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Figure 1. (a) Lithium-ion batteries are used for electric vehicles. (b) During charging/discharging, lithium ions extract from and 
insert into cathode materials while electrons go through the external wire to provide needed electricity. (c) Capacity loss is 
observed for high C-rate discharging. A rate nC represents that the battery is fully charged/discharged in 1/n hour [4]. 

 

Motivation and Objectives 

      To meet the goal of reducing total U.S. greenhouse gas emissions to 17% below 2005 
levels by 2020 and 83% by 2050 [1], and to double the U.S. fuel efficiency standard from 27.3 
miles per gallon in 2011 to 54.5 miles per gallon by 2025 [2], advancing lithium-ion battery 
technology for EVs/PHEVs is of paramount importance. Lithium-ion batteries are currently 
selected as the energy storage unit for PHEVs/EVs (Figure 1a) due to their high energy density 
(around 150 Wh/kg compared to 50 Wh/kg of Cd-Ni batteries) [3, 4]. The main constituents of a 
lithium-ion battery include cathode, anode, separator and electrolyte. During charging and 
discharging, lithium ions extract from and intercalate into nanoscaled cathode materials, 
accompanied with the transport of electrons through current collector (Figure 1b). To provide a 
better acceleration performance for EVs, a fast and repeatable discharging rate is required. 
However, capacity loss is found in several conditions: (1) High charging/discharging rate: 23.5% 
capacity loss while discharging rate increases from 2C to 50C (Figure 1c) [4], where the 
charging/discharging rate of nC represents that the battery is fully charged/discharged in 1/n 
hour. (2) Long period of cycling: 15.5% capacity loss after 600 cycles at 25˚C is observed [5]. It 
is commonly thought that diffusion-induced stress is one of the main factors causing loss of 
capacity in electrode materials. Particle fractures inside electrode materials have been observed 
after a period of cycling [6-8]. Therefore, there is a fundamental need to provide a mechanistic 
understanding by considering the structure-mechanics-property interactions.   

      The goal of this proposed work is to investigate the evolution of diffusion induced stress 
accompanying the solid state phase transformation, and relate the stress generation during the 
lithiation process to the particle fracture and C-rate dependent capacity loss. Two main 
objectives will be conducted to achieve this goal:  

Ø Objective 1: To investigate the diffusion induced stress with phase change in a single particle 
by incorporating lithium-concentration-dependent material properties.   
 

Ø Objective 2: To investigate how C-rate affects lithium concentration profiles and stress 
evolution inside cathode materials.  
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Figure 2. (a) Volume change occurs during the 
phase transformation from FePO4 to LiFePO4 

phases (5.8% and 4.5% expansion in the a and b-
axis, and 1.3% contraction in the c-axis). (b) One 
dimensional lithium diffusion along the b-axis in 
LiFePO4. 

 

      The results of proposed work will provide a better understanding of generation of diffusion 
induced stress in electrode materials. The study will incorporate anisotropic material properties, 
volume misfit and coherent interface during the lithiation process. The simulation model built in 
this work will be verified and compared with the available experimental observations. All in all, 
the proposed work will contribute to our fundamental knowledge of interplay between lithium 
intercalation, stress evolution, particle fracture and capacity fade in lithium-ion batteries.         

 

Background and Significance 

a) The importance of advanced energy storage systems 

      Decreasing the dependence on foreign oil is critical for national economy and security for 
the Unite States. Today, the United States imports 50-60% of the total oil consumption in which 
transportation sector accounts for nearly 72% [9, 10]. Therefore, the development of 
PHEVs/EVs plays an important role in reducing both the petroleum consumption and 
greenhouse gas emissions. Batteries with higher capacities and capabilities of high rate 
charging/discharging are needed to stimulate the popularity of PHEVs/EVs.     

