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Characterization of NMC (already segmented) microstructures
with a focus on numerical methods, bias/assumption, RVE size, and voxel
size dependence

* Introducing original “level of details” parameters
* Volume fractions and connectivity

* Particle size
o Calendaring effect
o Correlate RVE size with standard deviation
o Results from different methods compared

* Tortuosity factor
o Voxel size and RVE analysis (including 1sotropy)
o Introducing original two-step homogenization method
o Calendaring effect
o Spatial variation along electrode thickness.

Surface area results are in the annexes slides
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Microstructures investigated

» Un-calendared (UC) & Calendared (C) positive NMC
(LiNiy/;3Mn, 5C04 /30,) electrode, with different composition of

active material (wt 90%, 92%, 94%, and 96%).

Raw (X-ray tomographic microscopy) and binarized image available online
(open-source data) on the ETH (Swiss Federal Institute of Technology Zurich)

website.
Ebner et al. Adv. Energy Mater. 2013, 3, §45-850

» Secondary phase has not been identified (considered as pore)

> Total of 16 Volumes

Quasi spherical
particles

Analyzed domain size: 328.9 x 328.9 x A um?
Equivalent domain size: B X B X B uym?3

Composition of the Un-calendared Calendared electrode Calendared electrode Calendared electrode
active material (%) electrode (300 bar) (600 bar) (2,000 bar)

920 50.3 (176) 52.2 (178) 47.7 (173) 57.0 (183)

92 45.9 (171) 77.3 (203) 58.8 (185) 61.1 (188)

94 65.9 (192) 78.8 (204) 74.0 (200) 64.8 (191)

96 98.1 (220) 94.7 (217) 101.0 (222) 87.7 (212)

Voxel size: 370 X 370 X 370 nm?3



Level of details of a microstructure

Introducing parameters dedicated to evaluate the image quality

. Edge "volume"
Edge Phase volume
volume =
ti 1 2.
ratio Sa+ym
<
particle described
One v_oxel Volume( by 1 voxel )
particle =1-—
. Phase volume
volume ratio
Will increase [l o H:%
1f smooth ==== III====

interface H

> Based upon edge detection
» Easy to interpretate: values ranges from
0 (poor) to 1 (ideal)
» Ideal to compare different data set image
quality and different obs. techniques
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Level of details of a microstructure

Introducing parameters dedicated to evaluate the image quality

Edge "volume" T —< Pore, Edge volume ratio
Edge 1— ~£NMC, Edge volume ratio
Phase volume B .
volume = ~08 >4 Pore, One-voxel part. vol. ratio.
ratio 1— Z u (:-)J ’ {3 NMC, One-voxel part. vol. ratio.
dYm+)m 3
< S 06 i
i § . :
3] &
particle described S04t =3
One v_oxel Volume( by 1 voxel ) S ~ i
particle =1- o
. Phase volume 2
volume ratio S0l
H:_ lllustrated on volume
Will increase LI R R 90w, Obar B e
if smooth EHEEE RENREE 0 500 1000 1500 2000 2500 3000
interface - H Voxel size (nm)
* As expected, level of details are degrading
) monotonously with image resolution.
» Based upon edge detection * High level of details have been achieved by
» Easy to interpretate: values ranges from Ebner group.
0 (poor) to 1 (ideal) * Both phases exhibits similar values (2-phase

> ldeal to compare different data set image data-set).

quality and different obs. techniques
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Volume fraction & connectivity.

Results obtained on the 16 volumes (4 calendaring X 4 active material composition)

Pore T NMC T p . i\ wh
~50um < RVEe < ~100um | |°= ~40um < RVEe < ~90um 1o LOrOSIty IS N W le“
0.58
g \ 0% s active I.n.ater.la
= 0.4 036 composition is /
g 06 o g 06
2 3 052 2 ., B’" (because secondary
._é 05 05 :_é« 05 032 phase has been
E 5 0.5 o .
5 04 M3 04 _ identified as pore)
0.46 -
03 03 and when
0 0.44 0 046 .
G, 50 0 e, 500 ' calendarmg
ac‘ - Oy -
04 “ua, i 000 %4 gjon P pressure 1s /

‘ée"re&% 1500

s R
(é‘? ) 2000 a0 I\g".\\‘

NATIONAL RENEWABLE ENERGY LABORATORY 6



04

Volume fraction,

100

99.8

99.6

99.4

Connectivity, %

Volume fraction & connectivity.

Results obtained on the 16 volumes (4 calendaring X 4 active material composition)

Pore T
~50um < RVE ¢ < ~100um

atil -

“ “esg,, 1500

o .
@apy 2000 99 pei®

Pore

L

500 96
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“ne 1000 94 . (o)
'3, 00
’?q@ et

Preg 1500 92 com®

&, \=
e
(é% 2000 90\ i w
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99.88

99.86

99.84

99.82

Volume [raction,

Connectivity, %

~40um < RVE e < ~90um

o
)

=
=)

<
in

96

/ gga'\{\oﬂ o

92 er o

0.6

0.58

99.5

98.5

97.5

Porosity is ™ when
active material
composition is /
(because secondary
phase has been
identified as pore)
and when
calendaring
pressure is /

Very high
connectivity
(percolation) is
achieved. Solid
particles have a
better connectivity
when calendaring
pressure is /* and
when active material
composition is /
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Volume fraction & connectivity.

Edge effect induce a loss of percolation on small domains, especially for NMC

Isolated
cluster

| Main
cluster

Limited field
[ .
of view

AN N /7 -
¢ __Connectivity is
unknown
J. Joos et al., Journal of Power Sources 246, 819-830 (2014).

Unknown clusters are accumulating on
subdomains — global amount of unknown voxel
is increasing.
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Volume fraction & connectivity.

