature effects on electrochemical and mechanical battery material degradation, 

our pilot study has demonstrated that an axisymmetric heat transfer mechanisms could be used 

for computational simulations. 
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 The wavelength shift of the FBG with respect to the temperature change is expressed with 

the following equation [80]: 

                                                     (10) 

where λB is the Bragg wavelength, ΔT is the temperature change, αs is the thermal expansion 

coefficient of silica, and  is the thermo-optic coefficient of slica. For the fused-silica optical fiber, 

the sum of the two coefficients was αs +  = 6.67 × 10-6 °C-1 [80]. Note that all temperature changes 

were measured with respect to the ambient temperature (20°C). 

 

4.1.3 Reconstructed Electrode Microstructure by FIB/SEM 

To generate reconstructed electrode microstructures, separate sets of uncycled commercial 

lithium-ion batteries (LiFePO4 14430 cells) were disassembled in an argon-filled glove box 

(Precise Controlled Atmosphere Glove Box, Labconco, Kansas City, MO). N-Methyl-2-

Pyrrolidone (NMP) was used to clean the surface of LiFePO4 samples for the Focused Ion Beam 

- Scanning Electron Microscope (FIB-SEM).  

 

( ) ,B s T      



   

50 

 

 

Figure 4.2 (a) SEM image of LiFePO4 sample during FIB micro-milling under high vacuum 

(e.g., 10-6 Pa). Platinum was first deposited on the surface of LiFePO4 to prevent the curtaining 

effect. (b) An original SEM image of 1.5  1.5 μm2 with higher magnification (>15,000 ) and 

image after image processing were overlapping (white line indicated particle boundary after 

image processing). 
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In this study, FEI Quanta 3D FEG (FIB-SEM) at the NC State Analytical Instrument 

Facility (AIF) was used for micro-milling with FIB and taking SEM images at different angles 

(i.e., 54° in this facility) with high resolution (Figure 4.2a). Platinum was first deposited on the 

surface of LiFePO4 to prevent the curtaining effect, which could increase surface roughness in the 

direction of the milling depth and result in stripes on the cutting surface, and eventually, the 

roughness of the cut could influence the measurements and the segmentation process. To focus on 

the region of interest (ROI), each side of the ROI was milled by FIB. For more detailed particle 

configuration, a sector of 1.5  1.5 μm2 with higher magnification (>15,000) was used (Figure 

4.2b). The pixel size of the scanning electron microscopy (SEM) images was 8.28nm.  

 

 

Figure 4.3 (a) An image was converted into a dxf file format for computational simulation. (b) 

Representative concentration distribution of the reconstructed porous microstructures of 

LiFePO4 (50% state of charge at 1.2C). 
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The image processing, including smooth processing, edge finding processing, and 

threshold determination, was conducted using ImageJ image analysis software (National Institutes 

of Health, Bethesda, MD). Due to the high magnification, it was relatively difficult to distinguish 

the boundary between the cathode and electrolyte. Therefore, smooth processing was necessary to 

obtain better binary images before using the “find-edge plugin” in ImageJ. After identifying the 

boundary with the aforementioned plugin, the image of LiFePO4 reconstructed microstructure was 

converted to a binary image using the “threshold plugin” in Image J. To import the 2D 

configuration into the finite element software, a specific file format – the DXF file (commonly 

used in AutoCAD) - was required. In this work, ReaConverter 7 (Realsoft Inc. Monmouth 

Junction, NJ) was then used to convert the LiFePO4 microstructure from the binary image to a dxf 

file, as shown in Figure 4.3a.  
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4.2 Computational model 

The reconstructed LiFePO4 microstructure was used to develop multiphysic finite element 

models of a half-cell system (i.e., with electrolyte and cathode) via COMSOL Multiphysics 

(COMSOL, Inc. Burlington, MA), in which electrochemical reactions, charge/mass transport, heat 

conduction, and solid mechanics were included. The parameters used in multiphysic computational 

model are tabulated in Table 4.1. 

 

Table 4.1 List of parameters used in the computational model [53][95][96][97][98][99]. 

 Anode Separator Cathode Unit 

Thickness (δ) 55 33 55 μm 

Electrical conductivity (σs) 1 × 104  3.5 × 10-5 s/cm 

Ionic conductivity (σl)  10.7  s/cm 

Maximum solid phase 

concentration (Cs.max) 
3.108× 104  2.28 × 104 mol/m3 

Charge transfer coefficient (αa, αc) 0.5  0.5  

Transport number (t+)  0.343   

Diffusion coefficient (D) 3.2 × 10-10 2.6 × 10-6 1.3 × 10-9 cm2/s 

Reaction rate constants (ka, kc) 1.764 × 10-11  2.5 × 10-13 
m2.5 

mol-0.5/s 
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The outline of our multiscale model and experiment in this research was presented in 

Figure 4.4, where we detailed our integrated electrochemistry, thermal, and mechanical analysis 

by incorporating galvanostat for current density measurements, FIB/SEM to general porous 

microstructure, and FBG sensors to conduct temperature measurements. 

 

 

Figure 4.4 Outline of this research. First of all, electrochemistry analysis has been done in a 1D 

model, composed of a negative electrode, electrolyte, and a positive electrode. In the 1D 

analysis, local current density and potential changes according to time in the positive electrode 

were computed. The computed results were compared with data from experimental 

measurements to verify the 1D electrochemical model. This procedure has continuously repeated 

until the model was verified. Moreover, heat generation was computed in the 1D model, and it 

transferred to the 2D-axis symmetry model for thermal analysis. Based on the computed heat 

generation, the temperature distribution in the cylindrical cell was calculated. Since the 

temperature on the surface of the cylindrical cell was measured by the FBG sensor, the simulated 

temperature on the outer layer was compared with experimental results to verify the thermal 

analysis. Verified local current density and temperature were used in 2D microstructure model. 