b) Current state-of-the-art      

      Among the many cathode materials, the olivine-based lithium-iron-phosphate (LiFePO4) with 
an orthorhombic crystal structure provides excellent characteristics for application in 
EVs/PHEVs such as: good thermal stability, abundant iron resource, low raw material cost, and 
high theoretical energy density (170 mAh/g) [11]. However, electronic conductivity and diffusivity 
for LiFePO4 are considerably lower than those of LiMn2O4 and LiCoO2 materials [12], and these 
intrinsic disadvantages of LiFePO4 are currently improved by doping, carbon coating, nano-
scale particle size, or synthesis controls [11, 13-15]. It 
has been reported that the electrochemically cycled 
LiFePO4 under low C-rate exhibits as a two-phase 
system [16-19]: lithium-rich (LiFePO4) and lithium-
poor (FePO4) phases with a flat voltage response. 
The two phases have similar crystal structures and 
are constrained by a coherent interface during the 
phase transformation [20]. Because of different lattice 
constants for the two phases, approximately 6-7% 
volume misfits are observed (Figure 2a) [18, 21]. 
Moreover, computational simulations and 
experimental observations have identified that lithium 
ion diffusion in LiFePO4 is one-dimensional and 
confined along the b-axis (Figure 2b) [22-26]. Chen et 
al.[6] have studied the phase boundary via high 
resolution transmission electron microscopy, and 
cracks on bc plane (Figure 3) were observed on the 
particle surface and this might be caused by the 
coherent strain between two phases.  
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Figure 5.  Suppression of phase separation inside materials for high C-rates. 
From (a) to (d) showing the phase separation over time when the battery is 
discharged to Li0.5FePO4 under high C-rate. The composition will change 
from a higher energy state to a lower energy state [33].      

 

 
Figure 3. TEM image showing the 
crack in the bc plane was observed 
on the particle surface [6].   

 

 
Figure 4. Schematic illustration of the domino-cascade 
mechanism during lithiation/delithiation in a LiFePO4 crystallite 
[28].   

 

      On the other hand, Laffont et al.[27] have reported a nano-
sized interfacial zone (ca. 8-22 nm) between two single 
phases, and it is always found in a partially lithiated/delithiated 
particle with sizes ranging from 130 to 172 nm.  It is concluded 
that for the low C-rate cases, the phase boundary tends to 
move along the a-axis with the extension of the pre-existing 
phase. Later, Delmas et al.[28] proposed a domino-cascade 
model (Figure 4) to explain the intercalation/extraction of 
lithium ions in a single particle based on the assumption that a 
mixture of particles in a discharging sample are either fully 
lithiated or delithiated. It is suggested that the phase boundary 
propagation wave along the a-axis is formed because of the 
relatively low energy barrier in the distorted interfacial area. The model was later confirmed 
experimentally by Brunetti et al.[29], showing that most particles ranging from 50 nm to 300 nm 
in a partially charged lithium-ion cell sample are either in a fully LiFePO4 phase or a FePO4 
phase. Meethong et al.[18] and Tang et 
al.[30, 31] discussed the role of the 
coherency-induced elastic energy during 
the phase transformation by incorporating 
spherical particles. Van der Ven et al.[32] 
studied the role of coherent strains on the 
phase stability of needle crystallites and it 
was concluded that the minimum strain 
energy could be maintained by decreasing 
the interfacial area on the bc-plane 
between two phases. 

      Various studies have been devoted to 
investigate the phase transformation path 
of LiFePO4 under high C-rate [19, 33, 34]. 

Bai et al [33]. proposed a model 
to relate the voltage response 
and phase transformation path for 
a single particle. The results 
indicates that when C-rate 
reaches a critical value, two 
phase separation behavior 
observed in low C-rate will be 
suppressed (Figure 5), and 
replaced by a solid solution phase 
transformation pathway.       

      Despite the collective studies, 
it is absolutely necessary and 
timely to investigate the diffusion-
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Figure 6. (a) Commercial 26650 
LiFePO4 batteries. (b) Arbin BT 
2000 cycler for the 
charging/discharging experiment.  

 

induced stresses in LiFePO4 as a whole: the anisotropic directions of the diffusion and the 
phase boundary movement should be incorporated, and the concentration-dependency of 
anisotropic material properties and volume expansions should be considered. The results of this 
proposed work could be used as a tool to provide a better understanding of mechanisms of 
lithium ion diffusion, stresses on the phase boundary, fracture propensity, and C-rate dependent 
capacity loss. 