Edge effect induce a loss of percolation on small domains, especially for NMC
Ilustrated on NMC, 90 wt, 0 bar

" Main cluster statistics of the phase NMC % Unknown clusters statistics of the phase NMC
5 100 % .
Isolated Main [ ; Ti 60 ' . —
cluster cluster B % [ Mean with standard deviation| [ o1 7 Moan withstandard deviton
= ~ = Extremums =]
T < 80 ] |
Unknown = = : o Pl ElE
P - G 1 E 40 Unknown cluster are
cluster, , Limited field 5 p ; _ .
7 of view ) g replacing the main
A T 2 ! s = N
N Neao s - o ) > - cluster
v 7 e .. Connectivity 1s 8 k> T |
S A 2 / “ =T I I R I S L
unknown £ ¥ Loss of percolation on g 0
0 . g
*1___small subdomains &
N— 20—
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Equivalent cubic size of the subdomains (zzm) Equivalent cubic size of the subdomains (pm)
100 e —
/’i _'_“-‘-‘
o\o 90 | =—Pore (Main cluster)
2 Edge effect induces by the — Pore (Unknown cluster)
> 501  unknowns voxels located at the Pore (Nonconnected cluster)
. = ooss . =——=NMC (Main cluster)
Unknown clusters are accumulating on 3 ok / domain’s boundaries \ ——NMC (Unknown cluster)
subdomains — global amount of unknown voxel g \‘L _—..--/"/ — — NMC (Nonconnected cluster)
is increasing. 8 0 — e EEUERE—E—— e

0 10 20 30 40 50 60
Position along through-plane direction (pzm)

NMC small subdomains suffer from loss of
percolation due to this edge effect. Pore is
untouched.

NATIONAL RENEWABLE ENERGY LABORATORY



Volume fraction & connectivity.

This edge affects mainly the solid phase when calendaring pressure is not applied, as a
result RVE for the connectivity is much more higher for the NMC

Pore (RVE NMC (RVE
connectivity) b connectivity)
43
90 5 42 90 4
E E L ]
5 41 =
@ 70, * . 7 [== Nuc]
; 40 z |
e ES
2 50 39 50+
g E
- 3% g
© 30] = 25 :
96 500 b
R2 T /o) * q%’lo’ 1000 94 /o)
: " t?o} ) 05.“:\0“
prem,, 500 9?&0"‘ Ry o 35 é%% ,LSOO 92 ol con?
ar) 2000 99 P@-\qc““ (53,7 2000 90 peW©
Pore exhibits excellent connectivity On the contrary, NMC need a larger volume to get
even for small volume (RVE 1s < 45 um connected. High calendaring pressure and active
for all volumes) material composition reduce the RVE.
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Particle size: spherical assumption.(C-PSD)

lllustrated on NMC,
90 wt, 0 bar |
~ = Diameter
(pm)

20 ‘gx 6
= 5y
o 15 Q
= 0 3
2 5 =

> ng 500

Q(Z’a,») 2000 9Q M{N"'
Voxels are attributed to the largest i
. Calendaring pressure
sphere that contains them. onificant d th
L. D. Gelb and K. E. Gubbins, Langmuir 1999, 15, 305-308 S.lgnl lc.an y reduces the pore
size. Slight effect on the NMC

Underestimation of the size
distribution is
expected due to this particle
shape assumption

—— Pore, UC

Reduction of the — Pore, 2000 bar
pore size

=]
(O]
T

Wide size distribution

Size distribution (;:m™!)
= =)
— %]

P ntny

0 2 4 6 8 10 12 14 16 18 20
Particle diameter (um)

o
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Particle size: Representative volume.element (RVE) size

Correlating RVE size of dsq with particle size: d5y & std(d)

- RVE C-PSD d50 - RVE C-PSD d50
o NMC (RVE
_éﬂ - * NMC i _é?, " ® NMC i .
g B = P N e D) normalized
B - —

207 Std(d) 7 = RVE /7 Z 20 .
ks B Each point (16) is with d
= N A
é 18F s 18 a different
£ 16} g 16} volume. . Each point (16) is
§ ol g » a different
2 é volume.
2 5l
p 12 gi 12

n

= o | ' - : .= gl—=

0.55 0.6 0.65 0.7 0.75 08 43 44 45 46 47 48 49 5

Particle size standard deviation normalized by ‘150 Mean particle size dm (pm)
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dso RVE size, normalized with dgg

Particle size: Representative volume.element (RVE) size

r2
i

* NMC
— linear

[3S]

RVE C-PSD d50

Correlating RVE size of dsq with particle size: d5y & std(d)

RVE C-PSD d50

0.6

10
0.55

Particle size standard deviation normalized by dm

Rl NMC (RVE
2 * NMC .
: e : Ds) normalized
std(d) 7 > RVE 7 = 5} .
(@) 3 Each point (16) is with d

= 187 a different
g i6 volume. Lie Each point (16) is
g a different
E 14 volume.
zZ 12t %

: : - - 10 *

0.65 0.7 0.75 08 43 44 45 46 47 48 49 5

Mean particle size d_m (pm)

Same behavior for the pore:

35 il o35 .
e . : o 2 . ® Pore
= — linear 2
3 . // -g Jiie
g 25 3o R No correlation at all.
= ./ =}

a g . .

E 204 /./,/ . g 20 .
§| [ e < . ' Tiie
@ 15t e T = 15 . . .
Z std(d) 7 > RVE 7 %
o =
.u“‘ 10 10

0.55 0.6 0.65 0.7 0,75 0.8 0.85 0.9 2 25 3 35 4 4.5 5 55

Particle size standard deviation normalized by dg, Mean particle size d ;| (ym)
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RVE, by definition, must catch all
heterogeneities of the medium
— the more heterogeneous the
medium is, the larger the RVE

will be.

