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Abstract 

In this study, the stress generation of LiCoO2 with realistic 3D microstructures has been 

studied systematically. Phase field method was employed to generate the 3D microstructures 

with different grain sizes. The effects of grain size, grain crystallographic orientation, and grain 

boundary diffusivity on chemical diffusion coefficient and stress generation were studied using 

finite element method.  The calculated chemical diffusion coefficient is about in the range of 

8.5×10-10 cm2/s to 3.6×10-9 cm2/s. Stresses increase with the increase of grain size, due to more 

accumulation of Li ion near the grain boundary regions in larger grain size systems, which 

causes a larger concentration gradient.  Failure is more likely to occur in large grain systems. The 

chemical diffusion coefficients increase with increasing grain orientation angle irrespective of 

grain boundary diffusivity, due to alignment of global Li ion diffusion path with high grain 

orientations. Grain boundary diffusivity has opposite effect on the hydrostatic stress. As small 

grain boundary diffusivity, the stress increases with increasing grain orientation angle, due to 

grain boundary blockage of Li ion diffusion. In contrast, with large grain boundary diffusivity, 
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the stress decreases with increasing grain orientation angle due to reduced concentration 

gradients in grain boundary regions. 
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1. Introduction 

Layered Li transition-metal oxides are widely used as active materials for positive 

electrodes in Li-ion rechargeable batteries [1] , where intercalation of Li into metal oxides is one 

of the most important phenomena that determines the performances of the batteries. The Li 

diffusion-induced stresses within electrode materials can lead to their fracture and failure which 

results in battery capacity loss and power fade. For LiCoO2, it is found that there exists the 

capacity fade about 2.2% and 6.5% for exchange of 0.5 Li per CoO2 after 10 and 50 charge-

discharge cycles, and the decrease of Co-O bond length was observed by using X-ray absorption 

spectroscopy [2]. A previous transmission electron microscopy (TEM) study showed that 20% of 

the LiCoO2 particles were indeed fractured after 50 cycles at 0.2C between 2.5 and 4.35 V [3]. 

Thus, it is important to understand the Li intercalation stress with in the battery material. 

In case of all solid state battery, recent experiment observation [4] has shown that 

secondary particles contain numerous grain boundaries, implying the primary particles are not 

completely isolated and most of the particles are not exposed to the electrolyte directly. Thus, 

intergranular diffusion between crystal grains plays a significant role in Li transport. 

Many works have been done to understand how Li diffusion induced stresses can be 

minimized to increase the mechanical stability of Li-ion batteries [5-7]. Verbrugge and Cheng [5]  

numerically analyzed the stress and strain energy of a spherically-shaped electrode particle under 

a periodic voltage excitation source. They evaluated the crack nucleation using strain energy 

density method. Woodford et al. [6]  derived a failure criterion and modeled the crack 

propagation in LixMn2O4 electrode particles under galvanostatic charging process. Zhao et al. [7] 
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established the criterion for fracture of LixCoO2 particles using diffusion kinetics and fracture 

mechanics. However, most of these works regarding Li transport simulations have adopted some 

assumptions, such as the isotropic grain properties and the sphere particle geometry. Thus, actual 

reaction kinetics and diffusion processes were simplified greatly, since the grain boundary and 

anisotropic diffusion processes were not taken into account. Recently, Han et al. [8] studied the 

grain boundary effect on Li effective diffusivity and intercalation stress of LiMn2O4. In their 

model, grain orientation was not considered, and each grain was simplified as Voronoi structure. 

Yamakawa et al. [9] did a numerical study of the phase field based Li diffusion in polycrystalline 

LiCoO2. However, their model was in two-dimension (2D), and Li intercalation stress was not 

calculated. Hence, some important features have not be captured using these models, especially 

in an inhomogeneous system. Thus, a microstructure based 3D Li transport and intercalation-

induced stress model is warranted.  

The phase field method is a promising technique [10] to describe the microstructural 

evolution on a mesoscale. The method has been applied to predict the evolution of the grain size 

and grain orientation distribution of a given grain structure [11, 12]. It has also been used to 

simulate the anisotropic electrochemical strain microscopy (ESM) response of polycrystalline 

LiCoO2 [13]. In this paper, the phase field method will be employed to simulate the evolution in 

polycrystalline LiCoO2 to generate a series of 3D microstructures with different grain sizes. 

