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Abstract 

The cyclic plasticity behaviour and failure mechanism of the cathode material in 

lithium-ion batteries urgently need to be understood due to the cyclic lithium-ion 

diffusion-induced stress during charging-discharging process. Many researches have 

focused on the shakedown and ratcheting responses of lithium-ion battery anode. 

However, the systematic investigation on the plasticity behaviour of lithium-ion battery 

cathode is still lacking. In this paper, the cyclic plasticity behaviour of LiNixMnyCozO2 

electrode subjected to cyclic lithiation/delithiation under a constant mechanical load is 

investigated comprehensively. The shakedown, ratcheting and fatigue analyses of 

active layer are conducted using direct numerical techniques based on the Linear 

Matching Method framework, while coin cell electrochemical experiments are 

performed simultaneously to support the analysis. The effect of thickness of coating on 

the shakedown and ratcheting response is investigated, and the thickness is confirmed 
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as a crucial parameter that can influence the battery performance. The strain-fatigue life 

curve is also obtained to effectively predict the life of active coating. Moreover, the 

numerical results reveal the existence of low cycle fatigue at the centre, and ratcheting 

mechanism on the edge of the cathode, which is consistent well with the experimental 

result. 

Keywords: Lithium-ion battery; Electrode; Diffusion-induced stress; Shakedown; 

Ratcheting; Fatigue 

 

1.Introduction 

Lithium-ion batteries are privileged choice for the powering various application of 

electrification of automotive transportation and renewable energies due to their high 

energy density and longevity[1, 2]. The basis of lithium-ion battery operation is the 

result of cyclic insertion and extraction of lithium ions from electrodes. As lithium ions 

intercalate into and out of the electrode, a field of stress known as diffusion-induced 

stress occurs, and the presence of such stress in the active material is a direct cause of 

mechanical failure because of the massive volumetric deformation. Furthermore, the 

stress within electrodes can also affect the diffusion process and cause persistent loss 

of capacity of batteries in the long-term cycles[3]. 

Following the approach proposed by Prussin[4], the evolution of diffusion-

induced stress in the electrochemical active particle and thin film during the charging-

discharging process has been extensively investigated by researchers. For instance, a 

one-dimensional model was employed by Huggins and Nix[5] to analyse the fracture 
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mechanism of the particle. A coupled diffusion-stress model was presented by 

Christensen and Newman[6], and used to calculate the stress in spherical active 

particles. In their work, they highlighted the pressure-diffusion effect and high lithium-

ion concentration. Zhang et al.[7] presented a set of numerical simulations of 

intercalation-induced stresses in ellipsoidal LiMn2O4 particles when subjected to 

galvanostatic lithium insertion and extraction. These obtained results suggested that 

particles with smaller sizes and larger aspect ratios were preferred for the stress 

reduction. A cohesive model was developed by Bhandakkar et al.[8] to study the crack 

nucleation in an initially crack-free strip electrode under galvanostatic charging-

discharging process, which confirmed the existence of a critical characteristic 

dimension to prevent crack nucleation. Haftbaradaran et al.[9] indicated the surface 

locking instability in a cylindrical electrode by coupling the analyses of internal stresses 

and activation energy needed for diffusion. These researches focus on the elastic stress 

and deformation, and the effects of plasticity on electrode are lacking of attentions. 

When the electrode is subjected to continuous operating charging-discharging 

loading, cyclic plasticity behaviour such as shakedown, ratcheting and fatigue can occur 

to the structure. Specifically, shakedown behaviour can be further classified into elastic 

shakedown and plastic shakedown behaviour (alternating plasticity). Plastic yielding of 

materials under cyclic loadings is necessary for ratcheting and fatigue to occur with 

extensive plastic flow related to the charging-discharging process[10, 11]. Individually, 

ratcheting can induce incremental plastic collapse of electrode materials due to the 

accumulation of plastic deformation, while fatigue can lead to local crack initiation and 
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propagation. 

For the cycle life of electrode materials, the understanding of cyclic plasticity is 

crucial as it enables deformation while limiting the stress level and can cause 

mechanical fatigue. Dislocations are generated by the solute lattice contraction stresses, 

and this indicates the plastic behavior of the electrode material[12, 13]. It is 

demonstrated that the electrode deforms plastically per cycle through the in situ 

experimental analysis of stress in silicon thin-film electrodes during continuous 

charging-discharging process[14]. Plastic flow is likely to significantly accelerate the 

damage to the electrode, which is consistent with the work reported by Sethuraman et 

al.[15], whereby energy dissipated in the plastic flow could be a significant fraction of 

the total energy loss in the cell. As such, it is of great significance to account for cyclic 

plastic behaviour in the electrode materials. Zhao et al.[16] investigated a particle of 

silicon anode subjected to cyclic lithiation and delithiation in three types of behaviour 

observed: elasticity, cyclic plasticity and the plastic shakedown behaviour. Jia and Li[17] 

investigated the failure mechanisms associated with the wrinkling of a thin film 

electrode on a compliant substrate, and it was revealed that ratcheting induced necking 

and cracking at wrinkling troughs of the thin film electrode. Guo et al.[18] found thin 

film island electrode with mechanical properties dependent on the lithium concentration, 

naturally undergoes plastic ratcheting with accumulative deformation and failure during 

cyclic charging and discharging process. By considering the contribution of diffusion 

and convection of lithium ions to the plastic flow of electrode material, Li et al.[19] 

revealed the increase in compressive Cauchy stress in the Silicon electrode with the 
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increase in boundary flux. However, the researches are all about the cyclic plasticity 

behaviour such as shakedown and ratcheting for anode materials, especially for silicon, 

impact of diffusion-induced plasticity on the cyclic behaviour of cathode materials is 

still not well understood.  

