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H I G H L I G H T S

• Chemo-thermal stress includes thermal and chemical stresses.
• Thermal stress significantly impacts Chemo-thermal stress in ASSBs.
• LCO shows ~43 % lower chemo-thermal stress than chemical stress.
• Li0.5NCM955 and Li0.1NCM955 show ~42 % and ~15 % higher chemo-thermal stresses.
• CAM volume change is not a reliable indicator of mechanical stress levels.
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A B S T R A C T

The transition from conventional lithium-ion to all-solid-state lithium batteries (ASSBs) promises enhanced 
safety and higher energy density but also gives rise to new challenges, like capacity degradation due to enhanced 
mechanical stresses. This study addresses the often-overlooked residual (thermal) mechanical stress arising 
during manufacturing, which can significantly contribute to the overall mechanical stress. While stress evolution 
during battery operation is often only associated with the de-/lithiation-induced stresses from the active mate-
rial, we introduce a “chemo-thermal stress” description. By this integration of thermal and chemical stresses, we 
developed a more accurate level to simulate real-life conditions, especially for all-solid-state batteries. This 
holistic approach demonstrated for the first time, that thermal stresses from manufacturing can reduce the 
induced mechanical stress in LiCoO2 (LCO) during delithiation, resulting in the total chemo-thermal stress being 
approximately 43 % lower. In contrast, residual thermal stress exacerbates chemical stress in Li0.5NCM955 and 
Li0.1NCM955, leading to a principal stress increases of approximately 42 % and 15 %, respectively. We also 
examine the impact of microstructural design parameters, particularly the solid volume fraction of the cathode 
active material (CAM) and relative density, on the induced mechanical stresses within CAM and the solid 
electrolyte (SE). Our investigation reveals that the volume change in cathode active materials, a primary 
contributor to induced mechanical stress in ASSBs, is not a reliable factor for predicting final stresses in actual 
full battery cells. Additionally, our findings highlight LCO’s superior mechanical behavior compared to 
Li0.5NCM955 and Li0.1NCM955, attributed to lower overall stress and prevalent compressive stress, which mit-
igates failure risks in oxide materials.
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1. Introduction

The transition from liquid lithium-ion batteries (LIBs) to all-solid- 
state lithium batteries (ASSBs) by replacing the conventional liquid 
electrolyte with a ceramic, is a promising way to enhance safety and 
energy density [1–4]. However, challenges such as dendrite formation 
[5–8], undesirable chemical reactions which occur along the interface 
between cathode active material (CAM) and solid electrolyte (SE) 
[9–11], and the mechanical fatigue during cycling results in significant 
degradation [12–14] persist in impeding the progress of ASSBs. Me-
chanical stresses induced within the system are primarily due to the 
rigid constraint imposed by the SE on the volume changes of CAMs 
[15–17].

CAMs composed of layered transition metal oxides have garnered 
significant attention from researchers. LiCoO2 (LCO) is renowned for its 
electrochemical cyclability and high capacity [18–22]. However, LCO is 
marred by drawbacks stemming from its toxicity and high cost. 
Furthermore, its inherent structural instability results in a reduced 
experimental capacity, with a maximum achievable value of 140 mAh/g 
compared to theoretical 280 mAh/g. [23,24]. This spurred the explo-
ration of nickel-rich materials. Lithium nickel manganese cobalt oxide 
LiNi1-x-yCoxMnyO2 (NCM), is currently regarded as most promising 
active material attributed to its higher voltage plateau [25,26], higher 
energy density and lower cost [27–34]. However, it is important to note 
that during cycling, NCM also generates more heat and is more prone to 
structural degradation leading to diminished capacity retention 
[35–38]. Among NCM family, NCM955 is distinguished by its highest 
specific capacity of 215 mAh/g and affordability. This increased 
reversible capacity is attributed to its increased nickel content [39].