Once the microstructures are obtained, the apparent chemical diffusivity and Li intercalation-

induced stress will be studied based on the microstructures using finite element method. 

This paper will be organized as the following: (1) the microstructures of 3D polycrystalline 

LiCoO2 with different grain sizes will be generated using the phase filed method. (2) The 

dependence of chemical diffusion coefficient on grain size, grain crystallographic orientation, 
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and grain boundary will be systematically investigated. (3) The effect of grain size, grain 

crystallographic orientation, and grain boundary effects on Li intercalation-induced stress 

generation will be analyzed. 

2. Methods of calculation 

2.1. Polycrystalline LiCoO2 microstructure generation 

In order to understand the relationship between the polycrystalline microstructures and Li 

diffusivity, four different microstructures of polycrystalline LiCoO2 were prepared using the 

phase field method, as described in [10, 11].  The method describes the ideal grain growth with 

isotropic grain boundary energy and mobility. 

 In the phase-field model, the grain boundaries are considered as diffuse interfaces. The 

state of a point in the polycrystalline system of Q grains is given by order parameter ϕq (q=1, 

2 ,…,Q), q is a grain’s name. The evolution equation of the phase field is given by [11], 

( )2 2 1 2q
q qM

t φ

φ
ε φ ω φ

∂
 = ∇ − − ∂

     (1) 

where Mϕ is the isotropic phase-field mobility, ε is the gradient energy coefficient, and ω is the 

height of parabolic potential with double obstacle. 

 The interface width 2ξ and grain boundary energy μ for a boundary between two grains 

are given by [14], 

2 , 2
82

ε πξ π µ ε ω
ω

= =      (2) 

and Mϕ has the relationship with the grain boundary energy μ, width 2ξ and mobility m [15], 
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2

2 16
m mMφ

πµ
ε ξ

= =       (3) 

In this study, ξ=3, Mϕ=1, and μ=1 are chosen  [11]. Other details are given in [11].  

The generated microstructures are shown in Fig.1. Each color represents a different grain 

crystallographic orientation. The volume of the simulated polycrystalline LiCoO2 is 12.8×12.8 

×12.8 μm3. According to reference [8], the average grain size of LiCoO2 is between 0.5 μm to 5 

μm. The grain size of the generated microstructures are 1.84 μm, 2.14 μm, 2.56 μm, and 2.7 μm, 

respectively, which is in the range of the experimental observations. The grain boundaries are 

considered as thin films, which has a width of 10 nm. After the phase field simulations, the 

microstructures are converted to an STL geometry file and then processed for meshing. The 

generated mesh is then imported into COMSOL Multiphysics for further simulations. 

 

2.2. Li diffusion in polycrystalline LiCoO2 

With the generated microstructures, the diffusion of Li ion in the polycrystalline LiCoO2 

is carried out.  There are three assumptions for the diffusion model in this study: (1) the diffusion 

obeys the Fick’s 2nd law in grain and grain boundary; (2) No segregation effect in grain 

boundary is considered, and (3) the diffusivity of Li ion in grain boundary is smaller than that in 

the grain. 

Due to the layered structure of LiCoO2, the diffusion pathway of Li ions in LiCoO2 

single crystal is in two-dimensional [16]. Li ion has much smaller diffusion barriers along the a-b 

axis plane, while it is very hard for Li ions to go across the CoO6 along the c axis. In order to 

take the diffusion anisotropy into account, an anisotropic diffusion tensor need to be established. 
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The relationship between the local coordinate system of Li diffusion and the global coordinate 

system is shown in Fig.2. The governing diffusion equation follows the Fick’s 2nd Law: 

( )c D c
t
∂ ′= ∇ ⋅ − ∇
∂

      (4) 

where c is the concentration in mol/m3, D' is the anisotropic diffusion tensor. D' can be written as, 

[ ] [ ] [ ][ ]TD Q D Q′ =      (5) 

where [Q] is the rotation matrix based on the relationship between the local coordinate system of 

Li ion diffusion and the global coordinate system.  e1, e2, and e3 represent the local coordinate 

system of Li ion diffusion. e1’, e2’, and e3’ represent the global coordinate system. The direction 

of Li ion transport is in –e1
’.  α and γ are crystallographic orientation angles. The local coordinate 

system can be obtained by first rotating e3’ axis angle 90°-α around e2’ axis, then rotating angle 

γ around  e3’ axis.  In this case, 3D polycrystalline microstructures are used in the simulation. 

