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Abstract

:

Diffusion stress in the anode of an automotive lithium-ion battery could cause volume changes, particle rupture, and detachment of the electrode, which may lead to the failure of anode materials. In order to investigate the mechanism of diffusion stress in the anode of the battery, this paper proposes an electrochemical–mechanical coupling model to simulate the stress and strain changes in the anode. And, SEM and X-ray diffraction are also carried out to examine the mechanism between diffusion stress and the damage to the anode microstructure. The results show that as the discharge C-rate increases, the intercalation and deintercalation of lithium ions in the anode become more active, leading to greater diffusion stress. This results in noticeable cracking in the anode material, with significant particle fragmentation, ultimately causing an increase in internal resistance.
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1. Introduction


The cycle life of lithium-ion batteries has received increasing attention from researchers, owing to the expanding application domains of these batteries. Compared with the widely used supercapacitors in grid-connected systems [1], lithium-ion batteries exhibit significant advantages in terms of energy density, operating voltage, and cycle life. These advantages render lithium-ion batteries promising for wide application in the field of electric vehicles. Battery life degradation is not only an electrochemical process, but also involves mechanical issues [2,3]. A harsh external environment and the irrational design of the battery structure would cause electrode detachment, increased internal resistance, and overheating of the battery, thereby leading to safety problems. One of the main reasons for lithium-ion battery failure is the destruction and fracture of the internal microstructure of active particles caused by diffusion stress in the anode of the battery [4,5]. The charge/discharge process involves the continuous intercalation and deintercalation of lithium ions in the anode, accompanied by molar volume changes during lithiation and delithiation. This leads to uneven lithium-ion concentration distribution in the anode, causing repetitive shrinkage and expansion of the material. This electrochemical–mechanical coupling effect generates diffusion stress, which directly causes the mechanical failure of anode materials [6,7].



In addition, during longer cycling time, the diffusion stress within the anode could also affect the lithium-ion diffusion process, resulting in the continuous loss of battery capacity. There are three main reasons for the stress generation in lithium-ion battery electrode particles [8].



	(1)

	
Diffusion stress generated by the de-embedding of external lithium ions: The embedding and de-embedding of lithium ions during charge and discharge could lead to the expansion of the particles, and the constraints from the inactive matrix and the current collector could generate stress.




	(2)

	
Diffusion stress generated by the mutual contacts between particles: The interaction of the particles could generate stress, and the constraints between adjacent particles could generate stress on each other.




	(3)

	
Diffusion stress generated by the concentration between the embedded lithium phase and the un-embedded lithium phase: There is a concentration gradient between the two phases, which could lead to strain misalignment and stress discontinuity.







Recently, many researchers have carried out studies on diffusion stress in lithium-ion batteries. Prussin [9] was inspired by the thermal stress research method and deduced the diffusion stress model. Zhang [10] found the influence of particle size and shape of anode on the diffusion stress. Guo [11] further investigated diffusion stresses in spherical and ellipsoidal anode particles of different sizes, and found that smaller particle sizes could help to reduce diffusion stress. Since the previous models neglected the inter-particle fracture problem, Wu B [12] developed a mechano-electrochemical model coupling the particle scale with the electrode scale. They investigated the stress generated by the interaction between electrodes, and found the fracture phenomenon of the binder near the electrochemically inactive region considering the abrupt change in lithium concentration at the amorphous interface, which leads to strong bulk strain inhomogeneity. Wu H [13] used a flexible S-shape function and a transition layer to characterize the stress state induced by the electrochemical reaction. They found that when the transition layer was small, the tangential compressive stress in the surface layer would change to tensile stress, and vice versa, and the tangential stress in the large transition layer was always compressive. Taking into account the complexity of crack expansion before electrode particle fragmentation, Klinsmann [14,15] used a phase field model to simulate the crack expansion within the anode’s active particles during embedding and de-embedding. They found that particle fragmentation occurred in one or more half-cycles, and the formation of the particle fragmentation was affected by the initial cracks. The threshold boundaries for crack propagation or breakage of different particle radii and initial crack lengths were also given.



The studies above analyzed the formation mechanism and influencing factors of diffusion stress, and simulated its effect on electrode particle damage. However, the correlation between diffusion stress and graphite microstructure failure remains unclear. Tensile stress promotes crack initiation and extension, and the tensile stress on the anode particle is maximum at the end of the charge and discharge process [16]. And, carbon layer exfoliation is closely related to capacity loss, and the real-time measurement of diffusion stress is difficult.



