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S1. Creep/contact electro-chemo-mechanical model

This section presents the detailed derivation of the creep/contact model. The model can be
divided into three parts: Li* transport in solid electrolyte (SE), creep stress in Lithium (Li) metal,
and linking Li* transport and creep stress of Li metal. The governing equations of the creep/contact
model are summarized in Figure S2.

S1.1 Li* transport in SE

The solid-state batteries are packed by the external pressure. Thus, the local electro-chemical
potential of the Li* in the SE is controlled by the Li* concentration, electrostatic potential and

pressure, and it can be expressed as
7 :luEi+ +RTInc, +Fo +v P (S1)

where u2i+ denotes the reference chemical potential of Li*. R and T are the molar gas constant and
temperature respectively. ¢+ is the concentration of the Li* in SE. F is the Faraday’s constant. ¢se
is the electrostatic potential in the SE. vsePse is the mechanical potential which refers to the
mechanical contribution that shifts the electrochemical potential of the SE, where vse is the molar
volume of the SE (e.g., LLZO) and Pse is the hydrostatic pressure. The detailed derivation of the
mechanical potential can be found in our previous work!4.

Then, the flux of Li* in the SE can be derived from the gradient of the electrochemical potential,

and it can be written as

N, =-Mc,Vu ..

(S2)
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where M is the mobility of Li* in SE. According to the Einstein relation, it can be expressed as
MRT=Dsg, where Dsk is the diffusion coefficient of Li* in SE. Thus, Li* diffusion equation can be

expressed as
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The electrostatic potential is governed by the Poisson equation, and expressed as
V-0V =0 (S4)

where ose is the ionic conductivity of Li* in the SE. For the deformation of SE, the mechanical
response can be described as the linear elastic relationship between the elastic modulus and strain.
Distributions of the mechanical stress and strain of the SE can be obtained by solving the stress
equilibrium equation which can be written as

V-o,=0 (S5)
where os is the stress in the SE.

S1.2 Creep stress in Li metal

Due to the strain-rate-dependent creep deformation behavior of Li metal, we suggest that Li
metal could behave like an incompressible viscous fluid, where the hardness of Li metal (~MPa)?!
is much smaller than that of the SE (~GPa)El. Then, we introduce the fluid-structure interaction
(FSI) theory to couple Li metal and SE when Li metal anode contacting the mechanically hard SE,
as shown in Figure S1. The metal flow of the relatively soft Li is treated by using viscous creeping
flow with negligible elastic strain (i.e., incompressible). The constitutive relationship of the Li
metal is obtained in terms of the experimentally measured power-law creep model™, and it can be

expressed as:
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where ocreep and £.,.cp, are, respectively, the creep stress and the corresponding strain rate on Li
deformation. Ac is a material-specific creep parameter. m is the power-law creep exponent of Li
metal. Qc is the activation energy for dislocation climb. And in the time-dependent deformation,

the strain rate is defined as
{.‘:cree = 1 (VU + VUT ) (87)
"2

where u is the displacement rate.
Leaving out the time dependence and the advective terms, the obtained creep flow governing
equation is a steady state momentum conservation equation, and it can be expressed as
ym
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And then the stress can be written as

.\
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where p is the effective pressure. I is the unit tensor in the Lagrange coordinate. djj is the Kronecker
symbol. Furthermore, by fitting the creep law (i.e., Equation S6) and treating the Li metal flow as

the viscous creeping flow, then, the metal pseudo-viscosity 7creep is Obtained. Then, the Equation

S8 can be expressed as the Stokes equation with small Reynolds number (i.e., Re<<1),
VPl 4771 VU =0 (S10)
The Stokes equation (i.e., Equation S10) of the Li metal creep flow, is solved together with the

mass transport, electrostatic Poisson’s equation and stress equilibrium equations in the SE.