Simple rule RVE = 14 x dg* is
not enough for medium with a
wide size distribution




Particle size: statistical approach.& watershed method

Alternative methods to avoid particle size underestimation

0.657

Statistical approach

— Covariance

=
=)

— — Volume fraction’

— — Asymptote

= = Theoretical covariance (unique part. size)
= = Part. size=8.14 pm (Theo. Cov.)

* Based upon a two-point correlation (covariance)
function.

=
n
Ch

Illustrated on Pore, 90 wt,
~ Obar, in-plane direction

Covariance
=
N

* Spherical assumption is no more used. But less detail

are available (no size distribution) 045

o4y —*

* Refinement added to the classic method to improve CTTTTTTTT T
the determination of the mean particle and pore size. 5 10 Is 20

Position along the direction (pm)

Detailed in the back-up slides to save presentation time, and in the upcoming ECTS article
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Particle size: statistical approach.& watershed method

Alternative methods to avoid particle size underestimation

0.657

Statistical approach

— Covariance

<
=)

— — Volume fraction’

— — Asymptote

= = Theoretical covariance (unique part. size)
= = Part. size=8.14 pm (Theo. Cov.)

* Based upon a two-point correlation (covariance)
function.

=
n
Ch

Illustrated on Pore, 90 wt,
0 bar, in-plane direction

Covariance
=
N

* Spherical assumption is no more used. But less detail

are available (no size distribution) 0451

o4y —*

* Refinement added to the classic method to improve CTTTTTTTTr T
the determination of the mean particle and pore size. 5 10 Is 20

Watershed method Illustrated on Pore,

um
90 wt, 600 bar 25
* Based upon an immersion
approach, with a refinement to
handle o
over-segmentation s N
* Distinct particles are identified .
without any shape assumption.
Color scaled with . 0
the particle size 128

185 0

Detailed in the back-up slides to save presentation time, and in the upcoming ECTS article
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Particle size: all three methods.compared

Particle size difference illustrated on the 90 wt electrode with different compression level

141 14 ¢
. . POI’C : =Sphcrica1 assumption | | i B N | Spherical assumption | AH methOdS
i i i i i I Two-point correlation | : : : - | Two-point |ati f .
127 ] 1 |_IWatershed immersion| 12+ NMC 1 DW\Z?CE‘::;;?::C;EE _ descrlbe DSO \ for
ul | - | | | the pore with
o 9 : \ N _ [ : e compression
S 5
& g
6 L
- C-PSD
4t <
statistical approach
<

3]

Obar 300bar 600 bar 2,000 bar Obar  300bar 600bar 2,000 bar watershed
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Ds
Pore size Di

D5
Dcowatershed

Particle size: all three methods.compared

Particle size difference illustrated on the 90 wt electrode with different compression level

12} -

Pore |l Spherical assumption |

| Two-point correlation | -
 |[_Iwatershed immersion|

0 bar

Pore size ratio

- Pore

. HIIHIIH

300 bar 600 bar 2,000 bar

Il Spherical assumption / Watershed immersion
[ Two-point correlation / Watershed immersion
[ Iwatershed immersion

0 bar

300 bar 600 bar 2,000 bar

Particle size ratio

Particle size Dm

[S=]

0.5

. |IIM Spherical assumption |

k NMC | Two-point correlation |

 |[Iwatershed immersion|

Obar 300bar 600 bar 2,000 bar

Il Spherical assumption / Watershed immersion
- | Two-point correlation / Watershed immersion
[ IWatershed immersion

| NME b
JI II Ratio is higher for Pore

Obar 300bar 600 bar 2,000 bar

All methods
describe D¢, \ for
the pore with
compression

C-PSD
<

statistical approach
<

watershed

Ratio 1s quite high, but

expected
~2.8 found be L. Holzer et al.
JPS 196 (2011) 7076-7089

than for NMC
— Pore are less
spherical than NMC
particles. NMC are
not so spherical.

NATIONAL RENEWABLE ENERGY LABORATORY
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Summary of RVE size

100 100

120 120 -

E 100 E 100 4

E 80 E 80~

é 60 - g 60 -

= 40+ = 404

= =
20, 20,
0 0
500
Q?]ﬁ'ﬁq?ﬁ 1000
% Pro. 1500
s, . Slre 000 90
re (bar) 2000 90 P&“«Je )
Quadratic polynomial surface fit on RVE size

Pore RVE (um) Mean Max Std NMC RVE (um) Mean Max Std
Volume fraction & 63,9 97,1 13,7 Volume fraction & 62,1 88,4 16,6
Connectivity & 38,9 44,3 3,4 Connectivity & 50,9 90,6 17,6
Mean particle size Ds 73,2 123,1 20,3 Mean particle size Dsg 69,6 105,8 13,4
Specific surface area S, 79,5 123.3 20,9 Specific surface area §;, 78,3 123,7 19,3

RVE is property dependent
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Factor of tortuosity: voxel size.dependence analysis

1.8 T T T T
' | ' : » Tau factor (open source)
—o—Tau factor iteratively solves the Laplace
1.7 - equation, using a neighbors

-8-FEniCS linear interpolation , : -
difference, with Dirichlet

Boundary conditions and a great
emphasis on speed convergence
S.J. Cooper et al., Software X 5
(2016) 203-210

=»&FEniCS quadratic interpolation

1.6

1.5

» FEniCS (open source) solves

steady-state Laplace equation
with the finite elements method.
Dirichlet BC used in this figure.

T
S

1.4

1.3

—_
|
|
|
|
|
—

Pore Tortuosity factor Tiroygh—piane air.

T ]

0 370 740 1110 1480 1850 2220 2590 2960
Voxel size (nm)

1.2

* Both methods (FEM & neighbors difference) are converging
to the same value.