This paper proposed an electrochemical–mechanical coupling model to simulate the stress and strain changes in anode. Meanwhile, SEM and X-ray diffraction were also carried out to examine the mechanism between diffusion stress and the damage to the anode microstructure. The results could provide insights into the correlation between diffusion stress and anode structural loss and provide a theoretical reference for the design of high-capacity and high-durability lithium-ion battery electrodes.




2. Experimental Platform


In order to investigate the mechanical performance of the battery during continuous cycling, 200 cycles were performed at 0.5 C, 1 C, and 2 C. Panasonic offers a wide range of battery products from small button batteries to large power batteries. The Panasonic 18650 battery is widely used in the electric vehicle sector due to its high performance, wide operating temperature range, stable voltage, and high safety. Notably, renowned car manufacturers such as Tesla have chosen Panasonic 18650 lithium-ion batteries as their preferred power batteries. Six 18650 type cylindrical lithium-ion batteries manufactured by Panasonic were selected for testing the initial capacity in this experiment. The specific calibration steps are detailed in Table 1.



The charge/discharge capacity data for the 6 cells are presented in Table 2. And, it can be found that the capacity difference in the 6 cells is within 2%.



The cathodes of these batteries are made of nickel–cobalt–aluminum ternary composite material, and the anodes are mainly made of carbon material, with their detailed main technical parameters listed in Table 3.



The experimental setup is demonstrated in Figure 1 and consists of the following major components:




	(1)

	
A host computer, equipped with software for designing the experimental process and allowing the user to interact with the operation,




	(2)

	
A charge/discharge test device, which was responsible for implementing the charge and discharge processes of the batteries and recording the key parameters, while the test voltage range was ±5 V, with a voltage accuracy of ±0.02%. There were four current ranges for testing, including 5 A, 150 mA, 5 mA, and 150 μA. The fastest data acquisition time achieved could be as small as 1 ms.




	(3)

	
A thermostat box, which was used to maintain a stable ambient temperature of 25 °C.




	(4)

	
A battery connecting fixture, which was used for connecting the 18,650 lithium-ion batteries to the test system.









The Hybrid Pulse Power Characterization (HPPC) test (Figure 2) was adopted to obtain the discharge resistance under different States of Charge (SOCs) by establishing the relationship between the response voltage and current.



The specific testing process is as follows:




	(a)

	
Charge the battery fully according to the manufacturer’s recommendations.




	(b)

	
Allow it to rest for 1 h.




	(c)

	
Conduct a constant-current pulse test.




	(d)

	
Discharge the battery by 10% of its SOC.




	(e)

	
Allow it to rest for another 1 h.




	(f)

	
Repeat steps (c) to (e) until the battery’s power is consumed by 90% (or within the maximum discharge range specified by the manufacturer).










3. Electrochemical–Mechanical Coupling Model


An electrochemical–mechanical coupling model was constructed to simulate the diffusion stress changes in the anode. In view of the coupling of the electrochemical and mechanical models, solid-phase material conservation and solid–liquid interface kinetic equations are involved. The electrochemical–mechanical coupling parameters are shown in Table 4.



The conservation of matter of lithium ion in the electrode particles is


     ∂  c s    ∂ t    + ∇ J = 0  



(1)




where cs is the solid-phase lithium-ion concentration, t is time, and J is the molar flux of lithium ions at the solid–liquid-phase junction of the electrode, with the boundary conditions of


         ∂  c s    ∂ r      |  r = 0   = 0      −  D s     ∂  c s    ∂ r      |  r =  R s    =   j  a F    =     j r   F   = J       



(2)




where r is the particle radius, Ds is the solid-phase diffusion coefficient, j is the electrode volumetric current density, F is the Faraday constant, jr is the current density at the electrode surface, and ɑ is the specific surface area of the electrode-active particles, ɑ = 3εs/Rs, where εs is the solid-phase volume fraction and Rs is the particle radius.



The electrochemical modeling of the lithium-ion battery, which describes the electrochemical reaction at the solid–liquid-phase interface, can be characterized by the Butler–Volmer equation, expressed as


   j r  =  i 0    exp       α a  F η   R T      − exp      −  α c  F η   R T         



(3)




where i0 is the density of the exchange current, ɑa and ɑc are the negative and positive charge transfer coefficients, R is the gas constant, T is the temperature, and η is the overpotential.