From the wide variety of solid Li ion conductors, garnet type 
Li7La3Zr2O12 (LLZO) attracts particular attention. LLZO provides a high 
room temperature ionic conductivity of more than 1 mScm− 1, low 
electronic conductivity, broad electrochemical stability window, and a 
unique chemical and electrochemical stability towards Li metal 
[40–44]. Stoichiometric LLZO (Li7La3Zr2O12) undergoes a volume 
change during the transition from the tetragonal to the cubic phase, this 
transition is primarily temperature-dependent. Buschmann et al. 
observed that a reversible tetragonal-to-cubic transition can be induced 
upon heating above ~100–150 ◦C [42]. However, the associated volume 
change is minimal. Geiger et al. reported that tetragonal Li7La3Zr2O12 
has lattice parameters a = 13.134(2) Å and c = 12.663(2) Å, while the 
cubic form has a = 12.943(1) Å, indicating only a slight volumetric 
variation [45]. Defect generation, such as hydration, can also induce 
minor volume changes in stoichiometric LLZO. Larraz et al. investigated 
the effect of hydration on tetragonal LLZO and reported a slight, 
reversible volume expansion (~0.78 %) when transitioning from the 
tetragonal phase (2173 Å3) to the cubic phase (2190 Å3) [46]. These 
minor volume fluctuations can be avoided by doping LLZO with ele-
ments such as Al and Ta, which stabilize the cubic phase. Besides a Li 
metal anode, the cathode will be decisive for the areal capacity and 
energy density of an ASSB. In order to realize such high energy density 
ASSBs, a thick composite cathode composed of intertwined SE (LLZO) 
and CAM particles to provide percolating pathways for ion and electron 
transport is needed. The fabrication of such LLZO garnet based com-
posite cathodes is challenging. High temperature co-sintering step of SE 
and CAM at temperatures above 1000 ◦C is necessary. Material 
compatibility issues and residual thermal stress are the consequences of 
the required thermal treatment. The thermodynamic stability issue of 
LLZO/CAM mixtures was already intensively investigated by several 
groups [47–54]. Out of the different CAMs known from LIBs, only 
LiCoO2 (LCO) was shown to be thermodynamically stable in combina-
tion with LLZO elevated temperatures, while other CAMs like NCM, 
LiNi0.8Co0.15Al0.05O2 (NCA), LiMn2O4 (LMO) and LiFePO4 (LFP) were 
shown to react already at moderate temperatures between 400 ◦C and 
800 ◦C.

Significant effort has been devoted to investigate the induced 

mechanical stress in composite cathodes of ASSBs during delithiation. 
However, the residual mechanical stress resulting from manufacturing 
processes, particularly thermal sintering, has often been disregarded. 
Yet, neglecting this aspect could compromise the accuracy of real-life 
calculations. In this study, we highlight the critical role of residual 
mechanical stress resulting from thermal strain mismatch between the 
CAM and SE during cooling after sintering (thermal stress). This residual 
stress significantly impacts the overall mechanical stress when com-
bined with the stress induced by the delithiation process (chemical 
stress). Therefore, we introduce the concept of “chemo-thermal stress” 
which encompasses both thermal and chemical stresses, to better reflect 
real-life conditions. Additionally, we examine the influence of micro-
structural design parameters (solid volume fraction of CAM and the 
relative density) on the thermal, chemical, and chemo-thermal stresses 
within the cathode active material and solid electrolyte. Our investiga-
tion reveals that the volume change of the cathode active material, a key 
contributor to induced mechanical stress in ASSBs, does not serve as a 
reliable criterion for comparing stresses across various materials or types 
of stress.

This research deliberately excludes the effect of grain sizes of both 
the cathode active material and the solid electrolyte on mechanical 
stress, as our previous study demonstrated that induced mechanical 
stress is independent of the grain sizes of the microstructural compo-
nents [55].

2. Experimental and simulation methods

2.1. Synthesis of experimental structure

The composite cathode consists of LiCoO2 (LCO) and aluminum and 
tantalum-substituted LLZO (nominal composition: Li6.45Al0.05La3Zr1.6-

Ta0.4O12), abbreviated as LLZO, was synthesized with a mass ratio of 2:1 
LCO to LLZO, via a modified solid-state reaction (SSR) method as pre-
viously described [56,57]. The cathode active materials LCO and 
NCM955 were purchased from the commercial suppliers MTI Corpora-
tion, Richmond, CA, USA and MSE Supplies LLC, Tucson, AZ, USA, 
respectively.

2.2. Characteristics of the microstructure

The percentage of cathode active material to the total solid phases in 
the composite cathode denoted by SVFCAM is given by: 

SVFCAM =
VCAM

VCAM + VLLZO
(1) 

Similarly, the ratio of solid electrolyte to the total solid components 
in the composite cathode denoted by SVFLLZO is given by: 

SVFLLZO =
VLLZO

VCAM + VLLZO
(2) 

Where VCAM and VLLZO are the volume fraction of cathode active mate-
rial (LCO, Li0.5NCM955and Li0.1NCM955) and the volume fraction of 
the solid electrolyte (LLZO) with respect to the total volume 
respectively.

The volumetric fraction of the composite cathode’s total solid com-
ponents to the total volume represents the relative density (ρ), which is 
given by: 

ρ=VCAM + VLLZO (3) 

2.3. Generation of representative volume element

Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) was 
employed to acquire a stack of SEM images of the cross section with a 50 
nm of voxel size. Subsequently, specially developed assorted computer- 
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aided methodologies were applied to construct a model representing the 
experimental configuration. Further exhaustive details regarding this 
procedural approach can be found in alternative sources [58,59]. During 
the analysis, a focused examination of material impact was carried out, 
specifically assessing LCO and NCM955 using identical microstructures. 
Roitzheim et al. [53] utilized microstructures of NCM/LLZO cathodes, 
which demonstrated similar porosity to LCO/LLZO cathodes. Their 
findings showed that replacing LCO with NCM has minimal impact on 
the cathode microstructure, owing to their similar hexagonal layered 
structures. Both exhibit size and shape attributes comparable to those of 
commercially sourced powders.