S1.3 Linking Li* transport and creep stress of Li metal



The interaction between Li metal and SE at the Li/SE interface is the most important point to
couple Li metal creep flow and SE. It can be account for the electrochemical and mechanical
responses in a bidirectional manner and described as the boundary terms at the Li/SE interface. On
the one hand, the Li* diffusion equation can be solved by including the boundary condition of the
diffusional potential that is a function of creep stress and electrostatic potential. The diffusion
potential boundary condition can be expressed as

O, =u, +V-Ap,; (S11)
where uo is the reference electrochemical potential of Li* at the Li/SE interface. Vi; is the molar
volume of Li metal. APy is the hydrostatic pressure difference between the deformed and
undeformed states at the contact surface of the Li metal. ViiAPLi refers to the mechanical
contribution that shifts the electrochemical potential at the interface.

The diffusional potential ®, can be account for the interfacial reaction kinetics which is driven
by the electrochemical potential and mechanical stress during charging/discharging conditions.

Considering that the mechanical stress impacts the reaction kinetics, the modified Butler-Volmer

equation which is extended by Monroe and Newman[®!, can be introduced

P (1_aa )VLiApLi AR/ AR/
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where I, is the reference exchange current density. The anodic and cathodic charge transfer

coefficientsyield o, =1 — a and a, = «a, respectively, where a is an asymmetric factor varying
from 0 to 1 and is set as to 0.5 in this study. #t is the total overpotential at the interface, and it can

be given as nwt=ne+vLiPLI/F, where 7, is the electrochemical overpotential, and v.iPLi/F refers to



the mechanical overpotential. The interfacial Li* flux is related to the local current density, and
expressed as

i interface
erface S13

NI =
where iinterface 1S the local current density at the Li/SE interface. And the reference exchange current

density is given ast>®l:

e =F -k (c.)" (S14)

where Kref is the reference rate of the interfacial reaction during Li stripping or Li deposition.
Therefore, combing Equation S11-S14, the diffusional potential boundary condition can be
replaced by the interfacial flux boundary condition, which is related to the interfacial reaction rate

(stripping rate or deposition rate) and mechanical stress. It can be written as

A (1_aa)v IAp i a, 770 _aano
Ro=(c.) -kref-exp( ot || exp| Sl |exp| e (S15)

On the other hand, the interfacial strain rate depends on the interface reaction rate and external

pressure, thus, the gradient of the Li* flux can be treated as the strain rate of the creep deformation.
And the obtained creep strain rate can be used as the boundary condition for the Li metal creep
flow equation. Of particular note is that the strain rate boundary condition can be expressed in

terms of the metal displacement rate, i.e.,

U, + AV, -NY (S16)
where ugp refers to the external pressure contributed interfacial displacement rate. N9 is the Li*
flux at the Li/SE interface. + and — represent the Li deposition process and Li stripping process,

respectively. g is the relative volume change between the Li metal lattice and the SE lattice, herein,

it is defined as 3.5 which is the ratio of the Li metal lattice constant and LLZO lattice constant. In
6



addition, for Li deposition, the interfacial momentum balance should be maintained due to the well
contacted interface, i.e., 5cep - M + 09 - m = 0, where n is the interface normal vector, 5y, i

the stress at the Li metal boundary and o2 is the stress at the SE boundary. However, for Li
dissolution, owing to the depletion of Li atoms and consequently contact loss, the aforementioned
interfacial momentum balance is hardly to maintained.

Recent experiments exhibit that the size effect takes an important role in the mechanical
properties (such as yield strength) and the interface stress for lithium metal. The traditionally
measured yield strength is in the range of 0.6~1.26 MPal>*" from bulk testing (i.e., macroscopic
samples of Li). However, for nanoindentation or micropillar testing (length scale < 100 um), Matt
Pharr et al.[l show that the yield strength of Li varies between 6.7 and 14 MPa for the length scale
of Li between 10 and 2.3 um. Greer et al.l¥l report that the yield strength of Li pillars between 10
and 100 MPa with the length scale between 10 and 1pm.