LiNixMnyCozO2 (NMC) is one of the most promising cathode materials in the 

development of next-generation Li-ion battery, due to its high energy density and cost 

effectiveness[20]. In this paper, shakedown, ratchet and fatigue analyses of NMC active 

layer are performed by using the Linear Matching Method (LMM)[21-26], which 

provides an efficient way to solve the cyclic structural responses of nonlinear materials 

by a number of iterative linear analyses. Detailed analyses on NMC coating subjected 

to a constant pressure and lithiation/delithiation cycling are conducted based on the coin 

cell configuration for the charging-discharging experiments. The effects of the 

thickness of NMC coating on the shakedown and ratcheting boundaries are also studied 

for the use of thick electrodes to increase the energy density of battery recently[27, 28]. 

The failure mechanisms including ratcheting and low cycle fatigue are then 

systematically investigated by the numerical results and experimental observation. The 

strain-fatigue life curve is further obtained to predict the damage life of NMC coating. 

 

2.Experimental test 

In the preparation of NMC cathode, 80 wt% LiNi5Mn3Co2O2 (NMC532) active 

particles, 10 wt% polyvinylidene fluoride (PVDF), and 10% carbon black are mixed in 

N-methyl-2-pyrrolidone solvent to form a homogenous slurry. After that, the slurry is 
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coated on to a current collector (Al foil). The thickness of active material coating on Al 

current is about 20 μm thick with a loading density of 2.7 mg/cm2. To remove the 

volatile solvent and moisture, the as-coated electrode is dried in a vacuum oven 

overnight at 120℃, and it is later stored in argon-filled glovebox (with moisture and 

oxygen levels less than 0.5 ppm). Before the assembly of CR-2025 type coin cell, the 

as-prepared electrode is firstly cut into circular disc with 12 mm in diameter, then used 

in the assembly of coin cells in the argon-filled glovebox for further electrochemical 

investigation, as shown in Fig.1d. NMC electrode, Li foil, and Celgard-2500 membrane 

are used as cathode, anode, and separator, respectively. The electrolyte used in this work 

is composed of 1 M LiPF6 salt dissolved in a mixed ethylene carbonate/diethyl 

carbonate solvent with 1:1 volume ratio. To ensure the complete wetting of the electrode 

prior to electrochemical tests, all assembled cells are rested overnight. Cyclic tests are 

then designed to investigate the effects of cycle numbers and charging rates on the 

mechanical properties of NMC particles. The electrochemical performances of 

assembled coin cells are evaluated by Land Cell System (CT2001A, Wuhan Jinnuo 

Electronic Co. Ltd, Wuhan China). The cells are cycled between 2.8 and 4.3V vs. Li/Li+ 

via a VSP potentiostat at charging rate of 0.5C, 1C (1C=160 mA/g), 2C and 3C. The 

coin cells (at charged state of 4.3 V) are later disassembled in the glovebox, and the 

NMC electrodes are collected for characterizations.  
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Figure 1 (a) XRD pattern of NMC cathode material (b) SEM images of NMC 

cathode microstructure (c) HRTEM images and SAED pattern of NMC active particle 

(d) Electrochemical performance of NMC/Li half-cell at 1C at 2.8-4.3 voltage 

windows  

The X-ray diffraction (XRD) pattern of pristine cathode material is collected using 

a Rigaka D/max2250 X-ray diffractometer equipped with Cu Kɑ radiation. All peaks 

of NMC cathode material in XRD patterns can be indexed to the layered α-NaFeO2-

type structure with space group R3"m (PDF#87–1562), as shown in Fig.1a. To study the 

morphology and microstructure	 of the pristine NMC cathode, scanning electron 

microscopy (SEM, Hitachi S4300) and transmission electron microscopy (TEM, JEOL 

(c) (d) 

(a) (b) 
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JEM 2100) images are collected, whereby a particle size of ~ 3 μm is noted. The inset 

in Fig.1c shows the high-resolution TEM (HRTEM) image and the selected area 

electron diffraction (SAED) result of NMC active particle, indicating the hexagonal 

layered structure for the as-prepared single-crystal NMC particles. Figure 1d shows the 

discharge capacity plot at the charging rate of 1C within a potential window of 2.8-4.3 

V vs. Li/Li+. It is noted that the capacity of the cell decays almost linearly with cycle 

numbers. 

3. Numerical procedures 

3.1 Evaluation of lithium-ion diffusion-induced elastic stresses  

The finite element (FE) code ABAQUS[29] is employed in the simulation of the 

lithium-ion diffusion-induced stresses, with analogy to thermal stress[4]. In order to 

facilitate the diffusion-stress coupling, the equivalent heat equation is solved and a 

sequentially coupled heat-stress analysis is performed, as ABAQUS is conveniently 

configurated for such procedure.  