The composite cathode microstructures were generated using Geo-
Dict software, incorporating a Python script, following a series of steps 
outlined in Ref. [55]. Initially, grains of composite components (CAM 
and LLZO) were stacked to fill a domain measuring 400 × 200 × 300 
voxels (voxel length = 50 nm) from the positive z-direction. To align 
with experimental findings [59], hexagonal grains were horizontally 
oriented (parallel to the Y-axis) within the modelled sample The initial 
SVFCAM was set at 69.4 %, with average grain diameters of 2.00 μm for 
CAM and 1.41 μm for LLZO. Subsequently, the distribution step was 

initiated, ensuring the attainment of a homogenous representative 
structure. Regions displaying deviations in SVFCAM or lower back den-
sities were removed in the third step, reducing the domain size to 400 ×
200 × 200 voxels. The structure was then subjected to sintering using 
the Voronoi tessellation algorithm implemented in GeoDict [60] to 
achieve the targeted density value of 93.14 %. If necessary, the first four 
steps were iterated with adjusted input values for the SVFCAM and the ρ 
to ensure maximum deviations of 0.25 % from the target values. This 
achieved by utilizing the DFSANE algorithm (derivative-free spectral 
approach for solving nonlinear systems of equations) [61]. Fig. 1 shows 
the regenerated modelled microstructure consisting of CAM (LCO, 
Li0.5NCM955 or Li0.1NCM955) and LLZO.

2.4. Calculation of stiffness matrix of NCM955

Spin-polarized DFT calculations were then performed using the 
projector augmented wave (PAW) potential method [62] implemented 
in the Vienna Ab Initio Simulation Package (VASP) code [63]. General-
ized gradient approximation (GGA) within the scheme of Per-
dew–Burke–Ernzerhof (PBE) [64] was chosen as the 
exchange-correlation functional. To perform DFT calculations for dis-
charged and charged systems, we modelled LixNi0.9Co0.05Mn0.05O2 
(LixNCM955) structure (space group: R-3m) using 4 × 4 × 1 supercells. 
A gamma-centred k-point mesh of 2 × 2 × 2 was applied. An energy cut 
off of 800 eV as well as electronic and force convergence criteria of 10− 5 

eV and 10− 3 eV/Å, respectively, were used. For calculating elastic 
constants Cij, we fixed the magnetic moment and atomic coordinates to 
the optimized ones obtained for the equilibrium lattice parameters. Cij 
matrix was computed using the strain values of 0, ±0.5 %, and ±1 %.

2.5. Materials parameters

This study had been performed using half lithium concentration of 
LCO as the input parameter. While LCO, consistent with the behavior of 
most active materials, exhibits maximum strain at this concentration, 

Fig. 1. Regenerated modelled microstructure utilizing cathode active materials 
(CAM), LCO, Li0.5NCM955 or Li0.1NCM955. SVFCAM = 69.4 %, initial average 
grain size of CAM and LLZO are 2.00 μm and 1.43 μm respectively and ρ =
93.14 %.

Table 1 
Elastic parameters including the anisotropic stiffness matrix C, Young’s modulus E, and Poisson ratio ν for the cathode active materials 
LCO, NCM955, Li0.5CO, Li0.5NCM955, Li0.1NCM955 and the electrolyte material LLZO.

Material Elastic parameter Ref

LCO

C =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

339.79 101.6 65.78 − 6.39 0 0
339.79 65.78 0 0 0

214.67 0 0 0
sym. 51.47 0 0

51.47 0
119.095

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

GPa

[65]

NCM955

C =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

282.62 153.1 40.75 0 0 0
282.62 40.75 0 0 0

354.67 0 0 0
sym. 98.79 0 0

98.79 0
64.76

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

GPa

​

Li0.5CO2

C =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

303.86 101.71 32.58 0 7.31 0
318.93 28.66 0 − 3.93 0

98.93 0 7.03 0
sym. 18.02 0 − 2.46

15.73 0
101.94

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

GPa

[65]

Li0.5NCM955

C =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

279.1 117.8 107.7 0 0 0
279.1 107.7 0 0 0

184.6 0 0 0
sym. 75.2 0 0

75.2 0
80.6

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

GPa

[66]

Li0.1NCM955

C =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

278 91.5 114.2 0 0 0
278 114.2 0 0 0

158.7 0 0 0
sym. 70.6 0 0

70.6 0
93.2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

GPa

[66]