Besides the yield strength, the stress exponent and interfacial stress show the size-dependance
as well. The stress exponent of bulk Li is about 6.55~6.6!2*7], while the nanoindentation testing
shows the stress exponent value of 6.9?1. Zhang et al.l®! report that the interfacial compressive
stress varies between 10 and 130 MPa with the equivalent diameter of Li whisker between 600
and 100nm. Hence, the mechanical behavior of Li metal exhibits the significant size dependence.

However, considering that the measured yield strength and compressive stress differ
significantly from one research work to another. More experimental measurements should be
applied to reveal the size-dependence on Li metal. Therefore, our work is not included the size-
dependence on the mechanical behavior of Li metal. Since our simulation is at microscale the yield
strength we used is 14 MPa, obtained from Zhang!*® whose analysis suggests that a reasonable

estimation of the Li yield strength is 16 £ 2 MPa at microscale.
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Figure S1. Hypothesis: analogy of Li/SE interaction to fluid-structure interaction due to the strain-

rate dependent creep deformation mechanism of Li metal.
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Figure S2. Governing equations of the creep/contact model and boundary terms to couple Li

metal and SE at the Li/SE interface.



S2. Calculation of Jgiffusion

This section presents the detailed procedure to calculate the maximum concentration of
vacancies at an ideal flat Li/SE interface which is an important input to compute Jgitfusion, aS given
in the follow:

Ciac Dvac
‘Jdiﬁusion = (1_ CT] C\(/)ac T_ (817)

vac
where cvac is the maximum value of the concentration of the vacancies at the Li/SE interface which
depends on the current density during stripping***3l. c2,. is the equilibrium concentration of Li
vacancies, and is approximately 8x10° mol/cm?® which are estimated by ab initio calculations*4l.
Duac is the diffusion coefficient of Li vacancies and is around 102° cm?/s at room temperature!*>-
7, 7qc is the relaxation time of Li vacancies, which is assumed to be approximately 5 {8l
Herein, we perform the one-dimensional (1D) creep/contact model with an ideal flat Li/SE
interface to calculate the Li* concentration which can be used to estimate the maximum
concentration of vacancies, as shown in Figure S3. In principle, for the Li stripping process, a Li
atom at the surface of Li metal lost the electron, and consequently producing a Li*. The produced
Li* passes the Li/SE interface and toward the bulk LLZO, leaving an electron and a vacant site in
the surface of Li metal. Thus, the number of generated vacancies is equivalent to that of the
produced Li*. Therefore, we can use the interfacial Li* concentration to simply estimate the
maximum concentration of vacancies at an ideal flat Li/SE interface. By performing the 1D
creep/contact model, the calculated interfacial Li* concentration (captured at 2000s at which the
equilibrium is almost achieved, see Figure S3a) is used as the maximum concentration of vacancies

at the interface i.e., cvac = C+ (t=2000 s), as shown in Figure S3b.
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Figure S3. (a) Distribution of the Li* concentration in SE as a function of current density under a
stack pressure of 3 MPa. (b) The maximum concentration of vacancies (Cvac) at an ideal flat

interface as a function of current density.
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S3. Validation of the creep/contact model and calibration of Jereep and Jaitfusion

This section presents the detailed procedure to validate the developed creep/contact model and
calibrate Jcreep and Jaiffusion. Firstly, several simulations are performed to validate the model. The
initial and boundary conditions are shown in Figure S5. All simulation parameters are listed in
Table S1. Figure 2e shows the calculated compressive stress at the Li/SE interface as a function
of stack pressure together with the experimental and simulation reported results. It is observed that
the calculated compressive stress is in the range from 1 to 15 MPa when subjected to a stack
pressure from 1 to 15 MPa. Although recent experimental measured and simulation calculated Li
stress differs vastly from one to another, the magnitude of the Li stress is in the range from 3 to
1000 MPal®1018-211 " And our calculated Li stress generally falls in the reasonable range of those

reported values.