The total strain including the elastic strain	𝜀!̇"# , and the diffusion-induced strain 𝜀!̇"$  

are written as: 

                                 𝜀!̇" = 𝜀!̇"# + 𝜀!̇"$ 	                        (1) 

The elastic strain 𝜀!̇"#  follows Hooke’s law, according to the following equation: 

                             𝜀!̇"# =
%
&
[(1 + 𝑣)�̇�!" − 𝑣�̇�''𝛿!"]                 (2) 

where 𝐸  is Young’s modulus, 𝑣  is Poisson’s ratio, 𝛿!"  is Kronecher symbol. The 

diffusion strain rate can be expressed with the expansion coefficient due to the insertion 

and extraction of lithium ions as follows: 

𝜀!̇"$ = 𝛽!" �̇�			                        (3) 
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For heat flow, the heat equation follows the physical laws of heat conduction and 

conservation of energy: 

𝑘 ()
(*
+ 𝛻𝑞 = ∅                         (4) 

where 𝑘 is the thermal conductivity which combines thermal diffusivity, density, and 

specific heat (commonly denoted as 𝑘 = 𝛼𝜌𝑐+ ), 𝑢  refers to the temperature, 𝑡  is 

time,	𝑞 is the heat flux that describes the flow of energy per unit area at per unit time, 

and ∅ is defined as internal heat source. 

For diffusion process, the principle of mass conservation can be written in the 

following form: 

           (,
(*
+ 𝛻𝐽 = 0                           (5) 

where 𝑐 is the concentration of diffusion component (lithium ions), and 𝐽 refers to 

the diffusion flux which measures the amount of substance flowing through a unit area 

at a unit time interval. When assuming 𝑢 = 𝑐 , 	𝜙 = 0 , 𝑞 = 𝐽  and 𝑘 = 1 , mass 

diffusion behaviour can be analogized as heat conduction process[30].  

Based on the classical Fick’s first law, an expression of flux in the absence of stress 

effects can result in the following equation: 

                         𝐽 = −𝐷-𝛻𝑐                        (6) 

where 𝐷- is the diffusion coefficient, and it can be expressed as: 

𝐷- = 𝐷.exp C
Ω0!
12
D                    (7) 

where 𝐷.	is the stress-free diffusivity,	Ω refers to the partial molar volume of lithium-

ion, 𝑅  is the gas constant, T is the absolute temperature, and 𝜎3  represents the 

hydrostatic stress which corresponds to the diffusion-induced stress. 

The diffusivity 𝐷-, related to the diffusion process can be embedded in the stress 
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effect, with boundary condition as shown below: 

                        𝐽 = −𝐷- C𝛻𝑐 −
Ω,
12
𝛻𝜎4D =

!"
5
              (8) 

where 𝑖6  is the current density on the electrode surface (with the assumption that 

current density is constant), and F is Faraday’s constant. 

By developing a set of USDFLD-UMATHT subroutines, the above mentioned 

formula can be achieved in ABAQUS[29] to perform coupled diffusion-stress analysis, 

as verified in our previous work[31]. The lithium-ion diffusion-induced stresses would 

then be used to evaluate the shakedown, ratchet boundaries and low cycle fatigue life 

of NMC cathode material. 

3.2 Numerical procedures for shakedown, ratchet and fatigue analysis 

To obtain the shakedown limit and ratcheting boundary of the cathode material 

subjected to a cyclic lithium-ion diffusion flux under a constant mechanical load, the 

LMM is adopted, and it is a direct method and consists of a number of iterative linear 

analyses with the spatial and time variation of modulus to simulate nonlinear material 

responses. The procedures of performing LMM in the calculation of shakedown and 

ratchet limit of structure were demonstrated in the previous work[22, 23]. The 

numerical procedures are briefly summarized in this section. 

Consider an elastic-perfectly plastic structure with volume 𝑉, and surface area 𝑆, 

which satisfies the von-Mises yield criterion. The structure is subjected to diffusion flux 

𝜆7𝐷(𝑥! , 𝑡) within 𝑉, mechanical loads 𝜆8𝑃(𝑥! , 𝑡) over a part of the surface area 𝑆2, 

which applied over a time period of 0 ≤ 𝑡 ≤ 𝛥𝑡. On the remaining surface 𝑆1, zero 

displacement rate condition is constrained. The linear elastic stress solution of the 

structure can be expressed as: 
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𝜎P!"(𝑥, 𝑡) = 𝜆8𝜎P!"9(𝑥, 𝑡) + 𝜆7𝜎P!"7(𝑥, 𝑡)                 (9) 

where 𝜎P!"9(𝑥, 𝑡) is the linear elastic stress solution of the mechanical load	𝑃(𝑥! , 𝑡), 

𝜎P!"7(𝑥, 𝑡) is the linear elastic stress solution of the diffusion flux 𝐷(𝑥! , 𝑡). 

When the stress and strain rates asymptote to a cyclic state as follows: 

𝜎!"(𝑡) = 𝜎!"(𝑡 + Δ𝑡), ε̇!"(𝑡) = ε̇!"(𝑡 + Δ𝑡)            (10) 

the general stress solution for the cyclic issue can be defined as: 

𝜎!"(𝑥, 𝑡) = 𝜆𝜎P!"(𝑥, 𝑡) + �̅�!"(𝑥) + 𝜌!": (𝑥, 𝑡)            (11) 

where �̅�!"(𝑥) is the constant residual stress in equilibrium with no surface traction 

occurring on 𝑆2, which corresponds to the residual stress field at the beginning and end 

of a cycle, 𝜌!": (𝑥, 𝑡) is the changing residual stress during a cycle, and 𝜆 is the load 

parameter.  