The local current density was major boundary conditions for concentration distribution in 

electrode particles. After calculating the concentration distribution in the electrode, diffusion-

induced stresses were computed. Furthermore, thermal stress was computed based on the 

temperature boundary conditions. Compared to the electrode particle sizes, the thermal 

conductivity was relatively high; thus, nearly constant temperature distribution was observed. 
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4.2.1 Electrochemistry 

We developed the 1D model, composed of an anode, separator, and a cathode, to 

investigate the physical behavior of the electrolyte-electrode interface in the Batteries and Fuel 

Cells Module of COMSOL Multiphysics [100]. Specifically, the conservation of the current 

density in the electrolyte was incorporated by the following equation: 

         (11) 

where il is the current density in the electrolyte, which satisfies the following kinetic equation: 

                          (12) 

where σl denotes the ionic conductivity in an electrolyte, l is the electric potential in the 

electrolyte, R is the gas constant, T is temperature, F is the Faraday constant (96485 C/mol),  is 

activity dependence (assumed to be 1), and t+ is the transport number. The molar flux vector of 

lithium-ions (Jl) was calculated based on both diffusion and migration in the electrolyte, expressed 

by the following equation: 

                                          (13) 

where Dl was the diffusion coefficient in the electrolyte. 

In the electrode, the conservation of current density in the electrode was governed by 

Ohm’s law, as shown below: 

                                                 (14) 

where is was the current density, σs was the electrical conductivity of the electrode, and s was the 

electrical potential in the electrode. The molar flux vector of lithium-ions in the electrode (Js) was 

expressed by Fick’s first law: 

                          (15)  
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where Ds was the diffusion coefficient in the electrode and Cs was the lithium-ion concentration 

in the cathode. 

To model electrode-electrolyte interfaces, the local current density at the interface between 

the electrolyte and the electrode (iloc) was defined by the Butler-Volmer equation: 

  (16) 

where αa, αc were anodic and cathodic charge transfer coefficients, η was the over-potential, and 

i0 was the exchange current density, as detailed below: 

                              (17) 

where ka and kc were anodic and cathodic reaction rate constants, respectively, and cl.ref was the 

electrolyte reference concentration. The computed local current density at the interface (iloc) 

(Equation 15) during electrochemical cycling was then used as a boundary condition for 

simulations of ionic mass/charge transport. Representative concentration distribution of the 

reconstructed porous microstructures of LiFePO4 is shown in Figure 4.3b. Moreover, the 

corresponding over-potential was defined as follows: 

,                     (18) 

where s is the solid phase potential, l is the electrolyte phase potential, and Eeq is the equilibrium 

potential. To reduce computational time, the effect of the solid-electrolyte interface was not 

considered in this model. In the computational simulations, electrochemical (dis)charging 

sequences followed experimental electrochemical testing. Briefly, the electrode was discharged at 

0.6C (2000s~8000s), 1.2C (17000s~20000s), 2.0C (30400s~32200s), and 3.6C (45000s~46000s); 

0.6C charging rate was used between each discharge (9450s~15200s, 21600s~27300s, and 34900s 

~ 40500s). The cycle also included an open-circuit period (applied current is 0 A/m2) between each 
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charging and discharging process (0s~2000s, 9000s~9450s, 15200s~17000s, 20000s~21600s, 

27300s~30400s, and 32200s~34900s), as shown in Figure 4.5a.  
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Figure 4.5 (a) Local current density and potentials vs. time for multiphysic computational 

simulations. Four different discharging rates (0.6C, 1.2C, 2.0C, and 3.6C), and 0.6C charging 

rate were used between each discharge cycle, whereas the potential was set between 2.0V and 

4.0V. (b) Concentration variations at four different locations (P1, P2, P3, and P4 in Figure 4.7) 

were compared. 
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4.2.2 Transport of lithium-ion in a cathode 

2D mass/charge transport of lithium-ions in the cathode material was incorporated into the 

multiphysic simulations. Since composition-independent transport properties such as Dl and Ds 

were used in this study, transport of diluted species was considered to describe the lithium-ion 

diffusion and migration in the half-cell system. Moreover, the computed local current density at 

the interface (iloc) from Equation 15 in 1D electrochemistry model was used as a boundary 

condition for ionic mass/charge transport simulation. The initial concentration of lithium-ions in 

the cathode material was assumed to be homogeneous with a value of 5000 mol/m3 in this study. 

Based on Fick’s second law of diffusion (Equation 19), the concentration distribution in cathode 

material was then computed. The calculated concentration in the active particles was then 

transferred to the solid mechanics model for diffusion-induced stress prediction. 

2( )s

C
D C

t


 


                     (19) 

 

4.2.3 Axisymmetric Heat Transfer 

Studies have shown that temperatures in excess of 45°C will rapidly degrade the battery 

lifetime, and higher temperatures can also introduce safety concerns as materials contained within 

the battery can begin to chemically and mechanically degrade [101]. To better understand 

temperature effects on electrochemical and mechanical battery material degradation, our pilot 

study which incorporated the physical dimensions of the LiFePO4 14430 cell has demonstrated 

that an axisymmetric heat transfer mechanisms could be used for computational simulations 

(Figure 4.1b). The 2D axisymmetric heat transfer model is represented as follows: 

  (20) 
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where ρ is the density, Cp is the specific heat capacity, k is the thermal conductivity, T is absolute 

temperature, Text is the external absolute temperature, h is the heat transfer coefficient, and Q is the 

heat source. Based on Equation 19, the radial temperature distribution was calculated by assuming 

that specific heat capacity, thermal conductivity, and the heat transfer coefficient were constant 

during electrochemical cycling. The material properties used in Equation 19 were listed in Table 

4.2.  

 

Table 4.2 Thermal properties of the cathode and the electrolyte [49][79][102].  

Component Parameter Value Unit 

Cathode 

(LiFePO4) 

Thermal conductivity (kc) 1.48 W/m °C 

Specific Heat Capacity (Cp,c) 1260.2 J/kg °C 

Thermal Expansion (αc) 4.6 × 10-5 1/K 

Electrolyte 

(LiPF6 in EC-DMC) 

Thermal conductivity(kl) 0.099 W/m °C 

Specific Heat Capacity (Cp,l) 1800 J/kg °C 

Thermal Expansion (αl) 1 × 10-3 1/K 

 

Heat generation in lithium-ion batteries is mainly caused by Joule heat due to charge 

transport, reversible entropy heat, heat from chemical side reactions, and heat of mixing due to the 

generation and relaxation of lithium-ion concentration gradients [103]. In this study, only joule 

heating was considered, and the contribution from other heat sources were neglected since they 

were relatively less critical in lithium-ion batteries [69]. Joule heat (QJH) generated by the charge 

transport in the electrodes and the electrolyte was expressed by the following equation: 

                          (21) 
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4.2.4 Solid Mechanics 

Thermal- and diffusion-induced stresses and strains in the electrode were obtained in the 

solid mechanics model. The total strain εT was then composed of elastic strain εel, diffusion-induced 

strain εdis, and thermal strain εth. 