* FEniCS has been used since it allows applying different Voxel size analyze performed on a
boundary conditions. pore subdomain (~185 x 185 X
* Save CPU time and memory: FEniCS with a linear 50 um3) of the 90 wt un-calendared
interpolation and a voxel size of 740 nm. electrode.
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Factor of tortuosity: field of view.and.resolution achieved

Concentration field
calculated on the 96 wt
calendared (2,000 bar)

electrode, within the pore
with mixed boundary
condition.
328.9 x 328.9 x 87.7 um?3

87.7um

Voxel size: 740 nm
8,909,443 voxels &
13,026,509 degree of freedom
for the pore.

CPU time: ~245 seconds (HPC)

Achieved with FEniCS open
source software (Finite element
method)
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Factor of tortuosity: Representative volume element analysis

* RVE analysis on Tiprough—plane dir. With mixed BC (i.e. Dirichlet-Neumann)
[llustrated on 90 wt, UC and C (2,000 bar) for both phases

For which domain's size
Tthrough—plane dir. IS stable ?

5
=
QL
: ——
S 145 127 o357
o E
< i = 30
? 1.4 10 b5 —»&=Pare, UC | |
S Eost SeNMC, UC|
% 1.35 81 '5 =>€ Pore, C
[ 20} = NMC,C
= 13 6F = - -
) < |
45 g ]5 [
& 125 4t g | TR
b | | _"g) 101 | | | o 0
= - | | _ . i T
8 L2 =7 | =<Mean with standard deviation |~ 2 ——Mean with standard deviation T sl RIS SRR IS S _5 _/(_) B.\{E _Cl‘l_tgr_l(_)l’_l
é — — Extremums | — — Extremums E - __ - .;1:\ i \, .
1.15 : : : : : : : 0 : ‘ - : - - - - = . . . . AT feiieatiaiie o 2 &8
ﬁ 20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180 030 40 S50 60 70 80 90 100 110 120
Equivalent cubic size of the subdomains (pm) Equivalent cubic size of the subdomains (zzm) Equivalent cubic size of the subdomains (zm)
_ RVE pore < RVE solid
Tortuosity Pore NMC &
table (the uc { C(2000 ban) uc i € (2000 bar) T 7= RVE /7
RVE are . _ ; 1107 (>115.4
tten i trough-plane dir. | 353 (<352 ym) 1 1.593 (42.2 um) | 5.379 um,  13.597 pum,
wrtien in ! std~15%) | std~10%) Mean value subdomains
parentheses) # value whole domain
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Factor of tortuosity: Representative volume element analysis

* RVE analysis on 7 anisotropy with mixed BC For which domain's size
Ilustrated on 90 wt, UC and C (2,000 bar) for both phases| max{abs(z; — z;)} is stable ?

0.4 —~
0351 | =4 Mean with standard deviation (UC)| 12 ~»¢—Mean with standard deviation (UC) s .
03 T = | == Extremums(UC) | T 17 [~ Extremums (UC) § 40 5% RVE _ =»¢Pore, UC
’ — | g . . =2&=NMC, U(]
| Mean (Calendared 2000 bar) 10 — Mean (Calendared 2000 bar) p X‘ criterion % pore c
=025 : TR . . =30l 9 NM(} c
E B B B . | "6 3 - .
I |
D | Pore, 90 wt * S
= 1 |
E \ Y | 6 g 20 ‘\
=015 - : g < X=X
0.1 ' ' 4 g s
E ]%/\w
2 3 -
0.05 g R e Somm o
0 Lo i g e Lo Lk | j | ZI [ P> a3
0 50 100 150 200 0 50 100 150 200 S 60 80 100 120
Equivalent cubic size of the subdomains (m) Equivalent cubic size of the subdomains (p2m) Equivalent cubic size of the subdomains (1:m)
Isotropy is expected since solid phase is made of quasi-spherical spheres with a
random space distribution.
P For the un-calendared
Tortuosity Pore NMC electrode, subdomains are
anisotropy uc { € (2000 bar) uc { (2000 bar) anisotropic while whole
. i E domain is isotropic: isotro
table (the Tmax = Tmin | 0030 (547 um) 10.091 (39.0um) | 0.63 (1083 um) | 1.194 (115.4 um) P1e: 1501ropy
RVE are ! ! emerges only for large
written in , ] volume
th RVE Tamsotropy ~ RVE rthrough—plane dir
parentheses) (While being inferior for the NMC)

Calendaring affects isotropy

RVE on boundary conditions has been also evaluated (back-up slides)
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Factor of tortuosity: rule of mixture.& percolation loss

Why factor of tortuosity obtained on subdomains differs
from the whole domain?

12 Loss of percolation on small
subdomains should increase
tortuosity by creating local

bottleneck at the edges...but we

see the opposite.

10}

That’s because taking the mean
value (thus performed a rule of
mixture) 1s a poor idea...it 1s
true only when the
o 40 60 S0 100 120 140 160 180 subdomains are assembled in

Equivalent cubic size of the subdomains (yzm) parallel with the flux
(details in the annexes slides)

Tthrough—plane dir.
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Factor of tortuosity: two-step homogenization.numerical scheme

How to avoid using the mean value: two-step
homogenization numerical scheme

Whole domain

For each subdomain, D3*?, Ds*Pand D" are

calculated (1% homogenization calculation)

Each
subdomain is
represented
with a dense
anisotropic
coarse mesh

eI7 s calculated (2nd
homogenization
calculation)

N
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Factor of tortuosity: two-step homogenization.numerical scheme

How to avoid using the mean value: two-step
homogenization numerical scheme

Whole domain

8 -

I'.
7t g
s i | o
S o6 D .
QL | = o
2 t7 2 L e N0
< : . .5 . | .
S e |
a0/ 1 NMc9owuc
/ 3y y f —5¢Mean with standard deviation
. sub pnsub sub 3t e |- — Extremums
For each subdomain, Dx*”, D;;*”and D;* are | O Two-step homogencisation
. . . !
calculated (I** homogenization calculation) 5 ; | |