LLZO E = 146 GPa, 
ν = 0.26

[67–69]
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NCM955 behaves differently, in which a higher degree of delithiation is 
required to achieve maximum strain. Hence, Li0.1NCM955 was selected. 
Additionally, at half the lithium concentration of NCM955, its aniso-
tropic lattice strain shows the largest deviation. The stiffness matrices of 
the anisotropic materials, Young’s moduli and Poisson ratios of the 
isotropic materials are presented in Table 1. During the cooling stage 
subsequent to the sintering process, both the cathode active material and 
LLZO undergo contraction in all directions. Notably, LCO and NCM955 
exhibit distinct anisotropic behaviors during this phase. Therefore, an 
internal thermal stress would be induced ascribed to the difference in 
coefficient of (αTh) between CAM and LLZO. In-situ high temperature X- 
ray diffraction (HT-XRD), was utilized to determine the lattice param-
eters thereby quantifying the thermal strains (ϵTh) of LCO, NCM955 and 
LLZO. Temperature variations range from 0 to 1000 ◦C for LCO and 
LLZO powders, while for NCM955 the range is limited to 0–900 ◦C, as 
our experimental observations revealed decomposition of NCM955 
beyond this temperature. This distinction was essential to accurately 
represent realistic chemo-thermal stress conditions specific to each 
material. The temperature change rate was maintained at 5 K min− 1 to 
ensure precise experimental conditions. Additional information 
regarding this process is provided in the Supplementary information. 
The extraction of positive lithium ions during the delithiation of cathode 
active materials induces chemical strains (ϵChemical). For LCO and 
Li0.5NCM955, substantial expansion in c-axis is observed ascribed to the 
repulsive force between the resulted negative charged layers. 
Conversely, Li0.1NCM955 exhibits contraction along the c-axis.

Furthermore, cathode active materials with layered structure, 
exhibit contraction along both a and b-axes, which in turn leads to a net 
volume change of 1.91 %, 0.35 % and − 11.0 % for LCO, Li0.5NCM955 
and Li0.1NCM955 respectively. Doped LLZO doesn’t exhibit any volume 
change during delithiation due to the stability of its phase and Li con-
tent. The combination of thermal and chemical strains leads to the 
emergence of chemo-thermal strains (ϵChemo− thermal). Its significance lies 
in its representation of realistic behavior, taking into account both 
cooling after sintering and delithiation steps. The values of thermal, 
chemical and chemo-thermal strains for cathode active materials and 
LLZO are listed in Table 2.

In this study, stress histograms are used to display the differential 
relative frequency as a function of principal stress values, providing a 
detailed representation of stress distribution. More information can be 
found in Ref. [66]. The average of the principal stress Sall, was calcu-
lated using the ElastoDict FeelMath-LD module within GeoDict, devel-
oped by Math2Market GmbH [72,73]. While the standard deviation ΔS 
represents the width of distribution. Symmetric (Dirichlet) boundary 
conditions were applied in all directions. Small deformations were 
considered, as all deformations were within the small-scale range ≤5 %, 
thereby justifying the use of linear superposition for the calculation of 
chemo-thermal stress. Phase transformations are implicitly incorporated 
through the strain-based formulation. Although interfacial reactions 
may induce the formation of secondary phases, their influence is 
considered negligible due to their limited extent and the lack of 
well-characterized material properties for the resulting phases. Conse-
quently, it is reasonable to assume that the initial stress distribution 
within the grains is not significantly affected by such interfacial 
phenomena.

2.6. Definition of induced mechanical stress

The principal cause of induced mechanical stress in composite 
cathodes of ASSBs arise from the volume change of the CAM during 
delithiation, as well as the volume change in both the CAM and LLZO 
during the cooling down after sintering. In both instances, LLZO hinders 
the volume change of the CAM within the system, consequently leading 
to induced mechanical stress. The determination of volume change re-
lies on the strain values of these components. For CAM, the total strain 
(ϵCAM) in one direction (a, b and c-axes) is given by: 

(ϵCAM)i =
(
ϵLi

CAM
)

i +
(
ϵTh

CAM
)

i +
(
ϵEl

CAM
)

i (i= a, b, c) (4) 

Where ϵLi
CAM, ϵTh

CAM and ϵEl
CAM are the lithiation, thermal and elastic strains 

of CAM.
On other hand, LLZO has no volume change during cycling, hence, 

the total strain of LLZO (ϵLLZO) in given direction (a, b and c-axes) is 

Table 2 
Crystallographic strains for LCO, Li0.5NCM955 and Li0.1NCM955 in a-and c-axes 
and for LLZO, in the as-manufactured state, fully lithiated (ϵTh), chemically sub- 
stoichiometric lithium (ϵLi) and chemo-thermal (ϵchemo− thermal).