 

Preliminary Studies 

a) C-rate dependent voltage response  

      It has been reported that lithium diffusion mechanism and 
phase transformation path might be C-rate dependent [19, 33, 
34]. This will lead to a different stress formation inside materials. 
To compare the lithium intensities between different C-rates, we 
first conduct the charging/discharging experiment (1C, 2C, 6C 
and 10C). Commercial 26650 cylindrical LiFePO4 lithium ion 
batteries with a capacity of 2.5Ah (Figure 6a) are used in the 
previous study. The charging/discharging experiments are 
conducted via an Arbin BT2000 cycler (Arbin Instrument, College 
Station, TX) which is located at North Carolina State University 
(Figure 6b). By referring to the experimental protocol of the 
automotive application batteries [5], the following steps are used 
to conduct the charging/discharging experiment: (1) 
Galvanostatically charge to 3.6V at constant current I=2.5A, (2) 
convert to potentialstatic charging at constant voltage V= 3.6V 
until the current drops to C/20 (0.125A). The purpose of this step 
is to ensure the battery is fully charged. (3) discharge the 
batteries at different C-rates until the voltage drops to the 
recommended lower bound of the working voltage (2V), and (4) galvanostatically charge the 
batter at different C-rates to 3.6V. The steps (1) to (4) are repeated three times in order to 
ensure that a repeatable voltage-time curve is obtained.  

      The results are shown in Figure 7. The hysteresis (charging and discharging have different 
voltage responses) between charging and discharging curves for all C-rates are observed. The 
voltage gap (between charging and discharging) increases with an increasing C-rate. For 
example, considering the location of the capacity = 0.015 (Ah/g), the voltage gaps are 
approximately 0.18 (V), 0.25 (V), 0.45 (V), and 0.68 (V) for 1C, 2C, 6C and 10C, respectively 
(Figure 7). The trend of these quantitative data is consistent with the observation in ref [35]. 
Besides, due to the characteristic of the two-phase system for LiFePO4 material, flat voltage 
curves are noticed between the capacity of 0.005 and 0.025 (Ah/g) for all C-rates. However, by 
comparing the voltages of discharging curves in the millivolt scale, the voltage curves in this 
section are not perfectly horizontal, as shown in the inset of Figure 7. An increasing dropping-
slope of the curves is observed with higher C-rate, and a stronger voltage fluctuation for the 10C 
sample is noticed, suggesting that an extra over-potential is required to overcome the energy 
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Figure 7. Voltage vs. capacity curves at different C-rates (1C, 2C, 6C 
and 10C). The voltage gap increases with an increasing C-rate. Inset: 
linear trend lines between the capacities of 0.005 and 0.025. The 
dropping-slope increase from 1C to 6C. A more noticeable voltage 
fluctuation is observed in the 10C sample.   

 
Figure 8. A schematic depiction of ToF-SIMS. The primary 
ion beams(Cs+, Bi3+ ) with energy in the keV range impinge 
upon the sample which is mounted on a holder, causing the 
emission of the secondary ions. The time required for 
atoms/molecules to hit the mass detector will be calculated 
and the spectra of mass to charge (m/z) ratio could be 
derived. 

Bi3+, Cs+

barrier during the phase transformation 
of LiFePO4 [32, 36, 37]. Due to a higher 
driving force for the high C-rate sample, 
lithium ions could possibly insert into 
multiple particles at the same time [35]. 
Thus, compare to the low C-rates, the 
observation of the voltage fluctuation in 
10C might lead to a: (1) Different lithium 
insertion mechanism (2) different lithium 
intensity depth profile and (3) different 
lithium-ion distribution.  