3.2.1 Shakedown analysis 

For the shakedown process[22], the changing residual stress 𝜌!": (𝑥, 𝑡) = 0. The 

cyclic stress history is denoted as:  

𝜎!"(𝑥, 𝑡) = 𝜆𝜎P!"(𝑥, 𝑡) + �̅�!"(𝑥)                 (12) 

Based on Koiter’s theorem[32], the shakedown upper bound multiplier 𝜆;7<= can 

be given by the following equation: 

𝜆!"#$ =
∫ &'! ∑ )*+,)"#

$ -%
$&' . /0(

∫ 1∑ '2"#(4$),)"#
$%

$&' 6 /0(

                (13) 

where 𝜎> is the von Mises yield stress, Δ𝜀!"6  is the increment of strain at time 𝑡6 and 

𝜀 ̅ is the effective strain (𝜀̅ = T?
@
Δ𝜀!"6Δ𝜀!"6 ). As 𝜆;7<= is calculated based on upper bound 

theorem so the least multiplier satisfies 𝜆;7<= ≥ 𝜆;7, where 𝜆;7	is the exact shakedown 

limit. 
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3.2.2 Direct steady cycle analysis for the evaluation of plastic strain range and 

varying residual stress field 

When the applied cyclic load is greater than the shakedown limit, the history of 

the changing residual stress field associated with the applied cyclic diffusion flux, and 

the corresponding plastic strain ranges for the low cycle fatigue assessment can be 

calculated using the direct steady cycle analysis (DSCA)[23]. It is worth noting that the 

evaluation of the varying residual stress field by the DSCA is also the first step in the 

ratcheting boundary analysis. 

The varying residual stress Δ𝜌!"	B					' , is first calculated for the 𝑛th load instance at 

the 𝑚 th iteration cycle, where 𝑛 = 1,2,3, … , 𝑁  and 𝑚 = 1,2,3, … ,𝑀 . When the 

convergence occurs at the Mth cycle of iterations, the summation of changing residual 

stresses is satisfied ∑ Δ𝜌!"	B					6C
6D% = 0 due to the stable cyclic response. The constant 

residual stress can be calculated by: 

�̅�!" = ∑ Δ𝜌!"	#
				6C

6D% +∑ Δ𝜌!"	%
				6C

6D% +∑ Δ𝜌!"	&
				6C

6D% +⋯+ ∑ Δ𝜌!"	'
					6C

6D%      (14) 

The magnitude of plastic strain occurring at time 𝑡6 can then be determined by: 

∆𝜀!"#(𝑡$) =
%
&'(!

'𝜎)!") (𝑡$) + 𝜌!") (𝑡$),             (15) 

where �̅�6 is the iterative shear modulus, and 𝜌!"E (𝑡6) is the converged accumulated 

residual stress at time 𝑡6, with the following equation: 

𝜌!"(𝑡$) = �̅�!"* +∑ Δ𝜌!"	,					-$
-.%                  (16) 

3.2.3 Ratcheting Analysis 

The history of the residual stress calculated based on the DSCA algorithm and the 

linear elastic solution are used as inputs for the evaluation of ratchet limit.  
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 𝜎P!" = 𝜆𝜎P!"5
F + 𝜎P!"G(𝑥' , 𝑡) + 𝜌!"(𝑥, 𝑡)               (17) 

where 𝜆 is a load multiplier, 𝜎P!"5
F  is the constant elastic stress, and 𝜎P!"G(𝑥' , 𝑡) is the 

cyclic elastic stress. 

The ratchet limit analysis considers the constant residual stress �̅�!"(𝑥) and the 

changing residual stress 𝜌!"(𝑥, 𝑡)  during a cycle. The upper bound ratchet limit 

multiplier 𝜆1H<= can be computed as: 

𝜆78#$ =
∫ ∑ '!)*+,)"#

) -*
)&' /0( 9∫ &∑ '2"#

+(4)):;"#(4))*
)&' .,)"#

)/0(

∫ '2"#
,- ∑ ,)"#

)*
)&' /0(

    (18) 

where 𝜀_̅Δ𝜀!"' ` = T?
@
Δ𝜀!"'Δ𝜀!"'  and Δ𝜀!"

'  is the increment of strain that occurs at 𝑡', 

and 𝜌!"(𝑡') is the residual stress at 𝑡'. 𝜆1H<= denotes the endurance capacity of the 

body subjected to the additional constant load 𝜎P!"I
J  without incurring ratchetting 

behavior. Based on the iterative procedure, LMM calculates the least upper bound limit 

for the ratchet limit. 