Stress–strain solid-phase concentration relationship is described as follows:


   ε  ij   =   1 E       1 + ν    σ  i j   − ν  σ  i j    δ  i j     +    Δ  c s  Ω  3    δ  i j    



(4)




where εij is the strain component; i and j are two-dimensional directional indicators; E is the modulus of elasticity; σij is the stress component; Ω is the partial molar volume; δij is the Dirac δ function, with a value of 1 when i = j and 0 otherwise; and υ is the Poisson’s ratio.



For spherical particles, Equation (4) could be written in terms of two independent stress components, i.e., radial stress and tangential stress, which can be expressed as


       σ r  =   E    1 + ν     1 − 2 ν          1 − ν    ε r  + 2 ν  ε θ  −   1 + ν      Δ  c s  Ω  3          σ θ  =   E    1 + ν     1 − 2 ν        ν  ε r  +  ε θ  −   1 + ν      Δ  c s  Ω  3          



(5)




where εr is the strain in the radial direction, and εθ is the strain in the tangential direction.



For elastic deformation, the strain versus displacement of a spherical particle is given by    ε r  =    d u   d r     ,    ε θ  =   u r    , where  u  is the radial displacement due to stress and r is the radius. Neglecting the effect of external force, the equilibrium equation of stress in the particle is


     d  σ r    d r    +   2 r   (  σ r  −  σ θ  ) = 0  



(6)







The radial stress is 0 when the surface of the particle is not subjected to external forces. At the same time, the stress at the center of the particle is finite, which leads to


       σ r   r  =    2 E Ω   9   1 − ν         c  a v      R s    −  c  a v    r         σ θ   r  =    2 E Ω   9   1 − ν        2  c  a v      R s    +  c  a v    r  − 3  c s   r         c  a v    r  =   3   r 3       ∫     ∫ 0 r    c s   r   r 2  d r            



(7)




where cav(r) is expressed as the average concentration of active particles, and as r tends to 0, cav(r) tends to cs(0), which leads to


    lim   r → 0    σ r   r  =   lim   r → 0    σ θ   r  =    2 E Ω   9   1 − ν         c  a v      R s    −  c s  ( 0 )    



(8)







Equation (8) shows that the state of stress in the center of the sphere is hydrostatic pressure and the hydrostatic stress is


  σ  r  =     σ r  ( r ) + 2  σ θ   r   3   =    2 E Ω   9   1 − ν         c  a v      R s    −  c s   r     



(9)







The chemical potential gradient is the main driver of lithium ions’ motion, then the molar flux of lithium ions at the solid–liquid junction J is


      μ =  μ 0  + R T ln    c s    − Ω σ  r      J =  c s  ν = − M  c s  ∇ μ      



(10)




where μ is the chemical potential, μ0 is a constant, υ is the lithium ions’ diffusion rate, and M is the lithium ions’ mobility. Then


  J = −  D s    ∇  c s  −    Ω  c s    R T    ∇ σ  r     



(11)




where Ds = MRT is the solid-phase diffusion coefficient.




4. Results and Discussion


4.1. Model Validation


In the COMSOL Multiphysics 6.1 platform, we constructed an electrochemical force coupling model and developed a one-dimensional model to incorporate a grid sequence. For this model, the sequence is selected to control the physical field, and the grid cell size is chosen to be ultra-detailed. The specific simulation process is as follows: the global definition → creation of the geometry → add materials → multi-physics field coupling → grid division → add the study → result analysis.



The charge and discharge curves represent the external manifestations of the ratio between the anode and cathode working intervals, as well as the electrochemical reactions and polarization phenomena occurring within the battery. Furthermore, based on the coupling relationship inherent in the electrochemical–mechanical model, it is recognized that diffusion stress interacts with the solid-phase lithium-ion concentration gradient and lithium-ion flux, collectively influencing the discharge curves.