20 40 60 80 100 120 140 160 180

Each Equivalent cubic size of the subdomains ( zm)
subdomain is
represented 1 Two-step homogenization: overestimation
with a dense due to percolation loss
anisotropic l Mean value: underestimation due to misuse
of rule of mixture

coarse mesh

Even though this method suits better highly
is calculated (2" connected structure, it still gives a better
homogenization estimation than the mean value.
calculation

eff

N
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Factor of tortuosity: calendaring.effect

0 (Tin—plane direction 1 ) = 1.42 (Tin—plane direction 1 ) = 1.57 (+10.5%) 2.000
9
<Tin—plane direction 2 ) = 1.43 (Tin —plane direction 2 ) = 1.59 (+11 2%)
Bar 13, 18 . Bar
(Tthrough—plane'dir) = 1.40 _ (Tthrough —plane dlr) = 1.66 (+18 6% )
: 0.03 Pl 0 09 (+200%)
t 17 (Alerectlons> = (2 23%) | ] 171 <ATd””eth"5) = (5 47%) (+145%)
5 . .
+~
S 16| |
SRS |l In-plane direction 1| . .
> [ in-plane direction 2 | ISOtl’Oplc
R  |_IThrough-plane dir. | : :
8 157 [ ]
>
14f—
] iAT IIH
. Jlm | . | | |
90 wt 92 wt 94 wt 96 wt 90 wt 92 wt 94 wt 96 wt
1.8 : :
Through-plane dir. AUC, in-plane direction 1
y = 0.928x064 OUC, in-plane direction 2
Calendaring induce a general increase of the Pl'? o R-09877 OUC, through-plane dir.
tortuosity, due to the decrease of the connected 16 &~ AC, in-plane direction 1
: S ® C, in-plane direction 2
porosity (Bruggeman exponent 0.65) z __ > =C. througheplane i
. . & . . . El's yp= 1.073x°0436
a slight anisotropy between in-plane directions & R? = 0.9782
and through-plane direction 1.4
(could be induced by a change of NMC particle
13
shape) 0.35 0.4 045 0.5 0.55 0.6
Connected porosity
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Factor of tortuosity: along electrode

thickness

Un-calendared electrode 90 wt, Pore, cut in 6 slices

0.7 £
i ! § 0.3 BEach thick slices
Il iach thick slices z - - Mean
2065 —Whole domain ) £0.48 — Whole domain
Q
o
5]
2, 5 046
T 0.6 g
g E ou
s} R
5 £
“ 055 —
04
i
=
0.5 =04
0 10 20 30 40 50 0 10 20 30 40 50

Position along through-plane direction (ztm)

Each individual thick slice has
conserved its connectivity (edge
effect insignificant)

17 - : -
5 5 16 S S

- T '| X Un-calendared
Q o 15 '

<SS 2 7 O Calendared

q—( 3 h \ : T

o Q ! ! :

7 |13 —y=08716x"732 D8 Qgep
o g R? = 0.9797
B S 12 - ' : -
= s
o t ].l s I i L I i

H (o) 0.4 0.45 0.5 0.55 0.6

Connected porosity of thick slices

-=
|

0.65

Position along through-plane direction (em)

Effective diff coefficient
ranges from ~0.42 to 0.5.
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exponent 0.73)
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Conclusions 1/2: numerical aspects

* RVE
» Are property-dependent
» Simple rule such as RVE size = x times mean particle size doesn’t stand for
structure with wide size distribution. RVE size increases with heterogeneity
(i.e. standard deviation of parameters)

e Particle size and surface area (annexes)
» Dependent on the voxel size.
» The product S, X ds is less sensitive to the voxel size and exhibits more similar
values compared with S, and ds taken individually: it is thus a better identifier of

the microstructure.

* Bias & assumption
» Connectivity suffers from a border effect. It should be monitored on small domains.
» Particle size depends a lot on the chosen method. One should not rely on a unique
approach.
» Spherical assumption is incorrect both for Pore and NMC. Shown for particle size:
pore are less spherical than NMC, which are themselves not really spherical.
Results obtained on the product S, X ds( goes to the same direction (annexes)
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Conclusions 2/2: practical information

* Microstructure observation
» Image quality of the segmented data set can be evaluated with the image level of
detail parameters.
» Consider standard deviation of the particle size when choosing your field of view.

e Calendaring pressure
» Increases solid phase connectivity
» Reduces the pore size
» General increase of the tortuosity + slight anisotropy that hinder the diffusion in the
through-plane direction (likely due to particle rearrangement and/or change of
particle shape), something we would prefer to avoid.

* Modeling
» 1D-model could take advantage of spatially varying parameter along the electrode
thickness (as illustrated for tortuosity).

* Tortuosity determination for large domain
» Consider using the two-step homogenization method to analyze if your domain is
too big (or if you don’t have access to an HPC). It’s better than relying on a rule of
mixture.
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Thank you for your attention

Any questions?
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Determination of the RVE based.upon.subdomains

Representative volume element analysis illustrated on volume fractions &

—<—Mean with standard deviation
— — Extremums

NMC, 1 volume

£ oas ~ -~ (90 wt, 0 bar, Property is

g \ [m Lo *(‘T"““::::-A) ey

S o4l l 217 é B = : calculated on

S 03 2 independent
o Number of subdomains

subdomains

0.25
20 40 60 80 100 120 140 160 180

Equivalent cubic size of the subdomains (zzm)

Step 1

27 independent (i.e. non
overlapping) subdomains

Whole domain
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Determination of the RVE based.upon.subdomains