Material ϵTh ϵLi ϵchemo− thermal

Li0.5CO2 ϵa = − 1.53 × 10− 2 

ϵc = − 2.36 × 10− 2 

(Li1.0CoO2)

ϵa = − 2.3 × 10− 3 

ϵc = 2.39 × 10− 2 

[59,70,71]

ϵa =

− 1.76 × 10− 2 

ϵc =

2.38 × 10− 4

Li0.5NCM955 ϵa = − 1.91 × 10− 2 

ϵc = − 1.76 × 10− 2 

(Li1.0NCM955)

ϵa = − 1.23 × 10− 2 

ϵc = 2.81 × 10− 2 

[66]

ϵa =

− 3.14 × 10− 2 

ϵc =

1.04 × 10− 2

Li0.1NCM955 Same as 
Li0.5NCM955

ϵa = − 3.95 × 10− 2 

ϵc = − 3.09 × 10− 2 

[66]

ϵa =

− 5.86 × 10− 2 

ϵc =

− 4.85 × 10− 2

LLZO (LCO as 
CAM)

− 1.42 × 10− 2 0 − 1.42 × 10− 2

LLZO (NCM955 
as CAM)

− 1.32 × 10− 2 0 − 1.32 × 10− 2

Fig. 2. a-c) Variation of SVFCAM only (40, 60 and 80 %), d-f) variation of ρ only (50, 70 and 90 %). The fixed parameters values were as follow: SVFCAM = 69.4 %, ρ =

93.14%, dCAM = 2.00 μm and dLLZO = 1.41 μm.
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given by: 

(ϵLLZO)i =
(
ϵTh

LLZO
)

i +
(
ϵEl

LLZO
)

i (5) 

Where ϵTh
LLZO and ϵEl

LLZO are the thermal and elastic strains of LLZO phases, 
respectively.

The elastic strain of CAM and LLZO is linked to the stresses by Hook’s 
law: 

(σCAM)j =CCAM
ij

(
ϵEl

CAM
)

i (6) 

For LLZO: 

σi
LLZO =E

(
ϵEl

LLZO
)

i (7) 

2.7. Varying microstructural design parameters

One of the primary objectives of this study is to systematically 
investigate the impact of microstructural design parameters, including 
SVFCAM, and the porosity on the distribution of mechanical stress in 
different scenarios (thermal, chemical, and chemo-thermal). Accord-
ingly, each parameter is deliberately adjusted independently while 
fixing the others, employing a methodology similar to that described in 
Ref. [55]. Fig. 2 illustrates examples of each variation. The SVFCAM 

Fig. 3. The impact of SVFCAM on the principal stresses for CAM (LCO a-c, Li0.5NCM955 d-f and Li0.1NCM955 g-i) and LLZO in case of: a, d and g) thermal, b, e, and h) 
chemical and c, f and i) chemo-thermal stress. The fixed parameters values were as follow: SVFCAM = 69.4 %, ρ = 93.14%, dCAM = 2.00 μm and dLLZO = 1.41 μm.
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ranges from 5 to 95 %, while the percentage of porosity varies from 5 % 
to 60 %. Subsequently, each set undergoes mechanical characterization. 
It is noteworthy that the selected range for each parameter exceeds the 
values observed in experimental cells, extending to extreme values un-
attainable in real-life scenarios. The practical range of SVFCAM typically 
falls between 33 % and 66 %. In contrast, the porosity values achieved 
through unoptimized free sintering range from 30 % to 55 %, whereas 
for optimized and pressure-assisted sintering, it falls between 5 % and 
20 %. The approach used to investigate the effect of a singular micro-
structural parameter highlights the significant advantages of modeling 
over experimentation in such research.

3. Results and discussion

3.1. Impact of microstructural design parameters on induced mechanical 
stress

The influence of microstructural design parameters on mechanical 
stresses in composite cathodes of ASSBs was investigated. These pa-
rameters included SVFCAM and ρ. The study investigated thermal, 
chemical, and chemo-thermal stresses, considering scenarios with LCO, 
Li0.5CO, Li0.5NCM955, and Li0.1NCM955 as CAMs