                        (22) 

The electrode was assumed to be an isotropic, linear elastic solid. The elastic strain was 

computed by the following linear elastic constitutive equation [104]: 

                               (23) 

where E is Young’s modulus, υ is Poisson’s ratio, τ is the stress tensor, and δ is the Kronecker 

delta. To consider the phase transformation between LiFePO4, and FePO4, concentration-

dependent material properties were incorporated. The material property matrix [K] was defined as: 

 ,                                    (24) 

where x represents the fraction of lithium-rich phase (0 ≤ x ≤ 1). The detailed material properties 

for the mechanical model were described in our previous work [105]. 

In this study, we used a hygroscopic swelling analysis in COMSOL to investigate stress 

evolutions caused by lithium-ion diffusion. Specifically, hygroscopic swelling was analogous to 

the volume expansion and/or contraction due to lithiation in the electrode, and is expressed below: 

                      (25) 

where  is the coefficient of hygroscopic swelling (i.e., volume expansion) and ∆C is the change 

in lithium-ion concentration. In this study, the coefficient of hygroscopic swelling was assumed to 

be constant, =6%, over discharging and charging processes. 
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Based on the experimental work by Panchal et al. [78], a LiFePO4 pouch cell had shown a 

dramatic temperature increase at high C-rate (dis)charging. Thus, the thermal strain was included 

in this study and was described by the following equation: 

,                      (26) 

where α is the thermal expansion coefficient of cathode or electrolyte and ∆T is the temperature 

change. Thermal expansion of electrolyte was also considered, and the coefficient of thermal 

expansion is shown in Table 4.2. 
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4.3 Results and Discussion 

4.3.1 Electrochemical Testing and Temperature Change 

During electrochemical testing, the local current density reached -2.54A/m2, -4.61A/m2, -

6.29A/m2, and -8.88 A/m2, respectively at the 0.6, 1.2, 2.0, and 3.6 discharging rates, respectively, 

while the local current density reached 2.93 – 2.97A/m2 at 0.6 charging rate. The corresponding 

potential variations are presented in Figure 4.5a.  

 

 

Figure 4.6 Greater temperature change due to higher Joule heating at higher C-rate was 

observed. It was observed that at the beginning and the end of the discharging process, the 

temperature gradient was higher than that of the plateau region during discharging for all 

measured and simulation cells. 
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The total (dis)charging time was also recorded. It was observed that the total discharging 

time was ~6000s at 0.6C, ~3000s at 1.2C, ~1800s at 2C, and ~1000s at 3.6C. Figure 4.6 showed 

temperature variations during discharging at different C-rates (0.6C, 1.2C, 2.0C, and 3.6C). Even 

though Joule heating was the only heat source considered, the results from the multiphysic 

simulations matched well with the FBG measurements. It confirms Joule heating as the main heat 

source in lithium-ion batteries during cycling, and other heat sources (i.e. entropy heat, chemical 

side reactions, heat of mixing) are negligible. From both experimental and simulation results, it 

was observed that higher C-rate showed higher temperature change, suggesting that higher Joule 

heating was generated at higher C-rate, and this phenomenon was also observed in LiCoO2 battery 

chemistry [106]. The temperature changes, T, measured with the FBG sensors were 2.09 °C, 5.22 

°C, 8.75 °C, and 13.75°C at 0.6C, 1.2C, 2C, and 3.6C, respectively. At 1.2C and 2C, the root mean 

square error (RMSE) of temperature change ∆T between the simulated and measured data were 

less than 0.1%, and the RMSE at 0.6C and 3.6C were 3.87% and 3.49%, respectively. From these 

results, we concluded that the predicted temperature change from the simulations demonstrated 

good agreement with experimental data from FBG measurements. 

Based on the total discharging time at different C-rates, state of charge (SoC) is calculated 

by normalizing the discharging time. For example, a total of ~6000s of discharging at 0.6C 

indicates that 25% of discharging (i.e. SoC = 0.25) occurs at 1500s and 90% of discharging (i.e. 

SoC = 0.9) occurs at 5400s; a total of ~1000s for discharging at 3.6C indicates that 25% of 

discharging (i.e. SoC = 0.25) occurs at 250s and 90% of discharging (i.e. SoC = 0.9) occurs at 

900s, etc. The temperature gradients at the beginning (i.e., SoC < 0.23) and the end (i.e., SoC > 

0.9) of the discharging process were higher than that of the plateau region of discharging (i.e., 0.23 

< SoC < 0.9) for all measured and simulation cells. A similar phenomenon was observed in the 
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previous study by Saw et al. [67] and Panchal et al. [78], where they showed the gradients of total 

heat were relatively high at the beginning and at the end of the discharging process. It is suggested 

that the activation polarization due to the limited reaction rate at the beginning of discharging and 

the concentration polarization from limited mass transport at the end of discharging have both 

caused higher heat generation than that from the ohmic polarization.  
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4.3.2 Concentration Distribution 

The results of computational electrochemical simulations were verified by comparing 

electrochemical testing on 14430 lithium-ion cells at four different discharging rates (0.6C, 1.2C, 

2.0C, and 3.6C) and at a charging rate of 0.6C between 2.0V and 4.0V. In the computational 

simulations, electrochemical (dis)charging sequences followed experimental electrochemical 

testing. The electrode was discharged at 0.6C (2000s~8000s), 1.2C (17000s~20000s), 2.0C 

(30400s~32200s), and 3.6C (45000s~46000s) with charging at 0.6C in between (9450s~15200s, 

21600s~27300s, and 34900s ~ 40500s) (Figure 4.5a). Initial concentration in the electrode was 

assumed to be 5000 mol/m3. Based on Equations 2 through 10, concentration distributions in the 

electrode at different C-rates could be determined (Figure 4.5b). Concentration profiles during 

(dis)charging at four different locations denoted as P1, P2, P3, and P4 were compared, where P1 

and P2 indicate outer layer, P3 and P4 indicate the connecting area between each active particle 

and inside of an active particle, respectively (Figure 4.7). It was observed that lithium-ion 

concentration distribution was location-dependent showing that lithium-ions diffuse from the outer 

layer to the inside of the particle. That is, at any time and given C-rate, P1 and P2 located on the 

outer layer of the particle revealed higher concentrations than those of P3 and P4, which are located 

inside of the particles (Figure 4.5b). Particularly, the concentration at the surface of the particle 

indicated in black and blue lines (P1 and P2) showed nearly the same concentration due to the 

same local current density applied. Moreover, the gap between P3 and the other points (i.e., P1, 

P2, and P4) gradually increases at the end of discharging as C-rate increases. This suggested that 

the concentration distribution become non-homogenous in the cathode under higher C-rate.  
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Figure 4.7 Concentration evolutions at different SoCs. It was observed that smaller particles 

exhibited higher concentrations, compared to larger particles, which could be due to much more 

dramatic concentration changes existing in smaller particles. 

