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Introduction and Background

• Understanding the loss of power density and capacity involving interdisciplinary theories and models.
• Use the finite different method to obtain stress evolutions with phase transformation during cycling.
• Developing algorithms to simulate continuous plasticity-elasticity interface. Damage and irreversible capacity loss modeling.

Introduction:
• Lithium-ion batteries 

are critical to modern 
and emerging 
technologies such as
electric vehicles, high-
power tools.

• It stores and release
energy by Li-ion’s
diffusion between
anode and cathode.

Current Problems of Li-ion battery
(a) Poor power performance under high C-

rate[1]

(b) Irreversible capacity loss after cycling 
and limited life time under high C-rate[2]

Objective:
• Describe and predict 

electrical potential, capacity, 
stress and strain under high 
C-rate (dis)charging.

• Predict Li-ion battery 
performance under various 
C-rates.

• Develop approaches to 
improve Li-ion battery’s cyclic 
life at high C-rate

Future Work

Model Architecture based on Continuum Mechanics and
Non-Equilibrium Thermodynamics

Si anode SEM images after (d) 3, 
(e) 8, (f) 50 and (g–i) 30 cycles. 
Scale bar, 20μm (d–h), 3 μm (i). 

(c) Electrodes’ cracks and failure[3]Anode
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(d) Li-ion diffusion were 
affected by mechanical
deformation[4]

Li-ion diffusion under FIB
doping
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Numerical Simulation
Lithiate a Tin anode particle for 0~150s with 0.5 C-rate, then relax for 150~300s
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Methods and Current Results
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§ Presence of dislocations 
changes the electrochemical 
performance of electrodes 
dramatically → shift in shape of 
CV curve (Blue Dotted Curve & 
Red dashed curve) →attributed to 
presence of stresses around 
dislocations.

§ Phase Transformation causes 
further change in electrochemical 
behavior (Red Dashed curve & 
Black solid curve).

§ The amount of increase or 
decrease in value of current at an 
applied overvoltage depends on 
the orientation of dislocations.

Effect of Scan-rate on 
Cyclic Voltammogram

Dislocation Based Stresses during Electrochemical Cycling and Phase Transformation in Li-ion Batteries
Pankaj Dhiman and Hsiao-Ying Shadow Huang
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Introduction and Background

Conclusion
§ The stresses around dislocations vary during phase transformation and the variations (increase or decrease) depends on orientation of dislocations.
§ Presence of dislocations (e.g., density and orientation) changes the electrochemical behavior of the electrode material by shifting the cyclic voltammograms.
§ Increased scan rate shows increase deviation of current from a cyclic voltammogram for material in which there is no phase transformation.
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Results
Stresses During Phase 

Transformation
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FePO4 LiFePO4

C11 137.4 GPa C11 164.3 GPa

C22 146.0 GPa C22 162.9 GPa

C33 132.0 GPa C33 181.1 GPa

C44 40.8 GPa C44 40.8 GPa

C55 38.2 GPa C55 40.5 GPa

C66 42.1 GPa C66 43.9 GPa

C12 41.0 GPa C12 61.1 GPa

C13 29.1 GPa C13 54.9 GPa

C23 29.1 GPa C23 67.7 GPa

§ Stresses inside LiFePO4
change (increase or 
decrease) during phase 
transformation.

§ Variations in stress depends
on the orientation of 
dislocations.

§ All components of stress do 
not change equally, change in 
particular component 
depends upon orientation of 
dislocations.

Phase Transformation 
On Cyclic Voltammogram
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§ The increase in current for a 
particular overvoltage is 
independent of the 
orientation of dislocations.

§ Increased scan rates show 
increased deviation of 
current from a cyclic 
voltammogram for material in 
which there is no phase 
transformation.

Lithium-Iron-Phosphate (LiFePO4) as a Cathode Material:
§ High volumetric energy (970 WhL-1), low exothermic peak temperature (289oC), 

and low heat flow (-6 Wg-1).
§ One dimensional lithium diffusion (along y-direction, i.e., b-direction)
§ Li-poor phase (FePO4) → Li-rich phase (LiFePO4); volume expansion.

Promising Power Source:
Lithium-ion Batteries 
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Edge dislocation with bx= 1, by= 0 in LiFePO4
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LiFePO4 Crystal Structure
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Motivations:
§ Defects in materials are inevitable, can be used to tailor material properties as per needs.
§ A need for model incorporating combined effects of phase transformation and

Electrochemical behavior in a material having linear defects called dislocations. 
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A Fatigue Analysis for Lithium-ion Batteries 
Michael A. Stamps and Hsiao-Ying Shadow Huang 
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Introduction and Background 

Simulation Method and Results for LiFePO4 

   Conclusion 

!! Batteries provide the vital storage link between 
energy generation and consumption around the 
world. 