Representative volume element analysis illustrated on volume fractions &

0:55F \ 12
—<Mean with standard deviation a3
ik — — Extremums ol \ NM C, 1 volume S NMC
NMC, 1 volume ¢ S (90 wt, 0 bar)
£ 045 . (90wt, 0 bar) = s} N
54 T e > y
£ T~
‘s 041 2 s = 0 e T
e = —m‘_“-—h, p
: I b e
=) L "
2035 §4 : ey
nn i iy
03 5! RVE size
|
\ I
0.25 0 :
20 40 60 80 100 120 140 160 180 40 50 60 70 80 90 100 110
Equivalent cubic size of the subdomains (pzm) Equivalent cubic size of the subdomains (pm)
A
Step 1 1 D Step 2

Standard deviation obtained on subdomains is
expressed in % of the mean value

When the std is lower than a critical value (5%)
then the volume is large enough to be
representative: it is the RVE size
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Determination of the RVE based.upon.subdomains

Representative volume element analysis illustrated on volume fractions &

85
0557 \ S 12, ¥
\ —»Mean with standard deviation N 80
o ~ — Extremums AN NMC, 1 volume [, C, 16 Volumes
: H—C ” . 75
\\ NMC, 1 volume g (90 wt, 0 bar) E N 1
w ey 30 _ ‘0 \"\\ = 80 .
,5_: 045 ] ~‘— e : (90 WZ‘ 0 bar) = 8t S g . . ‘
| EERAR A A ke . B .. :
= k13 K 0 T — o= N o] Y g
O e e e M
E 1~ — TR, E
5 R N AR RN RN N ) i T =3 50
S i
S 035 g g ! —% 40
n
o3 bt , RVE size "
. \ 500 T g 96
025 0 “ng, 1000 / 94 5O
20 40 60 80 100 120 140 160 180 40 50 60 70 80 90 100 110 i, o ) oﬁ‘QO%\“
Equivalent cubic size of the subdomains (pzm) Equivalent cubic size of the subdomains (pzm) txﬁ\c

fé% 2000 90 ;'\6“"3‘0

Step 1 1 > Step 2 - > Step 3

|4

Quadratic polynomial surface
fit on RVE size

~40 um < RVE ¢ NMC < ~90 um
Calendering pressure 7 RVE ¢ NMC \

The RVE size obtained on each
microstructure (16 volumes) are plotted
as a function of the calendaring pressure

and of the active material composition.

Similar analysis have been performed for

the other properties
~50um < RVE € Pore < ~100um
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Annexes: Surface area
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Specific surface area

Based upon a direct counting method (over-
estimation corrected with a 2 /3 factor that use
a spherical assumption)

/ I, \\ L )
{/ ,I \\ Sdiscretized = 6 X T X R
\\ l\ /I Sideal sphere = 4 X 11 X R?

\\ \\ / //

Alternative method based upon the geometrical
covariogram K that gives the exact value
without overestimation, but requires an
1sotropic assumption.

K(V,h) = Mes(V N Vj)

KW,
dh |, _,

A. Haas et al., Annales des mines X1, 736-753 (1967).

Surface area = —4

Specific surface area (um™)

......................................................................................

= Ideal sphere

=% Discretized sphere

=% Discretized sphere + corrective factor 2/3

=% Geometric covariogram

=

1020 30 40 50 60 70 80 90 100 110
Number of voxel on the sphere diameter

Less voxel per sphere diameter are
required to get the actual specific
surface area with the geometric
covariogram method.
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Specific surface area, geometric.covariogram

K(V,E) = Mes(V NVy) = Jf k(x,y,z) X k(x + hy,y + hy,z+ h3) X dV

au

No overestimation since the function is based upon
a volume calculation. Volume does not depend on

V(h)

d(K(V,h) I :
X ———— if V isotropic
dh heo

| {k(x,y,z)z{llf(x'y’z) eV
with

A=—4

0if(x,y,2) ¢V
h = hiey + hye, + hze,

dK(V, h, )
sV _ T,
PY7 T mes(V) mes(V)

if V isotropic

the medium discretization

A. Haas et al., Annales des mines X1, 736—753 (1967).
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Covariogram, NMC, Superimposed curves

091 ——Normmnalized covariogram, direction |
208 'II ——Normmalized covariogram, direction 2
= | Normmalized covariogram, direction 3
E‘h 0.7 t1 |~ — Derivate at the origin, direction 1
'g — — Derivate at the origin, direction 2
2 0.6 ¢ ll Derivate at the origin, direction 3
5 _ T
o 057
o f
N 0450
<
E03} !
o b
Z 02 J'1 ~ Illustrated on
o1F 1 “NMC, 90 wt, 0 bar
I
1 L L L . L . I
0 20 40 60 80 100

Position along the direction (pm)

In the case the volume analyzed is a
cube, this function can be used to
evaluate the medium isotropy.




Specific surface area, results compared.between methods

direct’

= 1.1 [ ]
a ]

2108 -+%

E * —# Pore

% 1.06 —e NMC
5 106

3 04' ]

= 1.04 .| E

W
& 102

B
= : 3’\
=0
g >
7 Gy, 500 96
€, %
g5, 1000 94 .0“@,-0\
)ﬂr@& 93 o ost™
5, 1500 92 . \cO
!b(é e
) 2000 90 M\-\ve“‘
Sp Geometric covariogram
1.028 < < 1.094

S, direct method X 2/3

Once the corrective factor 2/3 is
applied to the direct method, both
methods provides very similar results.
(difference <10%)

Direct method

0.85

08

0.75

a0

0.7

0.65

o

0.6

=
.