The parameter governing the cell’s capacity is the ratio of active material 

Fig. 4. The impact of ρ on the principal stresses for CAM (LCO a-c, Li0.5NCM955 d-f and Li0.1NCM955 g-i) and LLZO in case of: a, d and g) thermal, b, e and h) 
chemical and c, f and i) chemo-thermal stress. The fixed parameters values were as follow: SVFCAM = 69.4 %, ρ = 93.14%, dCAM = 2.00 μm and dLLZO = 1.41 μm.
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to solid electrolyte within the composite cathode. Bulk LLZO materializes 
when SVFCAM is absent. Hence, stress-free state for LLZO occurred. As 
the SVFCAM increases, the number of adjacent LLZO grains constraining 
the volume change of CAM grains decreases, being substituted by CAM 
grains. This substitution facilitates the volume change of CAM grains, 
resulting in reduced induced mechanical stress within CAM (Fig. 3a–i). 
However, the sensitivity of CAM stress to the increase in SVFCAM is 
relatively low in the range of 5–20 %, ascribed to the insignificant in-
crease in the number of CAM grains within this range due to their 
relatively larger volume compared to LLZO grains. A notable increase in 
the number of CAM grains begins at SVFCAM = 30 %, leading to higher 
stress sensitivity to the increase in SVFCAM This is reflected in a signif-
icant linear reduction in stress values observed beyond SVFCAM = 20 %.

Meanwhile, as SVFCAM increases, the number of LLZO grains signif-
icantly decreases. This reduction leads to greater sensitivity of LLZO 
stress to variations in SVFCAM, characterized by a significant increase in 
LLZO stress following a continuous linear trend under these conditions 
(Fig. 3a–i). Bulk CAM is present when the solid volume fraction of solid 
electrolyte reaches 0 %, leading to the disappearance of LLZO in the 
framework. Therefore, the constraints of LLZO vanishes leading to 
stress-free state for aligned CAM.

The percentage of porosity in the structure is represented by ρ. The 
existence of residual porosity in the microstructure is essential, as it 
facilitates the volume change in the cathode active material and in-
troduces a strain tolerance. In the context of a highly porous structure (ρ 
= 45 %), LLZO exerts lower constraints on CAM, due to lower coordi-
nation number of particles. As a result, a notably diminished mechanical 
stress is observed.

By increasing ρ, the mechanical stress of CAM and LLZO exhibits a 
progressive augmentation due to reduced degree of freedom in volume 
change for both CAM and LLZO (Fig. 4).

During the thermal scenario, CAM and LLZO experience tensile and 
compressive stresses, respectively, due to the higher contraction strains 
of CAM compared to LLZO (Fig. 3a–d and g) and (Fig. 4a–d and g). In 
contrast, during delithiation, both Li0.5CO and LLZO exhibit stress 
inversion, with LCO undergoing compressive stress and LLZO experi-
encing tensile stress (Fig. 3b–e and h) and (Fig. 4b–e and h). On the other 
hand, Li0.5NCM955 continues to experience tensile stress despite its 
volume expansion, while LLZO undergoes compressive stress during 
delithiation. This behavior will be discussed in detail in section (3.2.2).

Meanwhile, Li0.1NCM955 and LLZO remain under tensile and 
compressive stresses, respectively, attributed to the higher volume 
contraction of Li0.1NCM955 compared to LLZO.

The stress inversion observed in the Li0.5CO/LLZO system persists 
under chemo-thermal conditions (Fig. 3c–f and i) and (Fig. 4c–f and i), 
ascribed to the greater volume expansion of Li0.5CO relative to the 
volume contraction of LLZO. In contrast, both Li0.5NCM955/LLZO and 
Li0.1NCM955/LLZO systems maintain their respective stress types dur-
ing the chemo-thermal case, due to the higher volume contraction of 
both Li0.5NCM955 and Li0.1NCM955 compared to that of LLZO.

3.2. Effect of residual thermal stress on the total induced mechanical 
stress

3.2.1. Thermal stress
During cooling down after sintering, the composite components 

undergo a contraction along distinct crystallographic axes (a, b, and c- 
axes), inducing multidirectional shrinkage. Which in turn forming a 
thermal strain (ϵTh), with the thermal expansion coefficient serving as a 
critical parameter.

Thermal strains observed in both LCO and NCM955 are higher than 
those in LLZO, ascribed to the higher thermal expansion coefficients of 
LCO and NCM955 compared to LLZO. In essence, LCO and NCM955 
exhibit higher sensitivity to thermal treatment relative to LLZO. 
Consequently, LLZO appears to impede the shrinking of LCO and 
NCM955, exhibiting a smaller negative volume change compared to the 
cathode active materials. While this trend is general, it is particularly 
pronounced in the LCO/LLZO system along the c-axis compared to the a 
and b-axes. Conversely, in the case of NCM955/LLZO, the effect is more 
noticeable along both the a and b-axes. Within this framework, both ϵC

LCO 

and ϵa,b
LCO exhibit negative sign due to the shrinking process. Resulting a 

net tensile principal stresses in LCO and compressive principal stress in 
LLZO along theses axes (Fig. 5a–c). Similar trend and explanation apply 
for NCM955 (Fig. 5d–f). In our modelled regenerated structure, the 
overall induced thermal stress of NCM955 SNCM955

all is higher than that of 
LCO SLCO

all (0.220 ± 0.30 GPa and 0.13 ± 0.22 GPa), respectively. 
(Fig. 5f–c).