Then, Jereep and Juifrusion 1S calibrated by using the experimental reported results. According to
recent experimental measurements(?>2%l, the critical stack pressures of preventing void formation
are 0.4, 2, 3 and 7 MPa in the Li-SE systems during stripping, under the condition of the applied
current densities of 0.1, 0.4, 0.2 and 1.0 mA/cm?, respectively. Based on above, we can estimate
that Jereep =Jmigration, thus, the corresponding Jereep is 1.04x1073, 4.15x103, 2.08x10° and 0.01
pmol/(cm? ). So, we determined Jereep Values by changing the value of jo and 4 until Jereep generally
agrees with those experimental results, as depicted in Figure 2f. The calibrated jo and 4 are 0.0025
pmol/(cm? s) and 44.17 respectively. In addition, 1 is related to the creep deformation-induced
dislocation density of Li metal. jo is the flux of the vacancy transported away from the interface
without pressure, in other words, Jaitiusion 1S equal to jo at the scenario of no-ideal Li/SE interface

with pre-existing defects and is 0.0025 pmol/(cm? s).
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S4. Effect of the pre-existing interfacial defects on the vacancy concentration

This section presents the detailed simulation procedure to explore the effect of the pre-existing
interfacial defects on the vacancy concentration. The governing equation of the vacancy diffusion
can be expressed as

B _y.D, Voo +R 519)

where Ry is the generation (or trapped) rate, Rvacancy (OF Rirap), OF the vacancies at the interface (or
pre-existing defects surface).

To obtain the distribution of the interfacial vacancy concentration, the vacancy diffusion model
is performed at the ideal flat Li/SE interface and non-ideal Li/SE interface (with pre-existing
defects), respectively. Figure S4a and S4b show the initial and boundary conditions of the
simulations. The initial vacancy concentration, cvac(t=0) is set as 8x10° mol/cm® which is the
equilibrium concentration of the vacancies and estimated by ab initio calculations*¥l. The Dirichlet
boundary is applied at the left side of the Li metal with the vacancy concentration of 8x10°
mol/cm?3. The Neumann boundary is applied at the Li/SE interface with the generation rate of the
vacancies, Rvacancy =3.94x10™* umol/(cm? s), which is approximately to the generation rate of Li*
at the current density of 0.1 mA/cm?. While for the surface of the pre-existing defects, the
Neumann boundary is applied with the trapped/absorption rate of the vacancies, Rirap=-1.97x10*
pmol/(cm? s), which is careful chosen and calibrated to keep the Jairrusion (Calibrated in Supporting
Information S3) approximately the value of 0.0025 pmol/(cm? s). As observed in Figure S4c and
S4d, the interfacial vacancy concentration is remarkable decreased at the non-ideal interface with

pre-existing defects, comparing to that at the ideal flat interface. This confirms that the maximum

12



concentration of the vacancy is reduced at the non-ideal Li/SE interface due to the pre-existing

defects.

a |deal flat Li/SE interface c Vacancy concentration

+— C%,.,=8x10° mol/cm? et
igh vacancy

Cac(t=0)= 8x102 mol/cm?® concentration
at interface

Ryacancy=3.94x104
pmol/(cm? s)

5um

Non-ideal Li/SE interface with pre-existing defects Vacancy concentration

b d
+— (9,,,=8x10° mol/cm? \ Lower vacancy
C,.(t=0)= 8x10-¢ mol/cm3 o concentration
Pre-existing at interface
defects
Ryap=-1.97x104 trap/absorb
pmol/(cmZ s) vacancies
Ryacanc,=3-94x10
5um pumol/(cm? s)
Li metal Li/SE interface

Figure S4. The geometry and initial and boundary conditions of the vacancy diffusion at the case
of (a) ideal flat Li/SE interface and (b) non-ideal Li/SE interface with pre-existing defects, and the

corresponding vacancy concentration profile is shown in (c) and (d) respectively.
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S5. Simulation details for 1D creep/contact model