Given the challenges associated with measuring real-time diffusion stress, this study employed the discharge curve to validate the accuracy of the electrochemical model and, consequently, achieved the objective of indirectly verifying the electrochemical–mechanical model. In this paper, the simulation curves for 0.5 C, 1 C, and 2 C discharges were compared with the experimental discharge curves, as depicted in Figure 3. Three fresh Panasonic 18650 batteries were discharged under the rates of 0.5 C, 1 C, and 2 C, respectively. Then, the three experimental discharge curves were compared with the discharge curves obtained from the simulation to verify the correctness of the electrochemical–mechanical model. The discharge curves are the external reflections of the ratio between the cathode and anode working intervals, electrochemical reactions, and polarization phenomena inside the battery. Meanwhile, according to the coupling relationship of the electrochemical–mechanical model, it is known that the diffusion stress interacts with the solid-phase lithium-ion concentration gradient and lithium-ion flux, which jointly affect the discharge curves. It is seen that the curves in Figure 3 exhibit a slight deviation during the discharge process; however, the trend of voltage variation over time remains consistent. Moreover, the agreement between the simulation and the experimental data is particularly good at the cut-off voltage. The result comparison between the numerical simulation and experiment shows that the data are in good agreement with a maximum voltage difference of 1.6%, indicating that the model possesses high accuracy.




4.2. Temporal and Spatial Distribution of Diffusion Stresses


Figure 4, Figure 5, Figure 6 and Figure 7 show the temporal and spatial distributions of the tangential component of diffusion stress, radial component, Von Mises stress, and lithium-ion concentration during 1 C discharge, respectively. In the temporal distribution analysis, the tangential component, radial component, and Von Mises stress of the diffusion stresses increase as the discharge progresses, ultimately reaching their maximum values at the end of the discharge process.



Regarding the spatial distribution, Figure 4 illustrates that the radial component of the diffusion stress exhibits compressive characteristics during the discharge process. Furthermore, the absolute value of this stress decreases gradually along the radial direction, reaching zero at the surface of the particles.



Figure 5 demonstrates that during the discharge process, the tangential component of the diffusion stress is compressive at the center of the particles. As the radial radius increases, the absolute value of this stress decreases. Notably, the tangential component of the diffusion stress achieves its maximum value in the form of Von Mises stress at the end of the discharge process. Along the radial direction, the tangential component of the diffusion stress transitions from compressive to tensile, reaching its peak magnitude at the surface of the particles.



Figure 6 illustrates the Von Mises stress distribution within the particles. It is evident from the figure that the Von Mises stress at the center of the particles remains zero at any moment during the discharge process. Additionally, at any moment of the discharge and at any position within the particles, the stress increases from the center towards the surface, reaching its maximum value at the particle surface. The Von Mises stress represents the equivalent stress acting on the particles of the active material, commonly used to assess whether the material under test initiates plastic deformation. Furthermore, this equivalent force on the active material particles aids in analyzing the onset of plastic deformation. The stress distribution indicates that the diffusion stress is highest at the surface of the active particles, rendering this region most susceptible to fracture.



As observed in Figure 7, the difference in lithium-ion concentration between the center and the surface of the anode particles progressively increases during the discharge process. In the static phase of the battery, prior to 600 s of discharge, the changes in lithium-ion concentration are minimal. As the active particles continue to undergo volumetric contraction with ongoing discharge, lithium ions are continuously detached from anode active material, resulting in a further augmentation of the lithium-ion concentration gradient within the particles.




4.3. Diffusion Stresses at Different Discharge Rates


Figure 8 illustrates the distribution of diffusion stress within the local particles of the anode at the end of discharge across various discharge rates. And, it can be observed from Figure 8 that both the tangential and radial stresses of the particles increase with an increase in the discharge rate.



Figure 9 demonstrates that as the discharge rate increases, particularly when the battery operates at 2 C, the Von Mises stress attains a value of 28 MPa, which is approximately two times bigger than at 1 C and three times bigger than at 0.5 C. This trend aligns with the findings reported in the literature [17]. According to the study, the tensile strength of graphite material is approximately 30 MPa, and the Von Mises stress at the particle edge at a 2 C discharge rate is very close to this value. If the discharge rate exceeds 2 C, the stress at the edge of the graphite material would exceed its tensile strength, indicating a higher possibility of failure such as microcracking or fracture. However, while the diffusion stress at 1 C is significantly lower than the tensile strength, after numerous cycles, the diffusion stress of the graphite could fall below 30 MPa. Therefore, both high-magnitude discharge and repeated cyclic charge and discharge are mechanisms that contribute to structural damage in the material.