 

b) Lithium-ion intensity detection  

      To directly detect the lithium 
intensity, Time-of-Flight Secondary Ion 
Mass Spectrometry (ToF-SIMS) is 
selected as the analysis tool. ToF-SIMS is a highly sensitive surface analytical technique that 
can be used to detect atoms and molecules even at low concentration down to ppm level [38]. 
The sample surface is bombard by a high energy (~25 keV) primary ion beams (e.g. Bi3+). The 
emitted secondary ions from the sample will be then analyzed by calculating the flight time 
required to travel from the surface to the detector. A mass spectrum could be thus derived to 
reveal the surface chemical composition 
(Figure 8).  The acquisition of intensity 
depth profile by using ToF-SIMS is destructive 
due to the removal of sample material during 
the analysis. Figure 9 shows the sample 
surface before and after sputtering. The crater 
size generated by Cs+ ion beam is 80 μm x 80 
μm to avoid crater effect and the actual 
analyzed area is 10 μm x 10 μm in the middle 
of the removed material. 

      The cells are first fully discharged to 0 Volt 
then disassembled with long LiFePO4 stripes 
are unrolled in a MBRAUN MB20G glove box 
system (M. Braun Inertgas-Systeme GmbH, 
Stratham, Germany) filled with nitrogen 
atmosphere to avoid the effect of air exposure 
[39]. The oxygen level in the glove box is 
maintained down to 1 ppm. For each cell we 
choose two different locations on the unrolled 
cathode material for the ToF-SIMS analysis (2 
cells for each C-rate). ToF-SIMS analyses in 
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Figure 9. Images of the sample surface (a) before and (b) 
after the sputtering process. The crater size is 80 x 80 μm, and 
the analysis area is 10 x 10 μm in the middle of the sample to 
avoid the crater effects. 

10 μm x 10 μm analysis area

(a)                                                                                (b)         

             
Figure 10. (a) Total counts of lithium and iron for one 6C sample. A 10 x 10 μm area is analyzed and the resolution is 128 x 
128 pixels. The result shows a homogeneous distribution in the sample. Mc represents the maximum count (intensity) at a 
specific pixel and tc is the sum over all intensities of pixels (b) Ratios of total counts of Li+/Fe+. The samples for 1C, 6C and 10C 
do not show a significant difference. 

this study are conducted by using an ION TOF ToF-SIMS V (ION TOF, Inc. Chestnut Ridge, 
NY) instrument equipped with a Binm+ (n = 1−5, m = 1,2) liquid metal ion gun and a Cs+ 
sputtering ion gun. Both the Bi and Cs ion columns are oriented at 45° with respect to the 
sample surface normal. The instrument vacuum system consists of a load lock for rapid sample 
loading connected by a gate valve to the analysis chamber. The analysis chamber pressure is 
maintained at or below 5.0 x 10−9 mbar to avoid contamination of the surfaces to be analyzed.      

      The experimental results shown in Figure 10 indicate that: (1) Fully discharged 
commercialized cells provide homogeneous Li-ion distribution at various C-rates (Figure 10a). 
Only the sample #3 of 6C is shown here. (2) fully discharged commercialized cells provide 
almost equivalent Li+/Fe+ counts at various C-rates (Figure 10b). During the 
charging/discharging process, lithium ions are inserted and extracted from cathode materials 
while iron atoms remain inside the crystal [40]. Thus the intensity of Fe+ is used as a baseline to 
compare with the lithium intensities for different samples. It could also be observed that Fe+ are 
distributed homogeneously inside the material (Figure 10 a).       

      From these data, we speculate that the 
voltage fluctuation in high C-rate is only 
related to a different lithium insertion 
mechanism, not lithium intensity. When the 
particles are fully discharged, the total lithium 
intensity inside material should be C-rate 
independent. The layer-by-layer lithium 
intercalation process for low C-rate cannot 
be used to describe the lithiation process for 
high C-rate. Thus, a comparison of stress 
evolution between low C-rate and high C-rate 
mechanism is important to help understand 
the capacity loss inside materials.    
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Figure 11. A plate-like LixFePO4 single particle 
finite element model with a dimension of 150 nm x 
60 nm x 100 nm, where lithium ions diffuse along 
the b-axis and the phase boundary moves along 
the a-axis. The model is divided into 10 layers 
along the a-axis, and each layer represents one 
lithium ion diffusion channel. Colored legend: High 
lithium ion concentration is in red and low lithium 
ion concentration is in blue. 

 

Research Design and Methods 

Objective 1: To investigate the diffusion induced stress with phase change in a single 
particle by incorporating lithium-concentration-dependent material properties.   