3.2.2. Chemical stress
The dissipation of LLZO-induced strains during delithiation of the 

composite cathode is attributed to the absence of volume change within 
the LLZO phase.

Li0.5CO tends to shrink along a and b-axes inducing mechanical stress 
ascribed to the constrained LLZO phase which hinders the contraction of 
Li0.5CO along these axes. The value of the strain change increases with 

Fig. 5. Thermal principal stress (Sall) of LCO and NCM955 in the regenerated modelled microstructure a and d) in a-axis, b and e) in c-axis, c and f) the net 
principal stress.
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distance from the interface between the cathode active material and 
LLZO. Leading to positive sign of σa,b

LCO indicating very mild tensile 
principal stresses, while on other hand σa,b

LLZO will have negative sign, 
indicating slight compressive principal stress. (Fig. 6a). The scenario in 
the c-axis undergoes a complete inversion. Where, LLZO phase restricts 
the expansion of LCO along this axis, the total strain values of LCO are 
gradually increased as we move away of the interface between cathode 
active materials and LLZO, allowing the cathode active materials to 
freely expand. A similar trend is observed in LLZO. Where, the strain 
values decrease gradually as we move away from the interface. In this 
context, ϵC

LCO exhibits positive sign due to the expansion process. 
Consequently, the sign of σc

LCO will be negative indicating to a 
compressive principal stress, while the sign of σc

LLZO LLZO will be posi-
tive indicating tensile principal stresses in this direction (Fig. 6b). The 
sign of net principal stress is determined by both the strain in each di-
rection and by the resistance to deformation in each direction. In the 
LCO/LLZO system, ϵC

LCO is tenfold greater than ϵa,b
LCO. This leads to higher 

value of σc
LCO compared to σa,b

LCO, in spite of that CC
LCO is about 0.33 times 

lower than Ca
LCO. Resulting in a negative sign of SLCO

all , indicative of a net 
compressive principal stress, while SLLZO

all will exhibit a positive sign, 
indicating a net tensile principal stress (Fig. 6c). In our modelled re-
generated structure, LCO exhibits a compressive stress of − 0.11 ± 0.31 
GPa.

Similar behavior is observed in the Li0.5NCM955/LLZO system, 
where the material contracts along both the a and b axes. This 
contraction induces mechanical stress due to the adjacent LLZO, which 
impedes the contraction of Li0.5NCM955 along these axes. Leading to 
positive sign of σa,b

Li0.5NCM955 indicating tensile principal stresses. 

Conversely, σa,b
LLZO exhibits a negative sign, indicating compressive 

principal stresses. (Fig. 6d). Along the c-axis, the scenario is reversed. 
The LLZO phase restricts the expansion of Li0.5NCM955 along this axis. 
The strain values in Li0.5NCM955 gradually increase with distance from 

the interface between the cathode active material and LLZO, allowing 
for free expansion of the cathode material. Similarly, in LLZO, strain 
values gradually decrease with increasing distance from the interface, 
leading to negative sign of σc

Li0.5NCM955 indicating to a compressive 
principal stress, while the sign of σc

LLZO LLZO is positive indicating to a 
tensile principal stress in this direction (Fig. 6e). Despite the value of 
ϵC

Li0.5NCM955 is about 2.3 times higher than ϵa,b
Li0.5NCM955, which in turn leads 

to a positive volume change in Li0.5NCM955 yet, it is not sufficient 
enough to overcome the partially tensile stress, ascribed to 0.6 times 
lower CC

Li0.5NCM955 compared to Ca
Li0.5NCM955, leaving the induced tensile 

stress along both a and b-axes to be dominant in the system. Conse-
quently, SLi0.5NCM955

all will exhibit a positive sign, indicating a net tensile 
principal stress of 0.32 ± 0.69 GPa, while SLLZO

all will have a negative sign, 
indicating a net compressive principal stress (Fig. 6f). In the 
Li0.1NCM955/LLZO system, Li0.1NCM955 shows similar behavior as 
NCM955 in the thermal case, where it has a negative volume change 
owed to the contraction of Li0.1NCM955 in all directions leading to an 
induced tensile principal stress in all direction as well (Fig. 6g and h). 
Consequently, SLi0.1NCM955

all will exhibit a positive sign, indicating a net 
tensile principal stress of 1.34 ± 1.76 GPa for our modelled structure, 
while SLLZO

all exhibits a negative sign, indicating a net compressive prin-
cipal stress (Fig. 6i).

3.2.3. Chemo-thermal stress
The chemo-thermal stress integrates both thermal and chemical 

contributions and considers the residual stress from cooling after sin-
tering as well as due to electrochemical cycling.