4. Finite Element Modelling  

The schematic illustration of the lithium-ion interaction/deintercalation in 

electrode during charging-discharging process is presented in Fig.2a. According to the 

realistic charging-discharging experiment, the thickness of both the NMC coating layer 

and Al current collector is taken as 20 μm, with a diameter of 12 mm. The NMC cathode 

is then subjected to cycling lithiation/delithiation at a charging rate of 1C. Due to the 

thin film geometry of the cathode, a finite element model of electrode with 100 μm 

diameter, 20 μm thickness is constructed to provide a better analysis into the lithium-

ion diffusion-induced-stresses along the thickness direction. In order to determine the 

thickness effect to the shakedown and ratcheting limits of the NMC cathode material, 
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10 μm and 30 μm thickness of NMC cathode models are also analysed. Using lithiation 

process as an example (Fig.2b), flux J (Eq.8) is applied on the top surface which 

demonstrates the insertion of lithium-ion into the surface. This is related to the given 

current density of 5.43 A/m2 in the coin cell electrochemical experiment. Although the 

Al current collector has an impact on the cyclic plastic behaviour, a simplified FE model 

without Al current collector but considering full constraints on the bottom surface of 

active layer is adopted to produce conservative results, since the Young’s modulus of 

the Al current collector is much greater than the Young’s modulus of NMC active layer. 

The electrode structure is then meshed with C3D20RT for coupled diffusion stress 

analysis and C3D20R for cyclic plasticity analysis. 

 

Figure 2 (a)Schematic illustration of electrode during lithiation/delithiation 

process, whereby NMC active layer is coated on the Al current collector (sectional 

viewer) (b) Boundary condition and the load applied to electrode during lithiation 

stage used in ABAQUS 

Table 1 Material properties of NMC cathode for numerical analysis 

Thickness 

(μm) 

Young’s modulus 

E (GPa) 

Poisson’s 

ratio v 

Diffusivity 

D(m2/s) 

Partial molar volume 

(m3/mol) 

Yield stress 

σy (MPa) 

10, 20, 30 6.5[33] 0.3[34] 10-15 [35] 2.1×106 [36] 100 

(b) (a) 
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Based on the previous studies, the electrode coating is assumed to be isotropic and 

modelled as an elastic-perfectly plastic material[31, 37-40] due to the insignificant 

material hardening during the charging-discharging process [41]. The key properties of 

the material are listed in Table 1. Due to the complicated compositions in cathode 

material, there is a lack of accurate yield stress value of NMC532 active layer in the 

published reference. Therefore, an assumed but reasonable value of 100 MPa is taken 

in this work. 

5.Results and discussion 

5.1 Linear elastic finite element analysis of NMC coating 

Prior to the shakedown, ratcheting and fatigue analyses, the linear elastic finite 

element analyses are firstly conducted to obtain the fictitious elastic stress fields. Figure 

3 shows the von Mises stress distribution in NMC cathode material with 20 μm in 

thickness, that is undergoing a steady charging-discharging cycle at the charging rate 

of 1C. The duration of a charging-discharging cycle for NMC cathode is 7200 s, with 

an individual duration of charging and discharging process to 3600 s each. Therefore, 

the charging-discharging stage at A: 0 s, B: 1025 s, C: 3600 s and D: 4025 s are selected. 

Figure 3a shows the overall view of the diffusion-induced stress distribution in cathode 

material. Fig.3b focuses on the diffusion-induced stress along the thickness direction 

from the centre of cathode, while a path is created from the centre of the top surface to 

the bottom of the NMC coating (Fig.4). It can be observed that the diffusion-induced 

stress in cathode material varies mainly at the top surface, which is the interface of the 

cathode and electrolyte. In contrast, for the surface close to the current collector, the 
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stress effect becomes less significant. The diffusion induced stress at the top surface of 

cathode is much higher than that at the bottom surface of cathode. Using the centre 

integration point at the top surface of NMC cathode, the diffusion-induced stress and 

its corresponding lithium-ion concentration with cycling duration are presented in 

Fig.5(a). It is assumed that the minimum value of lithium-ion concentration in the NMC 

active layer is 0 during an electrochemical cycle. During the charging (delithiation) 

process, the von Mises stress in the NMC active layer increases initially and it 

subsequently decreases. It is noted that the lithium-ion concentration decreases with 

cycling time. As the lithium ions continuously intercalate into the NMC active plate, 

the lithiated region tends to expand, while the unlithiated region and the Al current 

collector tend to remain undeformed. Hence, compressive stress is generated in these 

active plates due to the volume limitation that is restricted by the current collector.  

To systematically illustrate the linear elastic stress evolution and the related 

lithium-ion variation in the NMC active layer at the charging rate of 1C during a steady 

electrochemical cycle, the relationship along the thickness path at the charging-

discharging stage of A: 0 s, B: 1025 s, C: 3600 s and D: 4025 s are presented in Fig.5(b) 

and Fig.5(c) respectively, which are plotted with respect to Fig.4. In a steady 

delithiation and lithiation process, the time intervals with the greatest changes in the 

diffusion-induced stress and lithium-ion concentration are the initial charging stage A 

and the initial discharging stage C. It is worth noting that the variations of the von Mises 

stress and lithium-ion concentration mainly occur close to the top surface of cathode, 

while negligible changes are observed at the area close to the bottom. These results are 
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due to the instantaneous change of the diffusion flux direction, with the intercalation 

and deintercalation of lithium-ion occurring at the top surface of the cathode that is in 

direct contact with the electrolyte. 