Thus, the orientation angles can be determined by α and γ axes uniquely. When α and γ are both 

90°, the diffusion along c axis is in perpendicular with the global Li transport direction. [D] is the 

diffusion tensor in the local coordinate system: 

[ ]
0 0

00
0 0

self

self

self caxis

D
DD

D −

 
 =  
  

     (6) 

where Dself is the diffusion coefficient along the a-b axis plane, Dself-caxis is the diffusion 

coefficient along the c axis. 

The grain boundaries in this case are considered as 3D surfaces between two grains without 

geometric thickness, and are described using the following equation: 
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( )gb
gb u d

gb

D
n D c c

d
− ⋅ = −      (7) 

where n is the normal orientation of the grain boundary, Dgb is the diffusion coefficient of the 

grain boundary, dgb is the width of the grain boundary. cu and cd represent the upper and lower 

concentration of the grain boundary, respectively. Since there is no reliable data of the diffusion 

coefficient of Dgb, we express the Dgb using the following equation, 

gb selfD Dβ=        (8) 

where β is a positive constant (0< β <=1). When β is one, the grain boundary Li ion diffusivity is 

same as that in the grain. When β is less than one, the diffusivity in grain boundary is less than 

that in the grain.  In the inhomogeneous system with randomly oriented grains and grain 

boundaries, the simulation can be performed by solving equations (4) and (7) simultaneously. 

 

2.3. Validation of Li ion diffusion model 

In order to validate the diffusion model with experimental data, a 1D model is set up to 

simulate the dynamic stress tests (DST) as described in [17]. In the model, the cathode has a 

thickness of 1.6 μm. The electrolyte has a thickness of 7.5 μm. The Butler Volmer equation is 

used to describe the reaction kinetics for electrodes, as follows: 

( ) ( )0 exp expa c
OCP OCP

i F FJ U U
F RT RT

α αφ φ    = − − − −        
     (9) 

where i0 is exchange current density, ϕ is the electrode potential, αa and αc are the anodic and 

cathodic transfer coefficient, respectively. F is the Faraday constant, R is the gas constant. T is 
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temperature. The open-circuit potential (OCP) of the cathode material LiCoO2  UOCP is obtained 

by fitting the OCP curve from Ref. [18]. 

 The exchange current density i0 is given by 

( ) ( ) ( )0 max
a a c

l s si Fk c c c cα α α= −       (10) 

where k is the kinetic rate constant of the electrochemical reaction, cs is the concentration of thee 

lithium ion on the surface of LiCoO2 electrode, cmax is the maximum Li concentration in 

LiCoO2, and cl is the concentration of lithium ion in the electrolyte.  The parameters are listed in 

Table 2. 

 The Li transport in the cathode obeyed the 2nd Fick’s law, and the Li transport in the 

electrolyte is described by Nerst-Plank equation. Additional model details are same as described 

in Ref. [19]. The applied current and the corresponding voltage response are shown in Fig.2. 

Overall, the simulation result is in good agreement with the experiment data in Ref. [17].  

 

2.4. Finite element method calculation of diffusivity 

After the model validation, the 3D simulations are performed using finite element method. 

The polycrystalline LiCoO2 volume is 12.8×12.8×12.8 μm3. The temperature is set 300 K. The 

boundary conditions of diffusion model are shown in Table 1. The initial Li ion concentration in 

the microstructures is fixed at x=0.6 in LixCoO2. The inflow Li ion concentration are fixed at 

0.61. The values of parameters are listed in Table 2. Refined meshes are employed near the grain 

boundaries to describe the interface between the grain and grain boundary. 

The chemical diffusion coefficient can be evaluated using the following equation [20], 
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2
2

2

(ln(dc/ dt)) 4 , /app app
d LD if t L D

dt π
= − >    (11) 

where L is the diffusion length along x axis. 

Once the temporal evolution of Li ion concentration is evaluated, the chemical coefficient 

can be obtained using equation (11). With the time increase, the concentration increases from the 

initial concentration 0.6 to the inflow concentration 0.61 gradually. And the ln(dc/dt) becomes a 

straight line after t>L2/Dapp. 

 

2.5. Li intercalation-induced stress in polycrystalline LiCoO2 

Experiment study [3] has showed the fracture of LiCoO2 particles during cycling, so it is 

important to include the stress generation during the intercalation process. During the 

intercalation process, the lattice constants change with the Li ion insertion [21], leading to stress 

generation. 