Rationale:  

      It is commonly thought that diffusion-induced stress is one of the main factors causing loss 
of capacity in electrode materials. Particle surface fractures inside electrode materials have 
been observed after a period of cycling [6, 40]. During discharging, lithium ions intercalate into 
LiFePO4 cathode materials and result in concentration variations along the material thickness. 
For LixFePO4 material, lithium concentration (x) varies between two single phases, FePO4 (x=0) 
and LiFePO4 (x=1), and anisotropic volume expansion occurs during lithium intercalation due to 
different lattice constants of two single phases. Previous studies have shown that during the 
lithium intercalation process for low C-rate, the phase boundary lies in the bc plane and 
propagates along the a-axis [6, 27]. Traditional core-shell model (spherical particle) is not 
suitable for the stress prediction for LiFePO4 material because the model assumes: (1) The 
phase boundary moves in the radial direction and (2) isotropic material property. These 
assumptions are inconsistent with the low C-rate LiFePO4 behavior. Therefore, in objective 1 
we use a single plate-like LiFePO4 particle incorporating anisotropic properties as our model 
system to investigate the mechanical stress evolution, specifically on the phase boundary during 
the lithiation process.   

Research Plan: 

Task 1.1 Stress evolution on the phase boundary   

      Our previous work utilized a thermal stress analysis approach to investigate the stress 
evolution during the lithium intercalation process in a single particle [41]. ANSYS finite element 
software (ANSYS, Inc., Canonsburg, Pennsylvania, USA) is incorporated and a plate-like 
LiFePO4 single particle with dimensions of 150 nm x 
60 nm x 100 nm is developed (Figure 11); the particle 
size is designed to be within the range of experimental 
observation [27-29]. The thermal diffusivity mimics the 
lithium-ion diffusivity, and the temperature gradient 
represents the lithium-ion concentration gradient.  

     To simulate the lithium diffusion along the b-axis 
while the phase boundary propagating along the a-
axis, the finite element model containing 3780 
elements is divided into 10 layers along the a-axis and 
each layer represents one lithium-ion diffusion channel 
(Figure 11), whereas each channel contains 378 
elements along the b-axis. A 10-step finite element 
analysis is designed, such that each step represents 
diffusion in each channel. As shown in Figure 11, one 
channel must be fully filled with lithium before 
intercalating into the adjacent channel. This model 
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meets two main characteristics for low C-rate lithiation process: (1) One dimensional diffusion 
along the b-axis [22, 23, 25, 26, 37]. (2) The phase boundary between FePO4 and LiFePO4 
phases lie in the bc plane [6, 27].         

      Moreover, it has been indicated that the change of the material properties during lithiation 
will affect the stress generation. Specifically, the material stiffening is beneficial for avoiding 
surface cracking [42]. For LiFePO4, material properties should vary between two single phases 
(FePO4 and LiFePO4) during the lithiation process. In our model, concentration-dependent 
anisotropic material properties and volume expansions for LixFePO4 are incorporated: 
anisotropic material property matrices [C] and the volume expansion (α) are defined as follows: 

 and , where i = a, b, and c representing 
lattice vectors. Orthorhombic elastic constants as shown in Table 1 for both the lithium-rich and 
lithium-poor phases are obtained from the reference [43]. The anisotropic volume expansions of 
the LiFePO4 phases are obtained from the literature, in which αa=5.8%, αb =4.5%, and αc =-
1.3% [17, 21]. The anisotropic diffusion-controlled analysis requires a set of boundary and initial 
conditions for each channel: a unit of concentration on one surface Φ(y, t) = Φ(0, t) = 1, and a 
zero-concentration on the other surface at the end of the said channel Φ(y, t) = Φ(1, 0) = 0 
(Figure 11), where Φ is the concentration, y is the diffusion length along the b-axis, and t is the 
time required for the completion of the diffusion. The time-dependent concentration gradient 
serves as the driving force of the diffusion for the phase transformation [44-46], and it is 

described by the governing equation:  . That is, the Fick’s second law of diffusion, 

where D is the diffusivity.  The concentration–independent diffusivity along the b-axis is defined 
as Db = 1E-15 m2/s obtaining from Park et al [12]. Since studies have shown that lithium-ion 
hopping between channels is very unlikely [47], and to ensure the anisotropic diffusivity, the 
diffusivities of the other two directions are set to be 10-order of magnitude smaller comparing to 
the one along the b-axis: Da = Dc = 1E-25 m2/s. It is to ensure that lithium ions move smoothly 
and systematically from high-concentration regions (in red) to low-concentration regions (in 
blue) within channels (Figure 11). 