0.55

Specific surface arca Sp, (zm™)
(=] = (=] (=] (=] (=]
(=2
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(=™

0.5

o 045
/ 3):'\\:\0“ U‘“\

92 @™ 04

0 50
%11
1,
%,
P 1500

Te s
(61?1-) 2000 90 P\':'“\

1000

Direct method ]

=
=
O

e
o

055 0.58

0.575

=
< in

0.57

Specific surface arca Sp, (,um" )

0.565

0.36

0.555

2000 9p
Sp Pore 7 with calendaring pressure. NMC stays quasi
constant (from 0.55 to 0.61 ym™1)
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6
Particle size & specific surface area.correlation Sp = dee Ideal spheres

Voxel size dependence illustrated on 90 wt 300 bar

or 0.6
—~ -5-Pore, Sp
5.8 . 0557 -5-NMC, Sp
< 0.5
56t Zerore D = —
= [P€NMC, Dy, 5
g . : 2 045 More surface details
. 54 o are revealed
g E 04f
Q — =
527 . . Z
- Particles are merging 2035}
S L
& 03
48 - - - - - 0.25 - - - - i
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Voxel size (nm) Voxel size (nm)

> Both properties exhibit opposite voxel size dependence trend.

» Ideally, particle & pore size will converge
but surface area will keep increasing (fractal property)

How to correlate them?
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Particle size & specific surface.area.correlation

Specific surface area as a function of 1/ds

0.65 (100 %)

A =~

I
A / < S Ideal spheres -
g 09 P dg, P o
08 = % = Pores
-] o
o7t NM —~%
: - gr ° .
g 06f - igV Voxel size
3 8
Z 05 - i ﬁ?' vv  Each point is a m 370 nm
= IS dner ot different volume. 16 m 1110 nm
g —~ v - ;
vg?; - gt points per voxel size. m 2220 nm
0.5 02 025 0.3 0.35 04
Inverse mean particle size 1/d, {,um'l)
<€ - >

A ~ 0.25 (88%)

The range of value for the pore is very large,
both for S, and ds, while it’s basically the

same microstructure.

* Linear correlation between S, and 1/ds.
Besides, the slope seems fairly constant with
the image resolution.

» Let’s consider the slope S,, X ds as a better
identifier of the microstructure, instead of 5,

or ds, alone.

Product S, X ds

Voxel size
* 370
(2.07, gom \ - nm
32 (2.02,2.97) . , (2.14,3.02) m 740 nm
; L —— 1=
/ PN i | M 1110 nm
3f /! 2 ™ 1480 nm
s L :T_..ﬂ,iﬂi; R T e 295) m 1850 nm
< Fii i e \ | 2220 nm
# 3 7l B -] o i
A G- IR N \ (225 2.90)
- L 1 b | s 7
:"-é 2.9 ff ) |[ //_ll\ : / S
'E. / Piptadong / L
\m‘ % 5k | Fi —~
17 8 e s i, | W
i [
sl it .« Convex hull of all 16
3 . d
Skt N products S, X dgg
Q.08 282 il N
& - b
2.6 sy
] N
N,
25 t . . i
1.9 2 2.1 2.2 23
Pore phase: § *d
P 50
<€ >

A~ 0.4 (19%)
Product S, X ds, voxel is less dependent with

voxel size than S, or ds, alone. Thus, the product
better identifies a specific microstructure

(S, x ds) (S, x dso) (S, x ds )
pore < NMC < Spheres
2.02 —2.25 2.82-3.06 6

Pore are less spherical than NMC particles.
NMUC are not so spherical.
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Particle size & specific surface.area.correlation

If they are intrinsically correlated, then they should share the same RVE size
RVE size of all 16 volumes, for S, and D5

PORE - | NMC ’
- . * . . :
140 —* Sp Pore .
—aDjﬂPm‘e | k
g . LT ' g
2100 Hat st s R =
g ® » . . . - u-\j
FINEES o . T Sy
0 S
Cb/e 500 96
Q:?Q}] 1000 . “Q’/@
0 - 93 R
‘egg, 1500 92 . 4 ¢O
% 91 (e

T o
(660 2000 90 P&"“'e Y

(RVE S,) = 78.3 pm

(RVE S,) = 79.5 pm
(RVE D5p) = 69.6 um

(RVE Dgy) = 73.2 um
As expected, Representative Volume Element sizes are very similar between 5, and D5

NMC: (RVE S,)~1.12 X (RVE Ds,)
Pore: (RVE S,)~1.09 x (RVE D)
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Particle size: statistical approach

T. Kanit et al., International Journal of Solids and Structures 40 (2003) 3647-3679
=P{(x,y,z2) eVNn(x+hy,y+hy,,z+ hs) eV}

— N
1 . . oys
C(v.h) =5 % Z k(x,y,z) X k(x + hy,y + hy, z + h3) Using the conditional probability:
i=1

k(x Z)_{lif(x,y,z) % C(V,h) = P{x + he V| eV} x P{x €V}
with V=0 (x,y,2) €V

i_l = hlq-l_ hz@‘l‘ h3e_Z

h=0 _ -
(a) Maximum correlation: C(V' h) - P{x +he le € V} X P{x €V}
B Plx+heV|lxeV}=1 A
h=he (@ \P{xeV}=¢
h<D
_-':'j_ (b) O Partial correlation:
: :x+h J Pixevi<P{x+heV|xev}<i
| |
J— h=D
Particle diameter D [ . s
(c) O “§  Zero correlation:
8 & Plx+hev|xev}=Px+heV)

The zero correlation (stage c in the figure) is reached for different value of h for particles of different size.
The total loss of correlation (and thus the asymptotic value €2) is only achieved when all voxels have lost
their correlation from their initial position: thus it indicates the largest particle size and not the mean
particle size.
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Particle size: statistical approach

Original Using the conditional probability:
addition to the C(V,h)=P{x+heV|xeV}xP{xeV}
method P{x + h € V|x € V} = P{A} + P{B}
oh {{A} = {x + h belongs to the initial sphere on which x belongs}
wi _
{B} = {x + h belongs to another sphere of same diameter}