The intercalation-induced stress can be expressed in analogy with thermal stress, and the 

modified Hooke’s law [22] is expressed as: 

( )1 1
3ij ij kk ij ij

c
E

ε υ σ υσ δ δΩ = + − + 
      (12) 

where ε is strain, E is the Young’s modulus,  υ is the Poisson’s ratio, σ is stress. c=c-c0 is the 

concentration change from the initial stress free value. Ω is the partial molar volume. 

Since the diffusion flux can be influenced by temperature, concentration, and stress field 

[23], the governing diffusion equation has the following expression: 
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0h
c cD c
t RT

σ∂  Ω  ′+∇ ⋅ − ∇ − ∇ =  ∂   
     (13) 

where c is the concentration, D' is the diffusion coefficient, Ω is the partial molar volume, R is 

the gas constant, T is the absolute temperature and σh=(σ11+σ22+σ33)/3 is the hydrostatic stress. 

The boundary conditions of diffusion model are shown in Table 1. 

 

3. Results and discussion 

3.1 Li diffusion in polycrystalline LiCoO2 

3.1.1 Grain size and grain orientation effect 

The dependence of chemical diffusion coefficient Dapp on grain size is investigated. The 

grain crystallographic orientation angles (α and γ) are assigned to each grain randomly using a 

random number generation algorithm. The mean values of grain crystallographic orientation 

angles are given in Fig.3.  In this study, the calculated chemical diffusion coefficient Dapp is 

about in the range of 9.5×10-10 cm2/s to 3.0×10-9 cm2/s for β=0.01, and 1.85×10-9 cm2/s to 

3.6×10-9 cm2/s for β=1. Mizushima et al. reported the chemical diffusivity of Li ion is about 

5x10-9 cm2/s from Li0.2CoO2 to Li0.8CoO2 using a transient experimental technique [24]. Jiang et 

al. used potentiostatic intermittent titration technique (PITT) to measure the chemical diffusion 

coefficient  which is about 1x10-9 cm2/s [25]. Our simulation results are consistent with the 

reported experimental results.  

As shown in Fig.3, the chemical diffusion coefficients increase with the grain 

crystallographic orientation angles for both β values.  At higher angles, the Li ion diffusion 
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direction is in alignment with the a-b axis plane, or the plane between LiCoO2 layered structures 

where a high Li ion high diffusion occurs.  

The chemical diffusion coefficients also show grain size dependency for given 

orientation angles. When the grain size is large, the chemical diffusion coefficient increases more 

with increasing orientation angle than small grains systems. That implies the Dapp is strongly 

influenced by the orientation angles for large grains systems. In small grains systems, there are 

more grain boundaries and orientation angles than large grains systems, leading to smaller 

deviation in the Dapp. In large grain systems, there is no such a phenomenon. This can be also 

verified in Fig.4. For the grain sizes of 1.84 μm and 2.14 μm, the Li ion diffusion shows more 

isotropic behavior than the grain sizes of 2.56 μm and 2.70 μm, since there is less possibility for 

the systems of large grain size to compensate for the large difference of the orientation angles. 

Another important feature is that the chemical diffusion coefficient has the trend of 

increase with the increase of the grain size. As shown in Fig.3, the Dapp increases as the mean 

value of the orientation angles increases from 30° to 90°. When the mean of the orientation 

angles both reach 90°, the local diffusion pathway along c axis is perpendicular to the global Li 

transport direction, resulting in a larger chemical diffusion coefficient.  

3.1.2 Grain boundary effect 

When β=1, the grain boundary has the same diffusivity as that in the grain. When β=0.01, 

grain boundary has a smaller diffusivity than that in the grain. As shown in Fig.3, no matter how 

grain boundary diffusivity is varied, the chemical diffusion coefficients have the similar trend 

with respect to the various grain sizes and different orientation angles. At the same grain size and 

the same orientation angle, the chemical diffusion coefficient decreases with the decrease of the 
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grain boundary diffusivity, implying the grain boundary network blocks the migration of Li ions. 

Overall, the chemical diffusivity of β=1 is about 20% higher than the case of β=0.01, because the 

later has a lower diffusivity at grain boundaries which reduce the overall chemical diffusion 

coefficient. 