 

Table 1. Elastic constants calculated from first principles for FePO4 and LiFePO4 phases [43]. 

Phase 
Volume 

(Å3) 
Lattice constants 

(Å) 
Elastic constants  

(GPa) 

V a b c C11 C22 C33 C44 C55 C66 C12 C13 C23 

FePO4 284.57 9.96 5.88 4.86 175.9 153.6 135.0 38.8 47.5 55.6 29.6 54.0 16.6 

LiFePO4 299.54 10.45 6.05 4.74 138.9 198.0 173.0 36.8 50.6 47.6 72.8 52.5 45.8 
 

      The stress field on the phase boundary at different percentages of lithiation is studied. The 
simulation results are shown in Figure 12 and Figure 13. Normal stress σxx and shear stresses 
σxy and σxz on the phase boundary are at their highest values on the free surfaces of the phase 

[C(x)] = x[C]LiFePO4 + (1− x)[C]FePO4 α i (x) = xα i
LiFePO4

∂φ
∂t

= D ∂2φ
∂y2

⎛
⎝⎜

⎞
⎠⎟
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boundary (Figure 12).  These diffusion-induced stresses could possibly lead to the occurrence 
of Mode I, Mode II, and Mode III fractures if an initial crack exists on the ac-plane (Figure 13).      

      The plot shows the stress distribution on the phase boundary under different lithiation 
stages. Concentration-dependent normal stresses σxx are observed, and these are due to molar 
volume misfits since two phases are constrained at a coherent interface (Figure 12a-f).  It is 
also observed that the particle is in compression (σxx) at the low lithiation stage (Figure 12a-c) 
and is in tension beyond 50% lithiation (Figure 12d-f and Figure 13a). Our study also shows 
that when the particle is toward fully lithiated (90%), larger tension occurs on the free surface 
parallel to the z-axis (Figures 12f and 13a), suggesting a crack opening might occur if an initial 
flaw exists on the ac-plane. The lithiation causes non-negligible shear stress σxy, specifically 
along the particle free-surfaces (Figures 12g-l and 13c), suggesting that such high shears 
could be responsible for the observed surface cracking (Figure 13c-d) [6, 8]. It is observed that 
σxy increases when lithiating to 50% (Figure 12g-j), and the shearing stress starts decreasing 
beyond 50% lithiation (Figures 12j-l and 13c). This indicates that LiFePO4 particles are 
subjected to the highest diffusion-induced shear stresses at the 50% lithiation stage. 
Furthermore, lithiation-independent σxz are uniformly distributed on the phase boundary 
(Figures 12m-r and 13e). The shear stresses are observed with larger values at corners close 
to the free surfaces, indicating these locations are susceptible to fracture (Figure 12e-f). 
Comparing stress magnitudes at 50% lithiation, σxx : σxy : σxz = 1:3:1, the result indicates that 
Mode II fracture is more likely to occur before other two modes.  Taking together, this result 
provides a connection between diffusion-induced stresses at the phase boundary and the 
cracking propensity on the ac-plane. 

    
Figure 12. A representative normalized stress field on phase boundaries at different lithiation stages for 
the low C-rate model. (a)-(f): the particle is in compression (σxx) at low lithiation stages and in tension at 
high lithiation stages.  This is due to the volume misfit of the two phases and the coherent interface. (g)-(l) 
High in-plane shear stresses (σxy) along the particle surfaces are observed, and the results suggest that 
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particles are subjected to the highest σxy at 50% lithiation. (m)-(r): Lithiation-independent in-plane shear 
stresses σxz are uniformly distributed on the phase boundary and corners are subjected to higher 
mechanical stresses. Colored legend: Tension is in red and compression is in blue. 