 
!! Energy demand is increasing, thus new 

generation facilities are being built and require 
large scale batteries to store energy for future 
transmission or backup power. 

 
!! Oil prices and CO2 emissions are also 

increasing, driving the need for transportation 
alternatives (EV and PHEV). 

Objective Energy Storage Need 

EV, PHEV, and Gas vehicle 
comparison for Operation Cost 
& CO2 Emission per 15k miles 
driven. 

Fracture and Fatigue  Analysis 

World oil consumption and 
price projected to rise at a 
relatively constant rate [1]. 

Applications 

!! Choose LiFePO4 due to long cycle life 
(~2000 cycles), wide op. temps. (-20 to 
60oC) and superior thermal stability 
(safe, incombustible cells). 

 

!! Varying sized particles with varied initial 
crack sizes (nm scale) are analyzed via 
fracture mechanics. 

!! Plane Stress, plate-like particles are 
used with loading according to misfit 
strains (observed during lithium 
insertion, FePO4 " LiFePO4). 

 

!! Mode dependent stresses , Strain 
Energy Release Rates (G), and Stress 
Intensity Factors (K) are calculated using 
ANSYS software.  

Crack 
between 
phases 
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Simulation Set-Up for 2-Phase interface 

Mode Dependent Stresses 

Mode I 
dominance 

increases as the 
crack grows. 

!! G is the crack driving force. 
!! An Energy Approach is applied to 

calculate da/dN and create a fatigue 
life estimate fit to the Paris law. 

!! If G > 2!, propagation may occur. 
!=particle surface energy on the crack 
faces 

!! Cycles to failure (Nf) can be calculated 
iteratively based on initial crack size. 

As it is known batteries 
experience capacity loss 
(power loss) over time as the 
electrode materials degrade, 
this research investigates the 
effects of cycling induced 
stresses and fatigue on 
LiFePO4 cathode (positive 
electrode) particles to 
elucidate an understanding for 
crack propagation and 
fracture. 

From Literature [2] 
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[1] Data for this figure compile from: U.S. Energy Information Administration (EIA), 2011. 
[2] Gabrisch et al, Electrochemical and Solid State Letters, 11(3), A25-A29, 2008.  
[3] United States Council for Automative Research LLC (USCAR), "U.S. Advanced 
Battery Consortium: Energy Storage  System Goals”, 2012. 

!! Crack propagation and fracture is highly 
dependent on mode (I or II), misfit %, and 
particle size.  

!! Smaller particles show reduced G (crack 
driving force). Max is always near L/d=0.5. 

!! Fatigue cycle life estimate of 1800 cycles is fairly consistent with 
manuf. reported value (2000). 

!! Understanding what happens at the nm-scale provides insight 
into what bulk-scale modifications could be made to improve the 
performance and life of batteries. 



!! Phase boundary is experimentally observed 
aligned with bc plane.  

!! Phase boundary moves along the a-direction, 
while lithium diffusion is along the b-direction.  

!! An interfacial zone with a finite thickness 
exists between FePO4 and LiFePO4 phase.   

 
 
 
!! Strain energy affected phase transformation 

path (Simulation approach: Anisotropic 
thermal expansion)   

 
A Diffusion Model in a Two-Phase Interfacial Zone for Nanoscale Lithium-ion Battery Materials 

Cheng-Kai ChiuHuang and Hsiao-Ying Shadow Huang 
Mechanical and Aerospace Engineering, North Carolina State University, Raleigh, NC 

  Introduction and Background 

Methods and Results 

Discussions and Conclusion 

Phase Boundary Movement An Anisotropic Diffusion Model   

!! Mechanical stress evolution is related to the lithium diffusion and phase transformation path in the particle.  
!! The interfacial zone is formed due the strain energy and lithium diffusion mainly happens in this area.  
!! During discharging, the diffusion channels are fully filled progressively while the interfacial zone sweeps through the particle along the a-direction. 
!! This anisotropic diffusion model helps explain the diffusion process in a single LiFePO4 particle and contributes to a better prediction of the stress development. 

!! Accumulated strain energy indicates that the phase boundary movement along the a-axis is favored. 
!! Based on the simulation and avialable experimental data, we assume the diffusion mainly happens in the interfacial 

zone.    
!! A single particle could be considered as a combination of many diffusion channels.  
!! The lithium-ion concentration profile in each channel within the interfacial zone could be calculated by 1D Fick’s law.  
 

The Needs for Lithium-ion Batteries : 
e.g. Energy storage units for electronic 
products and transportation (EVs/PHEVs).    