4.4. Internal Resistance Analysis


The internal resistance of a lithium-ion battery serves as a crucial metric for assessing its performance, as it indicates the extent to which the battery opposes the flow of current through it. Ideally, this resistance should be as minimal as possible.



Figure 10 demonstrates the change in ohmic internal resistance and polarization internal resistance with SOC before and after the 200 times charge/discharge cycling of the battery. It is clear that a big charge/discharge rate could bring big internal resistance to the battery. That is because the diffusion stress is enlarged by the increasing charge/discharge rate. Diffusion stress could change the microstructure of the anode materials, including the cracking, crushing, and pulverizing of active particles. These structural changes could affect the transport path of lithium ions and electrons, and thus increase the internal resistance of the electrode.




4.5. Mechanism of Diffusion Stress Inducing Anode’s Failure


SEM and X-ray diffraction experiments were conducted to examine the mechanism between diffusion stress and the damage to the anode microstructure.



Figure 11 shows the SEM results of the anodes. Four batteries including a fresh battery, and batteries after 100, 150, and 200 cycles were disassembled. Then, the respective microstructures of the anodes of the four batteries were observed under a scanning electron microscope. It can be seen that before the cycling of the fresh battery, the internal microstructure of the active material was closely arranged. With the number of cycles increasing, the microcracks in the anode particles became obvious. And, after 200 cycles of charge and discharge, cracks between particles became larger. The internal structure broke, and the active particles were crushed. The maximum Von Mises stress obtained from the simulation at 1 C rate during discharge was 15.12 MPa, while the tensile strength of graphite was about 30 MPa. The Von Mises stress did not reach the tensile strength, but the internal structure was fractured. It is because during the charge/discharge cycle, the tensile strength of graphite is reduced due to the diffusion stresses, which are dynamic loads for the anode, causing fatigue damage to the graphite. Subsequently, a reduction in the tensile strength of the graphite happens.



It can be seen from Figure 12 that after 200 cycles, ɑ slightly decreases, c slightly decreases, and the d002 value slightly increases along with an increase in the graphite layer spacing.



Table 5 shows the relationship between the increment of crystal surface spacing and diffusion stress. The increment of crystal surface spacing increases with the increase in Von Mises stress. After a long charge/discharge cycle, when the stress reaches about 11.96 MPa, the increment of the crystal surface spacing tends to be flat. With the increase in the C rate, the diffusion stress becomes bigger. When the stress reaches the tensile strength of the anode material, the particles undergo plastic deformation and enter the strengthening stage, and the resistance to plastic deformation increases. Then, the internal resistance of the battery increases, so as to induce capacity decay in the battery.





5. Concluding Remarks


This paper proposed an electrochemical–mechanical coupling modeling method to simulate the stress and strain changes in the anode of automotive lithium-ion batteries. The main conclusions are as follows:




	(1)

	
As the battery is in the discharge process, the tangential radial stress and Von Mises stress component of the diffusion stress increase, peaking at the end of discharge. The radial stress component of the diffusion stress is compressive stress, and the absolute value decreases along the radial radius, and drops to 0 on the surface of the particles. The tangential component of diffusion stress is compressive stress at the center of the particles, and the absolute value decreases along the radial radius.




	(2)

	
Both the tangential and radial stresses of the particles increase with an increase in the discharge rate. Particularly, when the battery operates at 2 C, the Von Mises stress attains a value of 28 MPa, indicating a higher possibility of failure such as microcracking or fracture in anode materials.




	(3)

	
A big charge/discharge rate can bring big internal resistance to the battery. That is because the diffusion stress is enlarged by the increasing charge/discharge rate. Diffusion stress can change the microstructure of the anode materials, including the cracking, crushing, and pulverizing of active particles. These structural changes can affect the transport path of lithium ions and electrons, and thus increase the internal resistance of the electrode.




	(4)

	
The bigger the discharge rate, the more severe the anode’s damage. The distance between anode layers increases after cycling, indicating that reducing the discharge rate can reduce the damage to anode. The anode graphite is de-embedded, and the diffusion stress makes the graphite particles rupture, thus increasing the internal resistance.









Hence, this study provides a way to further reveal the relationship between diffusion stress and anode graphite structure.
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Figure 1. Experimental platform establishment. 






Figure 1. Experimental platform establishment.