 
Figure 13. A representative normalized stress field on the phase boundary at different lithiation stages for 
the low C-rate model. An initial crack at the surface of the particle under repetitive (dis)charging cycles 
could lead to Modes I, II, and III fractures. (a)-(b) When the particle is more than 60% lithiated, larger σxx 
tension exists on the free surface parallel to the z-axis, suggesting that a Mode I fracture might occur if an 
initial flaw (presented in color red) exists on the ac-plane. (c)-(d) Large σxy exists on the yz-plane parallel 
to the phase boundary, suggesting that a Mode II fracture could occur. (e)-(f) Lithiation-independent σxz 
on the phase boundary could lead to a Mode III fracture.  Colored legend: Tension is in red and 
compression is in blue. 
 

Task 1.2 Comparisons of strain energy evolution between different C-rates    

      The single particle model could also be extended to investigate the C-rate dependent strain 
energy evolution during lithiation as shown in Figure 14. The 1C model (layer-by-layer phase 
transformation) is as described in task 1.1 and is inspired by Delmas et al.[28]. High C-rate finite 
element models utilize the approach proposed by Singh et al [48] based on the concept that the 
number of the phase boundary is proportional to the C-rate. It could be observed that the local 
maximum strain energy is reached when a phase boundary is fully formed. The reduction of the 
complete phase boundary results in the relaxation of the strain energy thus causes a saw-like 
shape in the strain energy curve. The strain energy of the particle with 40% lithiation at different 
C-rates is also compared, as indicated by square markers (Figure 14). The result shows that 
with the same amount of lithiation, particles experience different strain energies at different C-
rate discharging. It could be expected that 1C model should have lowest strain energy since 
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Figure 14. The C-rate dependent strain energy evolution during a 
complete lithiation cycle. The strain energies in the particles with 40% 
lithiation are indicated by square markers. The 1C model uses a 
sequential phase transformation path proposed by Delmas et al.[28]  
and high C-rate models are inspired by Singh et al.[48]. The high 
elastic energy from the 6C model suggests that the existence of 
multiple coherent interfaces within a particle could be unstable, and 
therefore Singh’s approach is not plausible thermodynamically. As a 
result, lithium ion diffusion in multiple channels or in the ac-plane 
simultaneously are more plausible for the high C-rate model. 

only one phase boundary existed during lithiation. The high elastic energy from the 6C model 
suggests that the existence of multiple coherent interfaces within a particle could be unstable 
and require a higher driving force (i.e. higher C-rate) to overcome the energy barrier.  

      Upon completion of the Objective 1, 
we could provide quantitative date for 
diffusion induced stress inside a single 
particle, and relate the stress 
components to different fracture modes. 
The variation of the strain energy during 
lithiation via different phase 
transformation path could be used to 
explain why a layer-by-layer lithium 
diffusion mechanism is more favored for 
low C-rate.    

 

 

Objective 2: To investigate how C-
rate affects lithium concentration 
distributions and stress evolution 
inside cathode materials.  

Rationale:  

      Several studies have shown that for 
fast (dis)charging, LiFePO4 material 
does not demonstrate a two-phase 
system [4]. Thus, the phase 
transformation path for higher C-rates is 
considered to be different compared 
with the layer-by-layer phase transformation path for low C-rates. Another phase transformation 
path is more likely to happen: a homogeneous phase transformation accompanying the 
suppression of two-phase separation in LiFePO4 particles as discussed by Bazant [33, 34] 
although the phase separation might occur when the overpotential is removed (Figure 5). Our 
preliminary study also shows that at high C-rate, the fluctuation in the voltage response (10C) 
could be observed (Figure 7). For the cases of higher C-rates, higher lithium ion mass fluxes 
pass through the material surface [49]. When the particles are fully discharged, the total lithium 
intensity inside material should be C-rate independent as shown in our previous study (Figure 
10). However, different mass fluxes will cause different time histories of lithium concentration 
variation accompanied with the phase transformation and stress evolution. It is commonly 
considered that higher C-rates result in higher internal stresses, causing the particle fracture 
and capacity loss after a period of cycling [7]. In Objective 2, we aim to investigate how C-rate 
affects lithium concentration growth and stress evolution inside a multi-particle cathode system 
from a macroscopic point of view. The results from Objective 2 will provide insights into how 
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                              (a)Step 1                                                                             (b)Step 2 