 

Figure 4.7 demonstrated concentration evolutions for the reconstructed porous 

microstructures of LiFePO4 at different SoCs. Compared to larger particles, smaller particles 

showed higher concentrations, indicating more dramatic concentration variations were observed 

in smaller particles. Comparing to our previous study by adopting core-shell models [105], we 

have used the same local current density as the boundary condition on the particle surface, the 

concentration distributions in this study were different from the ones obtained from mostly adopted 

core-shell models. It is suggested that reconstructed porous microstructures of LiFePO4 could 

possibly provide more details on concentration evolutions during (dis)charging at different C-rates. 
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4.3.3 Thermal stress 

 

 

Figure 4.8 Normalized thermal stress vs. time demonstrating the effects of ambient temperatures 

and C-rates on thermal stresses. 
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With the prescribed electrochemical (dis)charging sequences, discharged at 0.6C, 1.2C, 

2.0C, and 3.6C and with 0.6C charging in between, thermal stress variations at three different 

ambient temperatures under different C-rates were obtained (Figure 4.8). The results showed that 

by increasing C-rate from 0.6C to 3.6C (i.e., discharging six times faster), it resulted in 5.92, 3.11, 

and 2.30 times higher thermal stresses at 20°C, 30°C, and 60°C, respectively. It suggested that the 

effects of C-rate were more critical at room temperature (i.e. 25°C) than that at the higher 

temperature (i.e. 60°C). In spite of a sharp decrease in potential at the beginning of discharging, 

thermal stresses and temperature increased more dramatically at the end of discharging, comparing 

to that at the beginning of discharging. Our results confirmed that the effects of increasing 

temperature results in larger thermal stresses during (dis)charging. Moreover, it is observed that 

thermal stress during the discharging process is higher than that during the charging process under 

the same C-rate. Figure 4.8 also demonstrated that increases in thermal stress due to higher 

temperature played a lesser role at higher C-rates. For example, if non-dimensionalization was 

used for thermal stresses by setting the thermal stress value to 1 at 60°C at 3.6C discharging rate, 

thermal stress is 2.06 times higher than that at 20°C (1/0.48638 = 2.06) and 1.63 times higher than 

that at 30°C (1/0.61421 = 1.63). On the other hand, the thermal stress at 60°C is 5.29 times higher 

than that at 20°C (0.43505/0.08219 = 5.29) and 2.20 times higher than that at 30°C 

(0.43505/0.19771 = 2.2) at 0.6C discharging rate, as shown in Figure 4.9. This can be explained 

by the fact that heat generation inside lithium-ion battery was more critical compared to heat 

convection to the environment, whereas relatively lower heat generation in lower C-rate inside 

battery resulted in critical heat convention. Because the higher external temperature was highly 

related to heat convention, therefore, the effects of higher external temperature played a much 

higher role at lower C-rate. 
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Figure 4.9 Normalized thermal stress values at different C-rates at different ambient 

temperatures. 
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4.3.4 Diffusion-induced stress 

Since the magnitudes of thermal stresses in electrodes were much smaller than those of 

diffusion-induced stresses, To demonstrate the evolution of overall stresses across the entire range 

of SoC, diffusion-induced stresses from 20% - 100% SoC at 3.6C were presented (Figure 4.10). 

Higher stresses were observed at the connecting areas between particles, suggesting that the higher 

stresses might result from higher concentration variations in the connecting area. Compared to 

other previous results where only homogenous spherical particles were considered [49][105] 

[14][107], the current study showed that reconstructed microstructures of electrode particles were 

very important for stress analysis and it is hypothesized that it is highly related to crack initiations 

[108].  
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Figure 4.10 Diffusion-induced stress at different SoCs. Higher stresses were observed at the 

connecting areas between particles at the end of the discharging process, suggesting that the 

higher stresses might result from higher concentration variations in the connecting area. Scale 

bar: Normalized concentration was used. 
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The rate capability of 14430 lithium-ion cells performed via a 273A potentiostat 

/galvanostat at different discharging rates (1.2C, 2.0C, and 3.6C) are shown in Figure 4.11a, and 

the capacity retention was recorded. The results showed that 14430 lithium-ion cells tested at 3.6C 

have 30% capacity loss compared to cells tested at 1.2C; a corresponding 150% increase in stress 

was observed from the multiphysic simulations, where both thermal and diffusion-induced stresses 

were included (Figure 4.11b). Note that normalized stresses and normalized capacities were used 

in Figure 4.11 for clear comparisons. At all C-rates, stresses increase significantly at the end of the 

discharging process and may be related to dramatic drops in potential at the end of discharging. It 

was concluded that higher capacity loss at the higher C-rate (e.g., 30% loss at 3.6C) was mainly 

caused by higher stresses at higher C-rate (e.g., 150% increase in stresses at 3.6C). The capacity 

fades measured from the potentiostat were 10%, 13%, and 27% at 1.2C, 2.0C and 3.6C, 

respectively (Figure 4.11a). The simulation results show that the capacity fade was 6%, 9%, 14%, 

and 30% at 0.6C, 1.2C, 2.0C and 3.6C, respectively (Figure 4.11b).  
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Figure 4.11(a) Experimental capacity losses in 1.2C, 2.0C, and 3.6C were observed. Almost 

30% capacity loss was observed at 3.6C, compared to cells tested at 1.2C. (b) Simulation results 

revealed 150% increased stresses at 3.6C, compared to cells at 1.2C. For clearer comparisons, 

normalized stresses (the combination of thermal and diffusion-induced stresses) and normalized 

capacity were used. It is suggested that larger capacity loss was mainly caused by higher stresses 

at higher C-rates. 
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4.4 Limitations of the study 