 

 

Figure 3 NMC active layer with 20 μm in thickness at the charging rate of 1C during a 

steady charging-discharging cycle (a) Overall contour map of von Mises stress a 

selected charging-discharging stage (b) Contour map of von Mises stress along the 

thickness path at selected charging-discharging stage, A: charging begins at 0 s, B: 

charging process at 1025 s, C: discharging begins at 3600 s and D: discharging 

process at 4025 s 

(a) 

(b) 



18 
 

 

Figure 4 Definition of path along the thickness of NMC active layer 

 

 

Figure 5 Diffusion-induced stress and corresponding lithium-ion concentration of 

NMC active layer with 20 μm in thickness with cycling duration (subjected to steady 

charging-discharging cycle at the charging rate of 1C) (a) Variation of von Mises 

stress and Li-ion concentration at top centre surface of cathode (b) Variation of von 

Mises stress along the thickness path at charging-discharging stage A, B, C and D (c) 

Variation of Li-ion concentration along the thickness path at A, B, C, D charging-

discharging stage 

0 2000 4000 6000 8000
0

200

400

600

Time (s)

vo
n 
M
is
es
 st
re
ss
 (M
Pa
)

Delithiation process Lithiation process

A

B

C

D

0

5

10

15

20

 L
i-i
on
 c
on
ce
nt
ra
tio
n 
(m
ol
/µ
m
3 )

´10-14

0 10 20

0

100

200

300

400

500

600

vo
n 
M
is
es
 st
re
ss
 (M
pa
)

Distance from top surface (µm)

 A: Charging begins, 0 s
 B: Charging process, 1025 s
 C: Discharging begins, 3600 s
 D: Discharging process, 4625 s

A

B

C

D

0 5 10 15 20

0

4

8

12

16

20

Li
-io
n 
co
nc
en
tra
tio
n 
(m
ol
/µ
m
3 )

Distance from top surface (µm)

A

B

C

D

´10-14

 A: Charging begins, 0 s
 B: Charging process, 1025 s
 C: Discharging begins, 3600 s
 D: Discharging process, 4625 s

(a) 

(b) (c) 



19 
 

 

5.2 Evaluation of shakedown limit and ratcheting limit boundaries of NMC 

coating  

For the shakedown limit and ratcheting limit boundaries of NMC cathode material 

with 20 μm in thickness, the axes are expressed in non-dimensional variables, where 

∆𝐷 ∆𝐷.⁄  is the normalized cyclic charging-discharging rate and 𝑃 𝑃.⁄  is the 

normalized pressure as shown in Fig.6a. ∆𝐷. represents the cyclic diffusion-induced 

stress under the charging rate 1 C, while 𝑃.	(𝑃. = 19.15	MPa)  is the reference 

constant mechanical load applied on the NMC cathode of the coin cell equivalent to the 

pressure 6.2 MPa acting on the coin cell (D=20 mm). Both ∆𝐷.	and 𝑃. values are 

consistent with the experiment load conditions. It can be observed from Fig.6a that the 

normalized limit load is 5.95, the normalized reverse plastic limit is 0.23, and the 

ratcheting limit is 0.48. The results indicate that the actual pressure limit for the NMC 

active layer is about 113.94 MPa, while the reverse plastic limit can be expressed as the 

charging rate 0.23 C. There are different failure modes under different load 

combinations, including shakedown region, reverse plastic region and ratcheting region. 

The shakedown boundary comprises of the reverse plasticity limit, with a part of the 

ratchet limit. The ratchet boundary shares its lower part with the shakedown boundary 

and approaches Y-axis with increasing ∆𝐷. . For cyclic loading beyond the reverse 

plastic limit, a certain range of plastic deformation develops as a closed loop until it 

reaches the ratchet limit. When the cyclic loading on the NMC structure is within the 

ratcheting region, there is an accumulation of plastic strain in the structure, which 
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eventually results in the structural collapse.  

For the verification of the ratcheting boundary calculated by the LMM, the load 

points, i.e., M and N (Fig.6a), that are just below and above the calculated ratchet limit 

boundary are selected for further step-by-step analysis. The equivalent plastic strain 

history of the structure for the cyclic loading points M and N is depicted in Fig.6b. As 

expected, the step-by-step analysis result shows a reverse plasticity mechanism under 

the cyclic load case N, where the maximum equivalent plastic strain increases slowly 

for the beginning cycles and settles into a closed loop for the remaining cycles. For load 

case M, there is an overall increasing trend of the maximum equivalent plastic strain 

with cycle numbers, which indicates the ratcheting mechanism.  

To further investigate the structural failure mechanism of the NMC cathode 

coating, the contour maps of effective strain increment for load case O (reverse 

plasticity) and load case P (ratcheting) evaluated by shakedown analysis, and the plastic 

strain range and effective strain increment for load case Q (ratcheting) provided by 

ratcheting analysis are presented in Fig.6c. It is worth noting that the ratcheting analysis 

consists of a DSCA procedure and an extended shakedown analysis. Taking load case 

Q as an example, the DSCA is first applied to calculate the plastic strain range and 

varying residual stress field caused by the cyclic load case Q1, then an extended 

shakedown analysis is performed to evaluate the capacity of the structure at the cyclic 

load case Q1 to withstand an additional pressure before ratcheting takes place, i.e. the 

load point Q becomes the ratchet limit. It is worth mentioning that the maximum plastic 

strain range of 5.44e-04 is located at the top centre surface of the cathode, and it 
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indicates the presence of reverse plasticity at the centre of the electrode. Moreover, 

both contours of effective strain increment caused by cyclic load points P and Q at the 

ratcheting boundary demonstrate that the ratcheting behaviour appears on the electrode 

edge due to the constraints on the bottom of NMC active layer.  