 

                    
Figure 15. (a) In step 1, the lithium mass flux for a certain C-rate is applied on the surface. When the surface concentration 
reaches maximum C=1. The boundary condition will switch to step 2. (b) In step 2, the boundary condition of constant 
concentration is applied on the surface till the model is fully lithiated. The size of the cubic model is 10 μm. Colored legend: High 
lithium ion concentration is in red and low lithium ion concentration is in blue. 

anisotropic volume misfit, intrinsic FePO4 and LiFePO4 orthorhombic material properties, and 
lithium concentration variation under different C-rates affect stress formation inside cathode 
materials.         

              

Research Plan: 

      To simulate lithium intercalation process under different C-rates, we again adapt a thermal 

stress analysis approach. The Fourier law (heat flux ) is used to simulate different 

mass fluxes described by the Fick’s law (mass flux ), where k is thermal conductivity 

and D is diffusivity. The heat flux (w/m2) mimics the mass flux (mass/m2) of lithium ions and the 
temperate gradient represents the lithium concentration gradient. A thermal–static stress 
coupling finite element model is adapted to investigate stress evolution under different C-rates 
(1C, 2C, 6C and 10C).  As mentioned in Objective 1, the concentration-dependent anisotropic 
properties is defined between x=0 and x=1 in our model system. The maximum concentration 
needs to be confined to be 1 in order to incorporate this assumption into the high C-rate model. 
Thus the analysis is divided into two steps (Figure 15): (1) In step one, lithium ions are pumped 
into the material via different mass fluxes (1C=0.022 W/m2 in our model system) (Figure 15a). 
The direction of the mass flux is assumed to be aligned with the direction of the lithium diffusion 
(b-axis). The time required for surface lithium concentration to reach stoichiometric maximum 
varies with different mass fluxes, i.e. different C-rates. Once the concentration on the surface 
reaches 1, the simulation process will switch to step 2. (2) In step two, the boundary condition of 
a fixed mass flux will be replaced by a fixed concentration (C=1) on the surface. The simulation 
continues till the material is fully lithiated (Figure 15b). Large deformation will be incorporated in 
the model in order to be applied for other material systems. The selected time histories of the 
lithium concentration for different C-rates will be imported into static analysis module to 
calculate the corresponding stress and strain energy evolution during the lithium intercalation 
process.   

Tq k
y
¶

= -
¶

J D
y

¶F
= -

¶

Constant mass flux until the surface 
concentration reaches maximum C=1 

Switch to constant concentration 
C=1 on the surface  
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Figure 16. (a) Initial  lithiation on the surface of different C-rates. Higher C-rates result in higher concentration gradients near the 
material surface. (b) Concentration profiles  when the surface reaches 100% lithiation. Higher C-rates cause larger concentration 
differences throughout the material. 
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      Figure 16 shows the concentration profiles along the direction of lithium diffusion in the 
model for different C-rates. It is observed that higher C-rates result in higher concentration 
gradients near the material surface during the initial lithiation (Figure 16a). If we compare the 
concentration profiles at the time when the surface reaches 100% lithiation for each C-rate, it 
could be observed that higher C-rates cause larger concentration differences throughout the 
material (Figure 16b). A larger concentration gradient might cause a larger stress during the 
lithium intercalation process. The lithium concentration profiles, normal stresses, shear stresses, 
elastic strain energy at different C-rates (1C, 2C, 6C and 10C) will be compared and discussed.     

       

       Upon completion of Objective 2, we will provide quantitative data of lithium concentration 
profiles and stress evolution for different C-rates. The maximum stress and minimum stress at 
different lithiation stages will also be compared. Results from Objective 2 will provide a better 
understanding of stress evolution inside materials for different C-rates and explain why higher 
C-rate might result in a higher internal stress, causing the particle fracture and capacity loss.    
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