In these efforts to experimentally measure in operando temperature variation and 

computationally simulate thermal and mechanical effects during lithium-ion battery discharging 

with reconstructed microstructure, several limitations existed in the current study. Based on the 

results from Kupper and Bessler [109], the temperature distribution is considered uniform in the 

electrode since temperature gradients occur on a larger scale (e.g., mm and/or cm) compared to 

the particle size (e.g., nm and/or m). Thus, only temperature “variation” vs. time was reported 

(Figure 4.6) and used to predict thermal stresses (Figure 5). Furthermore, carbon black and PVDF 

binder were not included in the reconstructed microstructure in this study and effects from these 

components will be further identified in future work. Though the coupled electrochemistry of 

electrolyte and electrode was studied in this work, the solid electrolyte interface was not explicitly 

considered to reduce the computational time in the model. 
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4.5 Conclusions 

In this study, computational models incorporating coupled electrochemical-mechanical-

thermal factors were used to investigate the relationships between mechanical stresses and capacity 

loss in lithium-ion batteries. Further, reconstructed microstructures of LiFePO4 were used to 

enhance the accuracy of the predicted stresses in batteries. Electrochemical-thermal models were 

verified by experimental measurements, including temperature variations measured via FBG 

sensors and capacity loss measured via a potentiostat/galvanostat. The experimentally verified 

multiphysics models had predicted thermal stresses, potential variations, concentration evolutions, 

and mechanical stresses during (dis)charging at different external temperatures and C-rates. 

Furthermore, the effects of ambient temperatures and C-rates on thermal stress have been 

investigated, and it was observed that increasing temperature and C-rate results in larger thermal 

stresses during (dis)charging. However, at higher C-rates, increases in thermal stresses due to 

higher temperature played a lesser role. Moreover, concentration evolution in the reconstructed 

cathode has been presented. As expected, higher concentration and dramatic concentration changes 

were exhibited at the surface of particles as compared to those at the center of the particles. Higher 

concentration variation also appeared at connecting areas between particles. Moreover, it is also 

confirmed that the concentration distribution becomes non-homogenous at higher C-rates. By 

comparing diffusion-induced stress with thermal stress, it was concluded that the effects of 

diffusion-induced stress dominated in the cathode. With a simple 2D model by integrating some 

key factors occurring in the battery (dis)charging while neglecting other details (i.e., polarizations, 

carbon black, etc.), a relationship between mechanical stresses and capacity fade was also observed 

before particle crack initiation. Based on the methodology and results presented in this study, we 

can further study particle crack prediction and battery degradation in a 3D system.   
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CHAPTER 5  

Coupled Mechanical and Electrochemical Analyses of 

3D Reconstructed LiFePO4 by FIB/SEM in Lithium-

Ion Batteries 

 

4 

In the previous chapter, we successfully develop 2D multiphysics model to investigate 

mechanical stress, including diffusion-induced stress and thermal stress. We intended to 

demonstrate a methodology for using FIB/SEM to generate a 3D reconstructed microstructure 

through the conjunction of simulations for electrochemistry and solid mechanics to better 

understand the battery system in this chapter. We are going to present an improved 3D fully-

coupled electrochemical-mechanical model, which is crucial for establishing the relationship 

between electrochemical performance and mechanical stresses. Specifically, our primary focus 

was on the effects of complicated structure on mechanical stresses and the prediction of particle 

crack initiation in LiFePO4 cells. 

 

The content of this chapter is reproduced based on the published work as: 

Sangwook Kim, Hongjiang Chen, and Hsiao-Ying Shadow Huang, “Coupled Mechanical and 

Electrochemical Analyses of 3D Reconstructed LiFePO4 by FIB/SEM in Lithium-Ion Batteries.” 

ASME Journal of Electrochemical Energy Conversion and Storage, 2019. 

DOI:10.1115/1.4040760. 
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5.1 Methods 

5.1.1 Construction of the Microstructure 

 

Figure 5.1 (a) Experimental setup for FIB-SEM and (b) a stack of 2D images 

 

The LiFePO4 sample for microscopy was prepared according to the study published by 

Kim and Huang [18]. Briefly, FIB/SEM imaging was carried out using FEI Quanta 3D FEG (FIB-

SEM) at the NC State Analytical Instrument Facility (AIF). As shown in Figure 5.1a, the sample 

stage was tilted to 52o, and the FIB was perpendicular to the sample, which allowed cross-sectional 

micro-milling. To focus on the region of interest (ROI), each side of the ROI was milled by the 

FIB. For more detailed particle configuration, a sector of 2.5 x 2.5 μm2 with higher magnification 

(>15,000) was used. The pixel size of the scanning electron microscopy (SEM) images was 4.06 

nm. Since a polyvinylidene difluoride (PVDF) binder was likely to be an ultra-thin layer below 

the resolution, which made it difficult to distinguish from the LiFePO4 cathode using SEM [110], 

carbon black and the PVDF binder were not considered in this study. Figure 5.1b presents a stack 

of over 50 SEM images. The smoothing and edge finding processes in the ImageJ analysis software 

(National Institute of Health, Bethesda, MD) were conducted to determine the boundary between 



   

79 

 

the electrolyte and electrode. Moreover, binary images were produced based on a threshold prior 

to the 3D reconstruction process.  

 

 

Figure 5.2 (a) 3D reconstructed microstructure of LiFePO4 and (b) final microstructure and 

mesh in COMSOL Multiphysics. 

 

 

Based on the set of cross-sectional images, a 3D microstructure was also generated in 

ImageJ and exported in Standard Tessellation Language (STL) format, which allows the files to 

be imported into COMSOL Multiphysics (COMSOL Inc., Burlington, MA) (Figure 5.2a). Since a 

3D microstructure with 1.5 x 1.5 x 0.1 μm3 was computationally expensive, to reduce the 

computation time, the geometry was partitioned to a final size of 0.8 x 0.8 x 0.1 μm3, which was 

highlighted in blue in Figure 5.2a. The imported 3D microstructure was combined with a 100 nm 

thick electrolyte domain. The current density was applied to the left side of the half-cell domain 

(i.e. the current collector), and the ground was set on the right side of the electrolyte (Figure 5.2b). 