 

 

Figure 6 (a) Shakedown limit and ratcheting limit boundaries of NMC cathode 

material with 20 μm in thickness, calculated by LMM, M, N, O, P, Q load points are 

marked for further analysis (b) Step-by-step analysis of load case M and N to verify 

the accuracy of the shakedown and ratcheting boundary (c) Contour map of effective 

stain increment for load case O and load case P, the plastic strain range and effective 

stain increment for load case Q, while O, P, Q are at the shakedown limit and 

ratcheting limit boundaries 
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5.3 Effect of thickness for NMC coating shakedown and ratcheting limit 

boundaries 

To consider the thickness effect of the NMC coating, shakedown and ratcheting 

limit boundaries for NMC coating with thickness of 10 μm and 30 μm are also 

calculated using the LMM, and the results are shown in Fig.7. It can be observed that 

there is a similar overall trend of shakedown limit and ratcheting limit curves for NMC 

coating with thickness of 10 μm, 20 μm and 30 μm. The limit load of the NMC active 

layer decreases with the increase of thickness, while the values are relatively close. The 

slight differences of limit load between 10 μm, 20 μm and 30 μm are due to the thin-

film structure of cathode material, whereby thinner coating can exhibit more obvious 

constraint effect. It is worth noting that both the reverse plastic limit and ratcheting limit 

increase with the increase of thickness, which indicates that thinner active layer can 

result in a more hazardous cathode when subjected to cyclic diffusion-induced stress. 

 

Figure 7 Shakedown limit and ratcheting limit curves of NMC cathode material 

with varying thickness 10 μm, 20 μm and 30 μm 
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Electrode thickness is known as an important parameter affecting the 

electrochemical performance of a cell[27, 28, 42-44]. The use of thick electrodes with 

high-loading density of active material is one of the most practical strategies to increase 

the specific energy density of lithium-ion battery, while taking advantage of the current 

electrode chemistry. With the increasing of the NMC coating thickness, the energy 

density of cathode is enhanced due to the reduction of inactive materials. However, 

there is a deteriorated cycling performance and a more severe capacity loss at higher 

rate for thicker NMC coating, due to the higher internal resistance. Therefore, a 

compromise should be made considering the effects of thickness on the mechanical 

failure and electrochemical performance of NMC coating. 

5.4 Low cycle fatigue life of NMC coating 

The number of cycles to failure from experimental observation indicates that it 

is a strain-controlled low cycle fatigue failure, where the number is normally less than 

104. Based on the Manson and Coffin relation[45], the relationship between plastic 

strain and fatigue life can be expressed as: 

𝑙𝑔 KL(
?
= 𝑐 ∗ 𝑙𝑔_2𝑁-` + 𝑙𝑔_𝜀-́`                   (19) 

where GL(
?
 is the plastic strain amplitude, 2𝑁- is the number of reversals to failure,  

𝜀-́ is the fatigue ductility coefficient (an empirical constant), and c denotes the fatigue 

ductility exponent. 

To better describe the fatigue life simpler and clearer, the following equation is 

applied for the further analysis: 

𝑙𝑔𝛥𝜀8 = 𝑎 ∗ 𝑙𝑔_𝑁-` + 𝑏                        (20) 
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where a and b are fatigue constants. 

For the strain-life curve showed in Fig.8, the variable Δ𝜀8 is calculated by the 

DSCA on NMC with a thickness of 20 μm under the charging rate of 0.5C, 1C, 2C and 

3C. 𝑁- is determined from the electrochemical cyclic test, where it can be expressed 

as the corresponding cycle number at which the capacity of the cell decreased to 80% 

of the initial capacity. The fitted parameters, a=-2.44383 and b=4.4315 are based on the 

data presented in Table 2 using the least squares linear regression. It is worth 

mentioning that the parameterized strain-life curve plotted in Fig.8, can be applied to 

predict the life of NMC cathode under other charging rates and to compare the 

degradation of the experimental capacity. 

 

Figure 8 Strain-fatigue life curve of NMC cathode material with thickness of 20 μm  
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Table 2 Data collected from DSCA and charging-discharging tests for the strain-

life curve 

Charging rate 𝛥𝜀8	by DSCA 𝑁- by tests 

0.5 C 0.051344 206 

1 C 0.145918 155 

2 C 0.33045 105 

3 C 0.510841 82 

 

5.5 Cyclic plasticity behaviour of NMC coating subjected to charging-discharging 

cycles 

In this section, the cyclic plasticity behaviours of NMC coating of 20 μm 

thickness are further investigated by both the numerical analysis and experimental test 

when it is subjected to a charging rate of 1C and a constant pressure of 19.15 MPa, 

which corresponds to the cyclic load point (1,1) in Fig.6a. The experiment result of 

electrochemistry performance of cell at 1C shown in Fig.1d, indicates a steady decay 

of battery capacity and justifies the application of the DSCA. Figure 9a shows the 

contour of the plastic strain range and ratcheting strain of NMC cathode material under 

cyclic load point (1,1). The ratcheting strain in this work is defined as a net 

accumulation of plastic strain over the steady state cycle. It is obvious that the 

corresponding load case (1,1) in Fig.6a is located in the ratcheting region. It is indicated 

that there exists both fatigue and ratcheting under the load case (1,1), while the 

maximum value of plastic strain range of 0.146 at all integration point is located at the 
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centre of the structure and the maximum value of ratcheting strain 1.68e-02 is located 

on the edge of cathode. The plastic strain and ratcheting strain are observed to be located 

mainly on top surface of the cathode structure. Furthermore, it can be seen clearly that 

the ratcheting strain value of 6.64e-05 at the centre is much lower than the magnitude 

of plastic strain range 0.146, so the ratcheting of the centre can be ignored in this case. 