V. x D3
=_—x
576

Y 1

s Vo2 = XTx(2xD+h)x(D-h?ifh<d

1s =12
0 otherwise
0.65

Events A and B are contained within the % o
volume Vg of a sphere of diameter D. The P{A} = ) x 1 0.6 ~ ~ Volume fraction®
ratio of voxels x + h that will be tested for Vs 055 S e e SUNN (unique part. size)
the event A is Vg /Vs, and it is sure they all ' by [L— = Part size=8 14 ym (Theo Cov)

belong to the phase V (since they are still p{ B} — M
in the initial particle). The ratio of voxels Vs
x + h that will be tested for the event B is 045

(Vs —Vis)/Vs and the probability they  Ritting the diameter h o4
belong to the phase V is the volume of the theoretical | :

fraction of V (since they are outside the 035

. . : 2
initial particle). Then: covariance 0 2 B 0
Position along the direction (pm)

(95}
Covariance
=
Ln
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Particle size: watershed method

Luc Vincent and Pierre
Soille, IEEE Transactions on
pattern analysis and machine
intelligence, Vol 13, No 6,
1991

® Water sources
7~ Water level

| Imaginary dam

(a) Euclidean distance transform (EDT) of the pores calculated on a two-dimensional subset of
a positive electrode. Values are scaled with the color: from dark blue to red (maximum distance).
(b) One-dimensional schematic of the immersion watershed process, from left to right. Three
catchment basins (i.e. distinct particles) have been identified. The smallest one appears to be an
artifact due to the local noise gradient. (¢) Original addition to the algorithm: Voxels in the
smallest distinct particle are considered to be irrelevant since their local size verifies

DP=PSD (x) < DCPSP(x). The red circle illustrates D¢ PSP (x) while one unique color is
attributed to DP PSP (x).
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Ilustrated on Pore,
90 wt, 600 bar

4.4

J.6 -]

4.8 -]

% ' 185
L, | t-w '

Color scaled with 11

the particle size — Pore, Spherical assumpion
148 o —Pore, Watershed method Difference of size
185 0 _‘g distribution between
£" spherical assumption and
o) watershed. Small
E irrelevant particles have

2
=
o

been removed.

=

0

5 10 15 20 25
Particle diameter (;1m)
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Annexes: Tortuosity
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Factor of tortuosity

* Factor of tortuosity (homogenization method)

Step 1: Mean concentration at the face F;

/ Face 1,i / l
Phase : ! Ci1 = ﬂ c ds/gg]gctllctgl
! ! Fqi
; AL; Domain Step 2: Effective surface density flux at the face F;
: 1= — ke X grad(c).iids /ST
: : ALk (,01,1 bulk graa\c).nas i
! : L Fi1
L ALj L
/ Face 2,i / Step 3: Deduce the effective diffusion coefficient
(1D diffusion law)
Effective section area normal to direction i: k.eff — i % AL;
ST = AL x ALy l T Cip — G
Actual section area normal to direction i at Step 4: Deduce the factor of tortuosity

. cactual _
face 1: Sfiey = [fy, 1 ds(phase) T = & X ke /KT = 1
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Factor of tortuosity: Representative volume element analysis

° Ll . . . ) .
RVE analys1s ON T¢hrough—plane dir. For which domamds size
. . o e T — . oes not
with different boundary conditions through-plane dir.
depend on the chosen BC?
0.6 \ 20
\ Pore, 90 wt -- NMC, 90 wt L
o5 LT \ : RVE criterion is different:
- \ ——Mean with standard deviation X
\. — — Extremums 15 \ Instead of std must — 0:
04} : —_ T
£ ) —<—Mean with standard deviation Tmax — Tmin mvlvlrs:) l:)d(o)main
1 03 10 E —“l:.xtrcmums Tmax — Tmin < 5% of Tthrough—plane dir.
B
0.2 N
' hole domai hole domai
" 5% Trough-plane dir. S 5% Tirough-plane dir.
0.1 ; A T, i pg ety [ o ML b e _ /
ERENEER R R e 3] Eo R Ay AREL To remove the boundary
0 L s s s s s s ) pE R s s s s e g o, e
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180 conditions dependence, a
Equivalent cubic size of the subdomains (zm) Equivalent cubic size of the subdomains (ym) larger domain is required.
The plateau obtained for
Tortuosity Pore NMC large domains indicates a
Boundary uc ! C (2000 bar) uc ! C (2000 bar) convergence issue. It could
condlthns Tmax = Tmin | (1108 ym) A155um) | 175 um) (183 ym) be §Olved w1t¥1 a quadratic
table (written i i interpolation (better

in brackets convergence is expected).
are the RVE) RVE TBoundary conditions = RVE 1

Through—plane dir.
Dirichlet—Neumann

T. Kanit et al., Inter. J. of Solids and Structures, 40 (2003) 3647-3679
J. Laurencin et al., JPS, 198 (2012) 182-189
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Factor of tortuosity: rule of mixture.& percolation loss

Why factor of tortuosity obtained on subdomains differs from the whole domain?

Loss of percolation on small subdomains should increase

tortuosity by creating local bottleneck at the edges...but we

see the opposite.

Subdomains with different “effective”
diffusion coefficients
ki € ]O, 1]

7:through—plane dir.

20 40 60 80 100 120 140 160 180
Equivalent cubic size of the subdomains (;m)

: ) Theoretical effective Numerical
Concentrations field | Density flux ) ) : )
R4 diffusion coefficient | one (FEniCS)  Using a rule of
. : . mixture consists
Flux in series Lo .
along = lei 0.440 of assuming flux
. e it ] of all the
subdomains Analytical subdomains are in
Flux in Veriﬁcation parallel...which is
e _Yiwi xk . not necessary
parallel along Gate =5, of FEniCS true.
subdomains =058 0.543

Rule of mixture
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