[image: Crystals 15 00131 g001]







[image: Crystals 15 00131 g002] 





Figure 2. HPPC test. (a) HPPC test profile; (b) complete HPPC sequence. 
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Figure 3. The comparison of simulation and experimental curves for 1 C discharge. 
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Figure 4. The radial component of the diffusion stress. 
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Figure 5. The tangential component of the diffusion stress. 
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Figure 6. The Von Mises stress distribution within the particles. 
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Figure 7. Lithium-ion concentration in the anode particle. 
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Figure 8. The distribution of tangential and radial diffusion stress at different discharge rates. 
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Figure 9. The distribution of Von Mises diffusion stresses at different discharge rates. 
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Figure 10. Ohmic resistance and polarization resistance after 200 times cycling. (a) Ohmic internal resistance; (b) polarization internal resistance. 
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Figure 11. SEM results of the anodes. (a) Fresh; (b) after 100 cycles; (c) after 150 cycles; (d) after 200 cycles. 
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Figure 12. XRD analysis results after cycling. 
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Table 1. The steps of battery capacity calibration.
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	Step
	Content





	Step 1
	Keep the battery stationary for 1 h



	Step 2
	Discharge the battery under 1 C until the voltage drops to 2.75 V



	Step 3
	Keep the battery stationary for 1 h



	Step 4
	Charge the battery under 1 C until the voltage rises to 4.2 V



	Step 5
	Charge the battery at a constant voltage of 4.2 V until the charge current drops to 0.05 C, at which point the charge is terminated.



	Step 6
	Keep the battery stationary for 1 h



	Step 7
	Discharge the battery at 1 C until the discharge is complete and the voltage drops to 2.75 V



	Step 8
	Repeat Step 4 to Step 7 for three times










 





Table 2. Battery charge and discharge capacity data.
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	Sample
	1
	2
	3
	4
	5
	6





	Charge capacity (Ah)
	3.198
	3.152
	3.152
	3.153
	3.146
	3.161



	Difference
	1.20%
	0.25%
	0.06%
	0.22%
	0.44%
	0.03%



	Discharge capacity (Ah)
	3.154
	3.152
	3.151
	3.147
	3.146
	3.151



	Difference
	0.13%
	0.06%
	0
	0.10%
	0.13%
	0.03%










 





Table 3. Main parameters of Panasonic 18650 lithium-ion batteries.






Table 3. Main parameters of Panasonic 18650 lithium-ion batteries.





	Parameter
	Value





	Product size
	18 mm × 65 mm



	Charging environment
	10~45 °C



	Discharging working environment
	−20~60 °C



	Rated capacity
	3.3 A·h



	Rated voltage
	3.6 V



	Charge cut-off voltage
	(4.2 ± 0.03) V










 





Table 4. The electrochemical–mechanical coupling parameters.






Table 4. The electrochemical–mechanical coupling parameters.





	Parameter Name
	Symbol
	Unit
	Cathode
	Separator
	Anode





	Solid-phase volume fraction
	    ε s    
	1
	0.32
	\
	0.415



	Particle radius
	Rs
	μm
	2
	\
	7



	Electrode thickness
	δ
	μm
	56
	25
	52



	Solid-phase diffusion coefficient
	Ds
	m2·s−1
	1 × 10−13
	\
	3.45 × 10−14



	Initial solid-phase concentration
	    c  s , 0     
	mol·m−3
	1000
	\
	11,200



	Maximum solid-phase concentration
	    c  s , m a x     
	mol·m−3
	31,195
	\
	25,407



	Charge transfer coefficient
	ɑa, ɑc
	1
	0.5
	\
	0.5



	Partial molar volume
	Ω
	m3·mol−1
	\
	\
	4.17 × 10−6



	Poisson’s ratio
	v
	1
	\
	\
	0.3



	Modulus of elasticity
	E
	GPa
	\
	\
	10










 





Table 5. The relationship between the increment of crystal surface spacing and diffusion stress.






Table 5. The relationship between the increment of crystal surface spacing and diffusion stress.





	Discharge Rate
	Diffusion Stress/MPa
	Crystal Face Spacing/10−10 m
	Crystal Face Spacing Increment/10−10 m





	0 C
	0
	3.357
	0



	0.5 C
	5.78
	3.361
	0.004



	1 C
	11.96
	3.363
	0.007



	2 C
	23.52
	3.371
	0.0075
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