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Support Information

Hiramatsu-Oka Model to estimate the fracture stress

The Hiramatsu—Oka model is an analytical solution used to interpret diametral
compression (“crushing”) tests of brittle spherical particles. In their derivation, the
particle is idealized as an isotropic, linear-elastic sphere of radius R compressed
between two platens by a uniform radial pressure applied over two small, opposite
spherical caps (contact radius a). From the resulting stress field, one can estimate
the maximum tensile (hoop/first principal) stress responsible for fracture and relate

1t to the measured failure load Fc as follows:
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Where « is a dimensionless proportionality factor that converts the nominal stress
scale into the peak tensile stress predicted by the Hiramatsu—Oka stress solution at
the onset of fracture. Physically, k accounts for the non-uniform internal stress
distribution created by the localized contacts (two caps) during diametral
compression. It is not a fitted material property; it comes from the mechanics of the
boundary-value problem. For the common experimental regime of small contacts

(hard platens; small @/R), the Hiramatsu—Oka solution yields ¥ = 0.7 (order unity),



which is why many studies use a constant near 0.7 for brittle spheres under small-

contact diametral compression.
II. DEM Model

In the DEM simulations, the contact force between two interacting bodies i and j is
decomposed into a normal and a tangential contribution. For a contact with unit
normal vector nij (pointing from particle j to particle i), the total contact force acting

on particle i can be written as:
Fij = (kpony - vaomy) + (k bty - yovty) )

Where: Fy is total contact force exerted on particle ¢ by particle J [N]. The contact
force is decomposed into a normal and a tangential component. The normal
component consists of an elastic spring term and a viscous damping term. Likewise,
the tangential component includes an elastic shear term and a viscous damping term.
The elastic shear term is history-dependent: it is computed from the accumulated
tangential displacement (tangential “overlap”) between the particles over the

lifetime of the contact.

The variables in Eq. (2) are described as follows:

ey is the elastic constant for normal contact, 5”!'1' is the overlap distance of 2

particles, Vn is the viscoelastic damping constant for normal contact, vn is the normal



component of the relative velocity of the 2 particles, ke is the elastic constant for

ot

tangential contact, ~ U is the tangential displacement vector between 2 spherical

particles which is truncated to satisfy a frictional yield criterion, Yt is the viscoelastic
damping constant for tangential contact, and vt is tangential component of the

relative velocity of the 2 particles.

The coefficients kn, yn, kt, Yt are estimated from the material properties and the

Hertzian model as follows:
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III. Single Particle Electrochemical data, Scanning FElectron Microscope (SEM)

images, and Load vs Displacement curves for the 3 tested conditions for NMC532
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IV. Single Particle Electrochemical data, Scanning Flectron Microscope (SEM)

1mages, and Load vs Displacement curves for the 3 tested conditions for NMC811

4 B
[CR'S

I~

Voltage (V vs Li/Li")
};-l L
(=)} oo

s
'S

1 charge cycle

©
)

100

(=]

= B
SRS

I~

Voltage (V vs Li/LiT)
P-l (5%
(= oo

s
I

200 300 400 500
Capacity (pAh)

w
o
=)

Voltage (V vs Li/Li")
[9%} (5% B B
o % - [ =

}lJ
=
o

500 1000
Capacity (pAh)

100 200 300 400

Capacity (pAh)

8000

6000

Load (pN)

2000 4

4000

=500

10000

8000

8000 -

Load (pN)

2000 4

6000 4

40004

Load (uN)

2000

4000 4

T T T T
500 1000 1500 2000
Displacement (nm)

T T T T
500 1000 1500 2000
Displacement (nm)

;\

=500

500 1000 1500 2000
Displacement (nm)




s
'S [%] =

Voltage (V vs Li/Li")
oo

3.6
3.4
3¢ ‘ ! ‘_
0 200 400 600
Capacity (pAh)
.
45
=
3 4
=
w
>
> 3.5
o
&0
£ 3
=
2.5
0 200 400 600 800
Capacity (pAh)
45 -
=
<
=
w
=
= 35
5
£ 3
S
=
o8- - ' ;
0 100 200 300 400

Capacity (pAh)

10

8000

6000
i 4000
o
o
3
a3
2000
o4
-500 a 500 1000 1500 2000
Displacement (nm)
10000
80004
6000
z
=
3 /"
3 40004
-
20004 H
il L
T T T T T
-500 o 500 1000 1500 2000
Displacement (nm}
6000
4000
z
2
=
g
S o004
o4
T T T T T
-500 o 500 1000 1500 2000

Displacement (nm}



s} 500 1000 1500 2000

Displacement (nm)

|
i
{
i

|

il 500 1000 1500 2000

Displacement (nm)

4.5 16000
:‘ 140004
E 4 120004
5 . 100004

? 3 5 % 80004
a § 6000 |
g)o 4000
g 3l

._d 2000 4
= ol

2.5 : : ‘ ; 200
0 200 400 600 800 1000 508,
Capacity (pAh)

4.5 16000
— - 14000 4
E 12000 |
E‘ 4 100004

g g 8000
a 3.5 ? 6000
(] 4000 4
&
% 3r 2000
- o]
2.5 - - - - -2000
0 100 200 300 400 500 58
Capacity (pAh)
e 10 charge/discharge cycles
4.5

10000 4

8000 4

N

Voltage (V vs Li/Li*)
{FS)
wn

T T T T
500 1000 1500 2000
Displacement (nm}

o

3 2000
ol
2.5
100 200 300 400 -500
Capacity (pAh)

45 12000
_.f_: 10000
=
b ~ 8000

w =z

; : “3 60004

\g—); - 4000

)]

E 20004
ol

“o 500 1000 -st0
Capacity (pAh)

11

T T T T
500 1000 1500 2000
Displacement (nm)

o




Load (pN)

Voltage (V vs Li/Li*)
(¥
n

25

T T T T T T T T T
500 0 500 1000 1500 2000 2500 3000 3500 4000 450
Displacement {nm)

0 200 400 600
Capacity (pAh)

4.5

40004

Voltage (V vs Li/Li*)

A

=500 o} 500 1000 1500 2000

100 200 300 400 500
Capacity (pAh)

Displacement (nm)

V. Electrochemical data over 100 cycles in a all-solid-state battery fabricated under

300 MPa
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VI. Electrochemical data over 100 cycles in a all-solid-state battery fabricated under

500 MPa
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vil. Nvquist impedance plot before charge of cells, with equivalent circuit inserted in

the left. Symbols of the equivalent circuit were expressed as follows: Rgg,

resistance of the bulk SE; R, charge-transfer resistance; and W, Warburg

impedance.
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