This section presents the simulation details of the 1D creep/contact model. The simulation is
carried out in COMSOL Multiphysics 5.4, employing the finite element methods. The model
involves four governing equations: Equation S3-S5 and S10, which governs Li* concentration (c+),
electric field (¢se), stress distribution of SE and creep flow stress of Li metal, respectively. Figure
S5 illustrates the geometry and initial and boundary conditions for all equations. The thickness of
Li metal and SE are set as 20 and 60 um, respectively. We set the initial electric potential in the
SE is 0 V, and the initial Li* concentration in the SE is 1 mol/L. The initial stress and displacement
in both Li metal and SE domains are zero. The Dirichlet boundary and Neumann condition are
applied at the opposite side of SE with the Li* concentration of 1 mol/L and the output current
density iout, respectively. And the left boundaries of SE are subjected to Equation S12 and S15,
respectively. In mechanics part, for SE, the right boundary is fixed, and the left boundary is
subjected to either fixed displacement or stack pressure. For Li metal, the left boundary is fixed,
and the right boundary is subjected to Equation S16. The other model parameters are listed in

Table S1.
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Figure S5. The geometry and initial and boundary conditions of the 1D creep/contact model.
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S6. Simulation details for 2D creep/contact model

In this section, the simulation details of the 2D creep/contact model are presented. Similarly,
simulations are performed in COMSOL Multiphysics 5.4, which based on finite element method.
The tetrahedral mesh is applied and fined enough near the pore region such that the calculations
are run smoothly. The model involves four governing equations, i.e., Equation S3-S5 and S10.
Figure S6 shows the geometry and initial and boundary conditions for all equations. The domain
size is 80 x 40 um. The initial pore is located at the center of the Li/SE interface. The thickness of
Li metal and SE is 20 and 60 um, respectively. The details of the initial and boundary conditions
are similar to the previous section. The Neumann boundaries or roller boundaries are applied at
the top and bottom of both Li metal and SE. In addition, due to the weakly impact of the mechanical
stress on the mass transport, in mechanical part, the left boundary of the SE is only applied a
constant pressure in the range from 1 to 5 MPa. The others model parameters are listed in Table

SL.
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Figure S6. The geometry and initial and boundary conditions of the 2D creep/contact model.

17



S7. Selection of L,

This section presents the selection details of L,. To reveal the local effect of the pores, two

parameters (i.e., local impact factor y and local length in y direction L,) are introduced. Herein, the

local impactor factor is defined as

I local

average

z:

(S19)

where iaverage IS the average current density at the Li/SE interface. iiocal is the current density at the

Li/SE interface. And the local length in y direction, L, is defined when the y is away from 1.
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Figure S7. (a) Schematic diagram of the definition of the local region and local length L, in y-axis

direction. The selected L, in the y-axis direction as a function of the (b) pore length Pjength and (c)

pore depth Pgepth, respectively.
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Figure S8. A map of void formation as a function of stack pressure and current density with
Pilength=Pdepth OF (@) 1 um and (b) 3 um respectively. The red circle is the chosen point which is
located near the critical lines with the corresponding stack pressure of 3MPa and current density
of 0.5 mA/cm?.
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Table S1. Model parameters in the simulations of the creep/contact model during stripping.

Symbol Unit Real value reference
Li metal
Material-specific cree
P P AYm Pals 3.0x 10° [(4]]
parameter
Power-law creep exponent m / 6.6 [(4]]
Activation energy Qc Jimol 3.7 x 10* [(4]]
Fce-Li molar volume VLi m3/mol 12.9x 10°® [(241]
Bulk concentration of Li* Chulk mol/m3 42.6 x 10° [2°)]
LLZO
Elastic modulus of LLZO Ese Pa 150 x 10° [261]
LLZO molar volume VsE m3/mol 165 x 106 [
Li* diffusion coefficient in
Dse m2/s 1.4 x 1012 [[2829]]
LLZO
lonic conductivity of Li* in
OSE mS/cm 0.26 [0
LLZO
Exchange current density of )
lexc ],LA/cm2 240 [[30]]
LLZO
System
Initial Li* concentrations Co mol/m3 1000 /
Temperature T K 298 /
Reference reaction rate Kref mol®5/(mP®®s) 1.375 x 108 /
Reference Jaiffusion jo pmol/(cm? s) 0.0025 /
Dislocation-related constant A / 44.174 /
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