 

3.2 Li ion intercalation-induced stress generation in polycrystalline LiCoO2 

 

3.2.1 Grain size effect 

As shown in Fig.5, for both β=0.01 and β=1, the hydrostatic stresses increase with the 

increase of grain size. Larger grain size means lower grain boundary density, implying Li ions 

migrate much faster within large grain systems due to fewer grain boundaries which reduce Li 

ion diffusion. This result can be verified by Fig.6, which shows the hydrostatic stress profile for 

microstructures with different grain sizes. As shown in Fig.6, the stress increases with increasing 

grain size. Furthermore, larger grain size means higher energy release rate, implying failure is 

more likely to occur in larger grains. This conclusion is in agreement with [7]. 

3.2.2 Grain orientation effect 

As orientation angles increase, for small grain boundary diffusivity (β=0.01), stress 

increases due to accumulation of Li ion concentration in grain boundary regions. When the 

orientation angles reach 90° which is parallel to the global Li transport direction, a larger amount 

of Li ions is blocked near the grain boundary regions, leading to the maximum stress at a certain 

grain size. In contrast, for large grain boundary diffusivity (β=1), stress decreases due to reduced 

concentration gradients in grain boundary regions. When the orientation angles reach 90°, Li 

ions can migrate without the block of grain boundary, resulting in reduced stress.  
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3.2.3 Grain boundary effect 

As shown in Fig.5, grain boundary diffusivity (β) has opposite effect on the hydrostatic 

stress. As β=0.01 or small grain boundary diffusivity, the stress increases with increasing grain 

orientation angle, as shown in Fig.5 a. In contrast, as β=1, or large grain boundary diffusivity, the 

stress decreases with increasing grain orientation angle. 

At small grain boundary diffusivity (β=0.01), Li ions accumulate or are blocked near the 

grain boundary regions, leading to a large Li ion gradient.  According to Eq. 12, large stress is 

generated with large concentration gradients. At higher grain orientation angles, the blocking 

effect is stronger, causing a higher concentration gradient, therefore, the stresses increase with 

increasing orientation angle. Moreover, the stresses of β=0.01 (Fig. 5a) are higher than those 

with β=1 (Fig. 5b). 

For β=1, there is no distinction between the grain and grain boundary. The grain 

boundary diffusivity is same as that of grain. At higher grain orientation angles, Li ion are easy 

to diffuse through the microstructure, leading to a less concentration gradient. Thus the stresses 

decrease with increasing orientation angle. This results can be further proved by Fig.7. In Fig.7a, 

β=0.01 causes a slower Li ion diffusion than β=1, due to grain boundary blockage in β=0.01. The 

Li ion profile of β=0.01 has a larger concentration gradient, and consequently a lager stress than 

that of β=1, as shown in Fig. 7b. 

3.2.4 Time-dependent von Mises stress, hydrostatic stress and shear stresses 

The time history of averaged von Mises stress, hydrostatic stress and shear stresses of the 

microstructure with grain size 2.70 μm, β=1, and mean α=β=45° is shown in Fig. 8. The stresses 

are averaged on the entire model. The shear stresses along xz and xy directions are in a very 
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small magnitude compared with the hydrostatic stress. With the time increase, both the 

hydrostatic stress and shear stress along yz direction increase monotonically, which is in 

agreement with Ref [26]. Additionally, the magnitude of the hydrostatic stress is three times 

larger than the shear stress along yz direction. Other grain size microstructures also follow the 

same trend. Our simulations show that the magnitudes of von Mises stress and hydrostatic stress 

are much higher than those of shear stresses. Therefore, hydrostatic stress is studied in this work, 

however, von Mises stress can also be used in failure criteria. 

 

4. Conclusion 

 In this study, the Li intercalation-induced stresses in LiCoO2 with realistic 3D 

microstructures have been investigated using finite element method. The LiCoO2 

microstructures with different grain sizes have been generated using phase field method. The 

effect of grain size, grain orientation and grain boundary on Li ion diffusion and stress has been 

systematically studied. The conclusions are summarized as follows: 

(1) The chemical diffusion coefficient is about in the range of 8.5×10-10 cm2/s to 3.0×10-9 

cm2/s for β=0.01, and 1.85×10-9 cm2/s to 3.6×10-9 cm2/s for β=1. The results are 

consistent with the experimental data in literature. 