The mesh was generated via COMSOL Multiphysics, and the mesh size was optimized using a 

standard FEM procedure based on convergence [111]. The maximal and minimal sizes of the 

generated mesh were 9.16 nm and 1.65 nm, respectively.  
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5.1.2 Mathematical Model 

Table 5.1 Summary of equations in this computational model. 
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Table 5.1 summarizes the equations for electrochemistry and solid mechanics for both the 

electrodes and electrolyte, including elastic strain, diffusion-induced strain, and thermal strain 

during repeated charging-discharging cycles. The diffusion-induced strain was observed to be over 

an order of magnitude larger than thermal strain based on our previous work [18]. Thus, in the 

current study, we only focused on diffusion-induced strain in cathode particles. To represent phase 

transformation between LiFePO4 and FePO4, concentration-dependent material properties were 
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incorporated into the material property [K], such as the Poisson ratio and Young’s modulus 

described in Table 5.2, and were defined as 4 4( ) [K] (1 )[K]
LiFePO FePOK x DoD DoD   . DoD was 

calculated by the following equation: 

1

max

1

n

i i

i

n

i

i

CV

DoD

C V









,                                                         (27) 

where V and n indicated the volume of the 3D 10-node tetrahedral mesh and the total number of 

meshes, respectively. Cmax indicates the maximum concentration at the cathode [112]. 

Total polarization and overpotential were calculated to quantify electrochemical battery 

degradation. The total polarization was defined as the difference between the open-circuit voltage 

and the cell voltage as described by the following equation: 

, OCV cell cellTotal polarization E E  ,                                     (28) 

where Eocv,cell and Ecell describe the open-circuit voltage and cell voltage, respectively.  

Also, overpotential on the interface between the electrolyte and electrode was calculated 

by the following equation: 

s l eqE     ,                                                       (29) 

where s, l, and Eeq were the electrode local potential, local electrolyte potential, and equilibrium 

potential, respectively. 

To quantify the stresses, the von Mises stress was chosen, which is typically used for metals 

as a scalar indicator of the overall stress state and to provide failure criteria [18]. 

2 2 2

1 2 2 3 3 1( ) ( ) ( )

2
VM

     


    
 ,                                   (30) 

where σ1, σ2, and σ3 are principal stresses. 
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5.1.3 Model Parameters 

Table 5.2 summarizes the material properties used in this model. From Zhu et al.[113], the 

orientation of the crystalline and grain microstructures were distributed randomly so that 

macroscopic elastic properties were almost equal in all directions. Thus, by adopting this same 

idea, isotropic material properties for solid mechanics was used in this study. Moreover, current 

density was set as -24 A/m2, -50 A/m2, and -70 A/m2 to represent 0.6C, 1.2C, and 2C, respectively, 

and were applied on the left side of the electrode (Figure 5.2b). 

 

Table 5.2 List of material properties used in this work (†:estimated value) [114][115]. 

 Electrolyte Cathode Unit 

Electro 

-chemistry 

Initial concentration (c0) 2000† 2000† mol/m3 

Maximum concentration 

(cmax) 
 22800 mol/m3 

Diffusion coefficient (D) 3 × 10-10 7 × 10-18 m2/s 

Solid 

Mechanics 

Young’s 

Modulus 

LiFePO4  117.8 GPa 

FePO4  108.2 GPa 

Poisson 

ratio 

LiFePO4  0.3  

FePO4  0.23  
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5.2 Results 

Figure 5.3 shows the electrical potential curves for the LiFePO4 during the discharging 

process at three different C-rates. The upper and lower potential limits were 3.8V and 2.0V. The 

plateau during the discharging process was observed around 3.4V. Total discharging times for 

0.6C, 1.2C, and 2C were 6000 s, 2868 s, and 1589 s, respectively. To compare the predicted 

capacity of the models at different C-rates, a 100% capacity was used for the 0.6C model for 

relative comparison. We observed that the capacity of the cathode under 0.6C, 1.2C, and 2C were 

100%, 95.6%, and 88.3%, respectively. We hypothesized that the capacity fade was caused by 

higher stress in the electrode based on our previous work; thus, we further investigated the 

electrochemical and mechanical behaviors in the half cell system. 

 

 

Figure 5.3 Potential change during the discharging process under different C-rates. 
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Because the lithium-ion concentration gradient induces mismatched strains and generates 

mechanical stresses [116], we investigated the concentration distribution in the microstructure of 

LiFePO4. In Figure 5.4, P1, P2, and P3 indicate the region near the separator, at the middle of the 

cathode, and the region near the current collector, respectively. As discharge proceeded, the 

cathode was lithiated along the direction from the separator to the current collector as shown by a 

black arrow in Figure 5.4a-e. At 5400s (i.e., at a depth of discharge [DoD] of 0.9 at 0.6C), the 

surface of the electrode was fully saturated (Figure 5.4e). Even though the cathode surface was 

fully saturated, the region inside the particle was not saturated, as shown in Figure 5.4f. The 

particle in the middle of the cathode (marked as A) has a higher concentration than the particle 

near the current collector (marked as B) (Figure 5.4f). Moreover, we could also confirm that 

lithium-ions diffused from outside toward the inside, as indicated by the white arrow.  

 

 

Figure 5.4 Concentration distribution at 0.6C at (a) 1200 s, (b) 2400 s, (c) 3600 s, (d) 4800 s, (e) 

5400 s (color legend), and (f) cross-sectional contour plot at 5400 s in cyclic legend. 

 

 

 



   

85 

 

The lithium-ion concentration variations, ranging from 2000 mol/m3 to 22,800 mol/m3 

under the three C-rates shown in Figure 5.5, had demonstrated drastic differences upon discharging 

in the region near the separator (P1), as compared to the one near the current collector (P3). In this 

study, we used the slopes of the curves in Figure 5.5 to present the concentration gradient. As 

many studies have demonstrated that a higher lithium-ion concentration gradient would result in 

higher stress [51][18][108][117], our results in Figure 5.5 may be used to explain why cracks were 

generally observed near the separator in cathode materials [118]. It was observed that higher C-

rate resulted in higher concentration gradients at both P1 and P3, whereas lithium-ion concentration 

changed gradually at lower C-rate. By comparing P1, P2, and P3 under each C-rate, lithium-ion 

concentration in the region near the separator increased and saturated in the early stages of 

discharging, whereas lithium-ion concentration at the region near the current collector increased 

and saturated at the end of discharging. Interestingly, different phenomena were observed at P2: 

Before DoD = 0.37 (Figure 5.5), the concentration gradient at lower C-rate was steeper than that 

at higher C-rate. After DoD = 0.37, this trend was reversed. In spite of different C-rates, each DoD 

moves the same amount of lithium across the electrode. In other words, only a small portion of the 

electrode had a relatively higher lithium-ion fraction at higher C-rate. On the other hand, at lower 

C-rates, a larger portion of the electrode was discharged with a relative lower lithium-ion fraction. 