In the LCO/LLZO system, negative strains are induced in both LCO 
and LLZO due to contraction during cooling after sintering. These 
negative strains partially offset the positive strains developed in LCO 
during delithiation, thus reducing the overall strain and minimizing the 
strain difference between LCO and LLZO in the chemo-thermal phase. 

Fig. 6. Chemical principal stress (Sall) histogram of LCO Li0.5NCM955and Li0.1NCM955 in the regenerated modelled microstructure, a, d and g) in a-axis, b, e and h) 
in c-axis, c, f and i) the net principal stress.
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Our simulation calculations demonstrate that the net induced 
compressive stress in Li0.5CO during the delithiation process surpasses 
the net induced tensile stress during post-sintering cooling. This results 
in a reduced overall compressive stress within LCO. Similarly, for LLZO, 
the net induced tensile stress is reduced (Fig. 3a–c and Fig. 4a–c). Our 
computational model quantifies the chemo-thermal stress in Li0.5CO as 
− 0.02 ± 0.22 GPa (Fig. 7a), approximately 43 % lower than the induced 
principal stress during delithiation. The behavior differs markedly in 
systems using Li0.5NCM955 and Li0.1NCM955 as cathode active mate-
rials with LLZO as the solid electrolyte. For Li0.5NCM955, our results 
show that the negative strains induced during cooling down after sin-
tering amplified the dominant negative strains in a and b-axes during 
delithiation. While on other hand, it reduces the positive strain along the 
c-axis induced during delithiation, leading to higher strain differences 
between Li0.5NCM955 and LLZO in the chemo-thermal case. While for 
Li0.1NCM955, the negative strains in NCM955 induced during cooling 
down after sintering amplifies the negative strains induced during 
delithiation in all axes. Resulting in a higher net strain and, therefore, a 
greater strain difference between Li0.1NCM955 and LLZO in the chemo- 
thermal case. In these configurations, both the thermal and chemical 
stresses in the cathode materials are tensile. Consequently, the net ten-
sile chemo-thermal stress in Li0.5NCM955 and Li0.1NCM955 is substan-
tially higher than the individual thermal or chemical stresses alone 
(Fig. 3d–i and Fig. 4d–i). Specifically, our models show chemo-thermal 
stress values of 0.23 ± 0.78 GPa for Li0.5NCM955 and 1.50 ± 2.0 GPa for 
Li0.1NCM955 (Fig. 7b and c). The induced principal stress in 
Li0.5NCM955 and Li0.1NCM955 during the chemo-thermal case is 
approximately 42 % and 15 % higher, respectively, than during deli-
thiation. This dominant tensile stress environment within these cathode 
materials aligns with the higher tensile stresses observed during both 
electrochemical and thermal processes. While for LLZO, in these sys-
tems, the net compressive principal stresses are higher than the thermal 
and chemical stresses (Fig. 3d–i and Fig. 4d–i).

4. Conclusion

In this paper, we emphasize the critical significance of residual stress 
after sintering on the overall mechanical stress in all-solid-state batteries 
(ASSBs), while previous researches primarily focused on chemically- 
induced mechanical stress during delithiation. Our study addresses 
this gap by accounting for what we term “chemo-thermal” stress. Our 
findings demonstrate that for LCO, thermal stress significantly reduces 
the stress induced during delithiation, resulting in a chemo-thermal 
stress is approximately 43 % lower than the delithiation stress alone. 
In contrast, for both Li0.5NCM955 and Li0.1NCM955, the chemo-thermal 
principal stress in Li0.5NCM955 approximately 42 % higher when 
considering delithiation only, (Li0.1NCM955 being around 15 % higher). 
This allows us to introduce the chemo-thermal stress as the worst-case 
scenario which should be addressed. The use of LCO is more reliable 
than both Li0.5NCM955 and Li0.1NCM955 regarding to the mechanical 
properties. This is not only attributed to its lower chemo-thermal stress, 
but also to the fact that compressive stresses are less likely to cause 
failure in oxide materials compared to tensile stresses [66]. Moreover, 

our results show that CAM volume change is not a reliable indicator for 
comparing mechanical stresses across materials or stress types. Despite 
Li0.5NCM955 exhibiting a lower positive volume change compared to 
Li0.5CO during delithiation, the induced tensile mechanical stress is even 
higher than the induced compressive mechanical stress in Li0.5CO. Our 
results confirm the findings from our previous study [55] regarding the 
effect of microstructural design parameters (SVFCAM and ρ) on me-
chanical stress. Specifically, the mechanical stress in composite com-
ponents is inversely proportional to their SVF and directly proportional 
to their ρ.

While this study is limited to numerical modeling, different com-
posite cathode samples will be experimentally fabricated and cycled, 
followed by ex situ XRD measurements to assess their mechanical 
stresses and validate the modeling approach.
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