Motivations: 
!! Capacity loss during high charging/discharging rate.  
!! Experimentally observed particle fracture.  
!! A need for anisotropic diffusion model for LiFePO4.  
Characteristics of Lithium-Iron-Phosphate (LiFePO4): 
!! One dimensional lithium diffusion (along b-axis). 
!! Two phase system, Li-rich phase (LiFePO4) and Li-poor 

phase (FePO4). 
!! Anisotropic volume change.  
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(II) Mode I/II/III fractures caused by 

the accumulated dislocations 

A Dislocation Based Stress Development in Lithium-ion Batteries 
Yixu Richard Wang and Hsiao-Ying Shadow Huang 

Department of Mechanical and Aerospace Engineering, North Carolina State University 

Introduction Method & Results 
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Conclusion 

The Needs for Li-ion Batteries 
!! Energy storage is becoming a vital link 

between energy supply and demand. 

!! Portable electronic devices require 

batteries with high volumetric energy 

density. Electric drive transportations 

require batteries with high gravimetric 

energy density. 

!! Li-ion battery has both high volumetric 

& gravimetric energy densities[1]. 

!!We reported three different 

lithium intercalation-induced 

dislocation mechanisms explaining 

experimental observed cracks. 

!!It is observed that mechanical 

stresses between two edge 

dislocations could be minimized 

when they are orthogonal to each 

other. 

!!The force field might be one key 

factor that push and attract lithium 

ion in the crystal and results in the 

capacity fade. 

!!The results provide links between 

stress fields and the observed 

structural failure in lithium-ion 

batteries. 

!! Battery Components: Electrolyte, Separator, 

Anode, Cathode (LiCoO2, LiNiO2, LiMn2O4, 

LiFePO4
[2]). 

Lithium-ion diffuse in the b-direction. 

Stress Field for Multiple Edge and Screw Dislocation 

Lithium Ion Diffusion and Dislocation Formation 
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!!Stress variations for arbitrary dislocation 

directions are investigated. 

!!Dislocation 2 remains its Burger’s vector 

as (bx=1, by=0), while the dislocation1 

rotates from 0˚ to 90˚ 
!!Superposition method issued to obtain 

the stress field of multiple dislocations in 

anisotropic LiFePO4 material. 

!!The stress fields manifesting between 

dislocations are numerically calculated via 

Mathematica. 

Dislocation 1 

rotation 

Multiple dislocations 

present in particles 

LiFePO4 as a modeling system. 

Cracks along c-axis is observed[4]. 
(I) Kinetics of the dislocation 

formation due to Li-diffusion 
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[F]12 =
[! ]1[b]2! [n]!! Formation of volume misfit due to the 

coherent interface[3]. Dislocations are 

induced during (dis)charging. 



!!   Residual stresses occur due to different 

molar volumes of FePO4 and LiFePO4, 

!!   FePO4 phase is under tension and LiFePO4 

is under compression.[3] 

!!   Allowance for easy phase transformation of LiFePO4       

= increased rate capacity of rechargeable batteries  

!!   Miscibility gap (or solid solution) can be calculated through 

x-ray diffraction data via Vegard�s law. 

!!   Size-dependent miscibility gap was observed: nanoscale 

provides easier phase transformation pathways for LiFePO4.
[2] 

!!   The miscibility gap contracts systematically with  

decreasing particle size and increasing temperature. 

Strain Accommodation During Phase Transformations in Lithium-Iron-Phosphate Battery Materials 
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The Needs for Energy Storage 

!!   Energy storage is becoming a vital link between 

energy supply and demand. 

!!   Portable electronic devices require rechargeable 

batteries with high volumetric energy density. 

!!   Electric drive transportations require rechargeable 

batteries with high gravimetric energy density. 
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Various Cathode Materials 

!!   Lithium-ion battery has both high volumetric and gravimetric 

energy densities. 

!!   Among various cathode materials, LiFePO4 promises safety, 

high power, high rate,[1] and long life. 
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!"Nano-Scaled LiFePO4 Cathode Materials 

* Number in parenthesis indicates number of data points 

Dramatic changes in miscibility gap must be 

associated with changes in free energy functions 

!!   Yellow panels provides lattice parameters 

to calculate the miscibility gap. 

!!   Green panels shows strain (volume misfit) 

increases with decreasing particle sizes. 

Coherent Interface in Crystalline Solids 

Elastic strain energy plays a role in phase 

stability for nanoscaled LiFePO4 particles. 

!!   Electrochemical driving force induces volume misfit 

due to the coherent interface:[4] 

Elasto-Electrochemical Coupling 

!!   New equilibrium compositions reduce elastic misfit energy. 

!!   Miscibility gap contraction is contributed by strain accommodations in LiFePO4. 

!!   Nanoscaled LiFePO4 particles provide shorter phase transformation paths and increase the 

rate capacity of rechargeable batteries. 
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