Thus, we concluded that at the same DoD, higher C-rate could possibly result in a more 

inhomogeneous lithium-ion distribution across the electrode whereas lower C-rate discharging 

produces a relatively more homogeneous lithium-ion distribution (Figure 5.5). 
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Figure 5.5 Concentration variation at three different points, P1, P2, and P3 (marked in Figure 

5.4), under various C-rates (i.e., 0.6 C, 1.2 C, and 2.0 C). 
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Figure 5.6 demonstrated total polarization variation during the discharging process under 

different C-rates. We noted two total polarization peaks in Figure 5.6: the first peak and second 

peak occurred at the beginning and at the later stages of discharging, respectively. It was concluded 

that the activation polarization had caused the first peak. That is, the activation polarization was 

mainly caused by the additional energy during lithium intercalation onto the surface, which was 

essential to overcome the energy barrier between the electrode and the electrolyte.  

 

 

Figure 5.6 Total polarization under 0.6 C, 1.2 C, and 2.0 C. 
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The activation energy was also measured by the overpotential, as shown in Figure 5.7. 

Higher overpotential at P1 under three C-rates was also observed at the beginning of discharging. 

However, the total polarization reached the maximum values at DoD = 0.86 for all C-rates (Figure 

5.6). The largest total polarization at the end of discharging was mainly caused by the lithium-ion 

concentration polarization (i.e., the second peak). As shown in Figure 5.4e, most regions of the 

cathode had reached the maximum concentration prior to DoD = 0.86 (at 5400 s), which is when 

the exchange current density dramatically decreased. This phenomenon could also be verified by 

Equation f in Table 5.1, where the decreased exchange current density resulted in limited mass 

transport in the electrode, and correspondingly higher polarization occurred. The results indicate 

that lithium-ion concentration polarization was much higher than the activation polarization during 

the whole discharging process. Moreover, higher temperature gradients observed at the early stage 

and at the end of discharging process, as compared to our previous work [51], can also be explained 

by Figure 5.6 in the current study, where higher total polarization and higher temperature gradients 

occurred at the same DoD (i.e., 0.86). Figure 5.7 provided over-potential evolutions for P1, P2, and 

P3 during discharging. Higher overpotential was observed under higher C-rate at all points (shown 

in red). Moreover, for all C-rates, P1, P2, and P3 showed higher overpotential around DoD = 0.2, 

0.55, and 0.85, respectively. The results also suggested that lithium intercalation causes higher 

overpotential at specific DoDs (i.e., 0.2, 0.55, and 0.85). A detailed overpotential distribution is 

shown in Figure 5.8a-c. 
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Figure 5.7 Overpotential at the interface between the electrode and electrolyte at different points 

under 0.6 C, 1.2 C, and 2.0 C 
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Figure 5.8 shows the normalized concentration gradient, overpotential, and von Mises 

stress distribution across the electrode at different DoDs (i.e., 0.25, 0.5, and 0.75) at 0.6C. In Figure 

5.8d, an extremely high concentration gradient was observed in the connecting area near the 

separator. It was caused by the larger surface area exposed to the electrolyte as compared to other 

regions. In spite of higher concentration gradients in this area, the von Mises stress did not show 

a significantly higher value. Rather, higher von Mises stress was observed in the center of the 

particle. From Figure 5.8h, stresses were accumulated inside the particle and were released as 

discharging proceeded, as shown in Figure 5.8i. Figure 5.8 suggests that the highest von Mises 

stress was consistently observed at the same location where the highest normalized concentration 

gradient and overpotential occurred, except in the connecting area between the particles. This can 

be explained by the fact that the overpotential and diffusion-induced stress both have direct 

relations to the concentration. It suggested a strong coupling between the mechanical behavior and 

diffusion in the electrode. 
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Figure 5.8 (a-c) Contour plots of overpotential at the interface at different DoDs. (d-f) Contour 

plots of normalized concentration gradient at different DoDs. (g-i) Contour plots of von Mises 

stress distribution at different DoDs. C-rate = 0.6C. 
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Figure 5.9 shows the maximum von Mises stress evolution across the cathode during 

discharging at different C-rates. As expected, higher stress was observed at higher C-rate. 

Moreover, as C-rate decreased, von Mises stress variation was less significant except at the very 

beginning and the end of discharging. In other words, the von Mises stress plateaus observed at 

0.2C and 0.6C, and the plateau region, became narrower as C-rate increased. For example, at 0.2C, 

plateaus were observed between DoD = 0.2 and DoD = 0.8, but no plateaus were observed at 1.2C 

and 2.0C. Moreover, under high C-rate (i.e., 2.0C), von Mises stress drastically increased from the 

early stage of discharging until DoD = 0.5. A similar trend was also reported in LiCoO2 by 

Mendoza et al. [53]. Additionally, Figure 5.9 showed that with higher C-rate, the maximum stress 

occurred earlier in the discharging process (i.e., at lower DoD). Figure 5.9 also shows that the 

normalized maximum von Mises stresses were 0.29, 0.45, 0.79, and 1.0 for 0.2C, 0.6C, 1.2C, and 

2.0C, respectively. In the previous study with core-shell models for cathode materials, it was 

reported that peak stresses generally occurred when the surface concentration reached saturation 

[119]. However, the model with 3D reconstructed microstructure in the current study demonstrates 

that there was no direct relationship between mechanical stress and surface saturation. As shown 

in Figure 5.5, we observed that the surface of the whole electrode was saturated around a depth of 

discharge of 0.9 for all C-rates. However, the mechanical stress variation after the depth of 

discharge of 0.9 was not significant. When the cathode surface was fully saturated, the inside of 

the particle was not fully lithiated at the end of the discharging process (Figure 5.4f). Thus, we 

concluded that the mechanical effect of lithium intercalation at the cathode-electrolyte interface 

was a critical factor, as compared to the mechanical stress due to lithium diffusion inside cathode 

materials.  
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Figure 5.9 Maximum normalized von Mises stress variation during discharging at 0.2C, 0.6C, 