(2) The chemical diffusion coefficients increase with increasing grain orientation angle 

irrespective of grain boundary diffusivity, due to alignment of global Li ion diffusion 

path with high grain orientations. For large grain system, the chemical diffusion 

coefficient increases more than those of small grain systems, because dominant grain 

diffusion of large grain system at higher grain orientations.   
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(3) The chemical diffusion coefficients decrease with the decrease of the grain boundary 

diffusivity, due to blocking behavior of grain boundaries. 

(4) Grain boundary diffusivity has opposite effect on the hydrostatic stress. As β=0.01 or 

small grain boundary diffusivity, the stress increases with increasing grain orientation 

angle, due to grain boundary blockage of Li ion diffusion. In contrast, as β=1, or large 

grain boundary diffusivity, the stress decreases with increasing grain orientation angle 

due to reduced concentration gradients in grain boundary regions.  

(5) Stresses increase with the increase of grain size, due to more accumulation of Li ion near 

the grain boundary regions in larger grain size systems, which causes a larger 

concentration gradient.  Failure is more likely to occur in large grain systems. 
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List of figures 

Fig. 1 3D polycrystalline LiCoO2 microstructures generated using phase-field method. Each color 

represents different crystallographic grain orientation. (a) average grain size 1.84 μm; (b) average 

grain size 2.14 μm;  (c) average grain size 2.56 μm; and  (d) average grain size 2.7 μm. 
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t=50 s, and orienation angle 30°. 
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Fig. 1 3D polycrystalline LiCoO2 microstructures generated using phase-field method. Each color 

represents different crystallographic grain orientation. (a) average grain size 1.84 μm; (b) average 

grain size 2.14 μm;  (c) average grain size 2.56 μm; and  (d) average grain size 2.7 μm.  



5 
 

 

(a) 

 

(b) 

Fig. 2 Simulated dynamic stress test. (a) applied current with respect to time as the model input. 

(b) Simulated response of voltage with respect to time, which is good agreement with experimental 

data [15]. 
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(a) 

 

(b) 

Fig. 3 Dependence of chemical diffusion coefficient Dapp and the orientation angles for four 

microstructures with different grain sizes. (a) β=0.01. (b) β=1. Dashed lines are guide to the eyes. 
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(a)                                              (b)  

  

                                (c)                                                          (d)  

Fig. 4 Li ion concentration profiles (mole fraction x in LixCoO2) in four Li ion diffusion 

microstrucutre models, at 50 s for β=0.01. (a) Grain size is 1.84 μm. (b) Grain size is 2.14 μm. (c) 

Grain size is 2.56 μm. (d) Grain size is 2.70 μm. 
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(a)  

  

(b)  

Fig. 5 Dependence of the hydrostatic stress on various grain sizes and different orientation angles. 

(a) β=0.01 (b) β=1. Dashed lines are guide to the eyes.  
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Fig. 6 Hydrostatic stress profiles for microstructures with different grain sizes. The profile shown 

is a cut plane at z=6.4 μm at t=50 s, β=0.01, mean α=β=45°. (a) Grain size is 1.84 μm. (b) Grain 

size is 2.14 μm. (c) Grain size is 2.56 μm. (d) Grain size is 2.70 μm. 
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Fig. 7 (a) Li ion concentration (mole fraction x in LixCoO2) profiles;  and (b) Hydrostatic stress 

profiles for 1.84 μm with different grain boundary diffusivities. The plane shown is a cut plane at 

z=6.4 μm,  t=50 s, and orienation angle 30°. 
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Fig. 8 Time history of averaged von Mises stress, hydrostatic stress and shear stresses of the 

microstructure with grain size 2.70 μm, β=1, and mean α=β=45°.  
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Table 1 Boundary conditions 

(100) surface 
(100)
−

 surface 
Other 

surfaces 

Diffusion c= const. or in/F n ⋅ c∇ =0 periodic 

Stress free fixed periodic 
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Table 2 Parameters used in the simulation 

k0 (cm5/2mol-1/2s-1) 2.9×10-6 [9] 

αa 0.5 

αc 0.5 

selfD (cm2/s) 1x10-9 [25] 

self caxisD − (cm2/s) 1x10-11 [9] 

β  0.01 and 1 

gbd (nm) 10 

E (GPa) 150 

υ  0.33 

cmax (mol/m3) 51555 [9] 

Ω (m3/mol) 3.497x10-6 [25] 

in (A/m2) 2 
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