The ratcheting strain and plastic strain range on the edge is 1.68e-02 and 9.98e-02 

respectively, and both are greater than the ratcheting strain at the centre, indicating that 

the ratcheting mechanism of NMC coating mainly occurs on the edge under cyclic load 

point (1,1). The plastic strain range against the distance from the top surface to the 

bottom of the cathode is plotted in Fig 9b, where the plastic strain range drops 

significantly near the top surface of the NMC coating. In general, the top centre surface 

of the cathode exhibits the fatigue failure, while the edge of the top surface shows 

ratcheting behaviour due to the accumulation of plastic strain. The result indicates that 

the crack initiation is tend to occur at the centre of the cathode, while the accumulation 

of plastic deformation increment on the edge of cathode coating will cause the 

incremental plastic collapse of the coating.  

The ratcheting mechanism can also be observed after the cell charging-

discharging experiments (Fig.1d) by comparing the photographs of pristine NMC 

cathode and the cycled NMC cathode, as shown in Fig.9c. The active coating layer is 

subjected to the cyclic lithiation/delithiation at the charging rate of 1C and a constant 

pressure of 19.15 MPa, which suffers the accumulation of plastic deformation on the 

edge of the top surface, leading to incremental plastic collapse after a number of load 
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cycles. While the lithium ions are inserted into and extracted out at the interface of the 

cathode and electrolyte. It can be clearly observed from the cycled NMC cathode that 

debonding of active coating layer from the Al current collector tends to occur on the 

edge of the cathode surface, which is consistent with that observed from the above 

numerical results.  

 

 

 

Figure 9 (a) Contour map of plastic strain range and ratcheting strain of NMC active 

layer of 20 μm thickness for load point (1,1) along path (as defined in Fig.A2) (b) 

Plastic strain range variation along the thickness direction from the top surface of the 
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after cyclic charging-discharging test (right) 

To further study the fatigue mechanism indicated at the centre of the NMC 

structure under experimental condition aforementioned, the hysteresis loops are 

presented in Fig.10. Figure 10a and 10b represents the hysteresis loop of centre and 

edge for cyclic load point (1,1) respectively, which are based on the DSCA calculation 

of selected integration points during a steady charging-discharging cycle. A, B, C, and 

D represent the charging-discharging stages depicted in the Fig.3a. It is noted that the 

ratcheting strain behaviour at the edge of NMC coating is significant, while the 

ratcheting strain at the centre is negligible. The result is due to the different material 

responses between the centre and edge of NMC coating during the loading period C-D, 

whereby material continues to yield at the centre but exhibits elastic-plastic unloading 

behaviour at the edge of NMC coating. It is worth noting that the plastic strain range 

shown in Fig.10 can be used to calculate the low cycle fatigue life as shown in equation 

(20). 
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Figure 10 (a) hysteresis loop of the centre of NMC coating under cyclic load 

point (1,1) and (b) hysteresis loop of the edge of NMC active layer under cyclic load 

point (1,1) 
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6. Conclusions 

The cyclic plasticity behaviour and failure mechanism of NMC cathode coating 

are studied systematically based on the ABAQUS modelling, LMM numerical 

procedures and charging-discharging experiments. The results can be concluded as 

follows: 

1) Under the cyclic diffusion-induced stress and constant mechanical load, the 

shakedown and ratcheting boundaries of NMC cathode coating with 20 μm in 

thickness are obtained using the LMM and verified by step-by-step analysis. 

It is shown that typically a reverse plasticity mechanism occurs at the centre 

and ratcheting mechanism appears at the edge of NMC coating. 

2) To study the effect of the thickness of NMC coating, shakedown and 

ratcheting limit curves of NMC coating with various thickness, i.e.,10 μm, 20 

μm and 30 μm are compared. As a result of thin NMC active layer, a slight 

difference between the limit loads, with a more obvious constraint effect on a 

thinner coating leading to a slightly higher limit load. The reverse plastic limit 

and ratcheting limit increase with the increase of thickness. As the active layer 

becomes thinner, the cathode becomes more hazardous when subjected to the 

cyclic diffusion-induced stress. A compromise should be made considering 

the effects of thickness on the mechanical failure and electrochemical 

performance of NMC coating. 

3) Combining the experimental data collected from electrochemical experiments, 

strain-fatigue life curve is derived based on the DSCA analysis and fitted using 
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the least squares linear regression method, which can be used in the prediction 

of life of NMC cathode under varying charging-discharging rates. 

4) The cyclic plasticity behaviour of NMC coating of 20 μm thickness subjected 

to a charging rate of 1C and a constant pressure of 19.15 MPa are further 

investigated. Based on the numerical results, the accumulation of plastic 

deformation at the edge of cathode coating tends to result in a ratcheting 

mechanism, leading to an incremental plastic of the cathode, which is 

consistent with the experimental observation. While a low cycle fatigue tends 

to occur at the centre of NMC coating due to the larger plasticity range 

demonstrated in the derived hysteresis loops at the different locations. 
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