1.2C, and 2.0C. 
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5.3 Conclusions 

These simulations demonstrate that the signal amplitude increase between the remotely and 

directly bonded conditions, previously observed experimentally, is due to the absence of adhesive 

around the remotely bonded FBG. In the case of the directly bonded configuration, the adhesive 

shear lag effect decreases the shear strain transfer from the structure along the length of the FBG, 

whereas the remotely bonded FBG is less sensitive to this effect. Furthermore, the output signal 

amplitude can be increased by optimizing the ratio between the adhesive thickness and the shear 

modulus. The adhesive thickness-modulus ratio also determines the local resonance of the optical 

fiber and adhesive system, therefore matching the input excitation signal frequency with the 

system resonant frequency at a given adhesive property can maximize the output amplitude 

response. The simulations also explain why some experimental studies show a similar signal 

amplitude between the direct and remote bonded cases, associated with the bond conditions of the 

left-hand region of Figure 4.9 (Tsuda et al., 2009). However, the full magnitude of the sensitivity 

increase of the remotely bonded FBG relative to the directly bonded FBG observed in the previous 

chapter experiments was not achieved. Nonetheless, these simulation results demonstrate the 

ability to optimize the sensitivity of surface-bonded FBG sensors to Lamb waves, through the 

consideration of resonance, shear lag effects, and different bonding conditions. These results also 

provide a better understanding of the role the adhesive bond plays on the ultimate signal coupling 

to the FBG sensor for either bonding condition. 
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CHAPTER 6                                 

Summary and conclusion  

6 

In this study, mechanics of the advanced lithium batteries were investigated based on a multi scale 

approach. In this approach, the mechanical stresses, including diffusion-induced stress and thermal 

stress at the particle level and the pressure evolution at the cell level, were investigated.  

Measuring volume and pressure changes during cycling has attracted attention to estimate 

battery performance. However, it is not well utilized to investigate battery degradation mechanism. 

In Chapter 3, we investigated the effect of pressure on capacity fade and cycle life in lithium metal 

pouch cells. Based on measured pressure evolution during cycling, a diagnostic method for the 

health of batteries was proposed. Results from macroscopic and molecular dynamic simulations 

help to understand physical mechanisms. Through analysis on pressure evolution, it has been found 

that pressure evolution does not only simply suggest the performance of batteries but also identify 

battery degradation mechanism.  

For an energy storage application such as electric vehicles (EVs), lithium-ion batteries must 

overcome limited lifetime and performance degradation under specific conditions. Particularly, 

lithium-ion batteries show a significant capacity loss at higher discharging rates (C-rates). In 

Chapter 4, we develop computational models incorporating coupled electrochemical-mechanical-

thermal factors in order to reveal the relationship between the experimentally observed capacity 

loss and predicted mechanical stresses during electrochemical (dis)charging. Specifically, a 

multiphysics finite element model consisting of electrochemistry, heat generation, mass transport, 

and solid mechanics was developed to investigate thermal- and diffusion-induced stresses with the 
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reconstructed porous microstructures of commercial LiFePO4 batteries. It has been suggested that 

porous microstructures in electrodes could mitigate the electrolyte reactivity for improved battery 

life and safety. Therefore, the reconstructed porous microstructures from Focused Ion Beam-

Scanning Electron Microscopy (FIB-SEM) images were adopted. The integrated experimental 

measurements and computational simulations showed that: (1) lithium-ion cells electrochemically 

tested at 3.6C have 30% capacity loss versus cells tested at 1.2C; a corresponding stress increase 

of 150% was observed from the multiphysic simulations, (2) the thermal models verified by in 

operando temperature measurement via the fiber Bragg grating (FBG) sensor demonstrated that 

increasing temperature resulted in larger thermal stresses during (dis)charging. However, increases 

in thermal stress due to higher temperature played a lesser role at higher C-rates, (3) lithium-ion 

concentration distribution was location dependent, that is, at any time and at any given C-rates, the 

outer layer of the particle exhibited a higher concentration than that inside the particle, and (4) 

higher diffusion-induced stresses were observed at the connecting areas between particles, 

suggesting that the higher stresses may result from higher concentration variations in the 

connecting area. This study presented results that include evolutions of lithium-ion concentration 

and mechanical stresses and could help to provide insight into the decreasing electrochemical 

performance of lithium-ion batteries at higher C-rates. 

Limited lifetime and performance degradation in lithium-ion batteries in EVs and power 

tools is still a challenging obstacle which results from various interrelated processes, especially 

under specific conditions such as higher discharging rates (C-rates) and longer cycles. To elucidate 

these problems, it is essential to analyze electrochemical degradation from a mechanical stress 

point of view. Specifically, the goal of the study in Chapter 5 was to investigate diffusion-induced 

stresses and electrochemical degradation in 3D reconstructed LiFePO4. We generated a 
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reconstructed microstructure by using a stack of FIB/SEM images combined with an electrolyte 

domain. Our previous 2D finite element model (FEM) was further improved to a 3D multiphysics 

one, which incorporated both electrochemical and mechanical analyses. From our electrochemistry 

model, we observed 95.6% and 88.3% capacity fade at 1.2C and 2C, respectively. To investigate 

this electrochemical degradation, we presented concentration distributions and von Mises stress 

distributions across the cathode with respect to the Depth of Discharge (DoD). Moreover, 

electrochemical degradation factors such as total polarization and over-potential were also 

investigated under different C-rates. Further, higher total polarization was observed at the end of 

discharging, as well as at the early stage of discharging. It was also confirmed that lithium 

intercalation at the electrode-electrolyte interface caused higher over-potential at specific DoDs. 

At the region near the separator, a higher concentration gradient and over-potential were observed. 

We noted that higher overpotential occurred on the surface of the electrode, and the resulting 

concentration gradient and mechanical stresses were observed in the same regions. Furthermore, 

mechanical stress variations under different C-rates were quantified during the discharging 

process. With these coupled mechanical and electrochemical analyses, the results of this study may 

be helpful for detecting particle crack initiation. 

In summary, the pressure study on pouch cells and the 2D/3D computational works help to 

better understand battery degradation mechanisms under various conditions such as higher C-rates, 

higher temperature, and longer cycle lives. Moreover, our studies provide quantitative data to 

estimate the life of the battery in terms of the mechanical stresses in the electrode and the pressure 

of cells. 
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