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Resources

Journal article: F. L. E. Usseglio-Viretta et al., MATBOX: An Open-source
Microstructure Analysis Toolbox for microstructure generation, segmentation,

characterization, visualization, correlation, and meshing, SoftwareX, submitted MATBOX: Microstructure
Analysis Toolbox

documentation
Software repository and documentation: o
https://github.com/NREL/MATBOX Microstructure analysis toolbox e e
. . Francois L. E. Ifss:g]io-\'irrlta
Requirements: MIATLAB 2020a + Image Processing toolbox

Current version: v1.0 - May 2020

License: BSD license. NREL Software Record number SWR-20-76

Exhaustive documentation
(~190 pages)

Third-party algorithms/software: TauFactor! (UCL, S. Cooper), Iso2mesh?
(Northeastern Univ., Q. Fang), additive generation?® (Purdue University, A. Mistry, P.

P. Mukherjee)

+ other codes from MATLAB file exchange (full list in documentation)

1S.). Cooper et al., Softwarex. 5 (2016) 203-210, https://doi.org/10.1016/].s0ftx.2016.09.002.

2 Q. Fanget al., IEEE (2009) 1142-1145, https://doi.org/10.1109/isbi.2009.5193259.

3A. Mistry et al., ACS Applied Materials & Interfaces. (2018), https://doi.org/10.1021/acsami.7b17771.
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https://github.com/NREL/MATBOX_Microstructure_analysis_toolbox
https://doi.org/10.1016/j.softx.2016.09.002
https://doi.org/10.1109/isbi.2009.5193259
https://doi.org/10.1021/acsami.7b17771

What is MATBOX / what for ?

MATBOX is a MATLAB application for performing various microstructure-related tasks
including microstructure numerical generation, image filtering and microstructure
segmentation, microstructure characterization, three-dimensional visualization, result
correlation, and microstructure meshing. MATBOX was originally developed to analyze
electrode microstructures for lithium-ion batteries; however, the algorithms provided by
the toolbox are widely applicable to other heterogeneous materials.
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Fig. 1. Schematic of 1D (x-direction) electrochemical cell model with coupled
1D microscopic (r-direction) solid diffusion model.

Microstructure parameters

Full cell meshing**
for macroscale LIB model* g

Application 1:
Macrostructure scale battery modeling.
MATBOX calculates microstructure
parameters (particle size, effective diffusion
coefficient, ete.) useful for battery
macroscale models such as Pseudo-2D.

M

Application 2:
Microstructure scale battery modeling.
MATBOX produces meshes of full cells
useful for battery microscale model (direct
numerical simulation).

A lithium-ion battery cathode
3D volume obtained from nanoscale imaging
(computed tomography or FIB-SEM)

+ generation module allows you to investigate large
design space for hath applications, for optimization
or microstructure-parameter sensitivity calculations.

* F. Usseglio*viretta et al., JES. (2020),
https://doi.org/10.1149/1945-7111/ab913b

* F. Usseglio-Viretta et al., JES. 165 (2018),
https://doi.org/10.1149/2.0731814jes

* F. Usseglio-Viretta et al., ECS Transactions. 77
(2017), https://doi.org/10.1149/07711.1095ecst

** ). Allen et al., J Sci Comput. 86 (2021),
https://doi.org/10.1007/s10915-021-01410-5

***% ANL, INL, NREL, SLAC, LBNL, XCEL, extreme
fast charge cell evaluation of Lithium-ion
batteries, 2019.
https://blogs.anl.gov/access/wp-
content/uploads/sites/53/2019/09/Q3FY19-
XCEL-Report.pdf (pp 10-11)

Design space analysis™**
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https://blogs.anl.gov/access/wp-content/uploads/sites/53/2019/09/Q3FY19-XCEL-Report.pdf
https://blogs.anl.gov/access/wp-content/uploads/sites/53/2019/09/Q3FY19-XCEL-Report.pdf

How to use MATBOX ?

Divided into modules

Modules I/O

GUI for each module

@ MATBOX Microstructure Analysis Toolbox — K

MATBOX
NREL Microstructure Analysis Toolbox

Version: 0.91 - March 18, 2021

Select the module associated with your activity

-o."‘

Al .

?0’ J Microstructure generation
P Elipsoid-based slochastic v

ROI, Filtering, and segmentation

N

i Microstructure characterization

ﬂ Visualization

B,

Correlation
'[EXE" e Correlation
| Sy

A

% Meshing

Repository

LiINREL

Transforming ENERGY

: Image required
for additive
generation

Mo input
required

1/O stack .tif file

Grey-level

O O volume
Image from a
microstructure library Segmented
volume

Properties correlation
module visualization module

» Module connectivity

& Additive phase generation
Load voluma and volume fracton
Bebrven nesghiowss paries
Energy crierion

Outcome:

Instructions: Choose aigorihms parameters and ciick genevale. Once done. you can go o i

pr
Paramater Range Value

Randomize custer selection 10.1] o
Minimum distance from boandary in vaxel length | (0, =Inf]

1
Erosion dapth in voosl langih 0.=inf] / 1

Volume fraction of the zenerated
additive phase will be mdicated
here to be compared with the
target value

Generation progress and
calculation time is indicated there

I RARASI AR EAES AERES |
0 20 30 40 50 & 70 80 W

» User friendly interface

MNATIOMAL RENEWABLE ENERGY LABORATORY 4




Microstructure generation

In-house stochastic generation algorithm
* n-phases microstructure
* Ellipsoid-based, with particle overlapping control
* Control of volume fractions, particle size, elongation
and orientation distributions all along the thickness
* Generation order control

* e o ‘:\’ » @
. ® ®
then Is easier than | ® then ?
e® o R
‘ ‘ o L o L

In-house distance-based additive generation algorithm
and third-party energy-based additive generation
algorithm
* Preferential location between neighbored particles

(bridge).
* Preferential deposition toward active material (thin
surface layer, w=0.001) or additive phase (dendritic-
like phase, w=0.999).

= E Pore
1 B Active material
Additives

Energy criterion approach Bridge approach

Investigate ‘what if’ microstructures and complement imaging limitations
» Provide effective parameters for macroscale electrochemical model

» Provide geometries for microscale electrochemical model
Pre-screening tool to down-select few architectures worth manufacturing/testing from large design space
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Microstructure characterization and homogenization

Microstructure characterization! Simplification? for model
Calculation Interpretation Domain Model

o pistribution function nepnesenmfion representation
g Sretdaisel | Shristical e Microstructure characterization and
E 7 ,‘?’g‘i g o4 analvsis . Species, solid phase
g 5 5.,.’.‘2% AL - ) 0.0 i) homogenization for macroscale models
2 et S e .—=—‘,—{\EJ—; . .. . .
g 'c“:"g“% = z . i _ e * volume fractions, connectivity (both isotropic

Wi 2 F el = b Identical . q q .
§ Tatieleil e P e diameter —» and directional), tortuosity factor, geometric

Geometric-based algorithm Particle diameber (pm) Both representation are heterogenous (n-phase materials) .
tOI'tUOSlty
S e e sk o/ * specific surface area, particle size, particle
educe effective diffusion ;.. s o . o e .
_§ . - ; ¥ cf:c?ﬂi'r_'ien!fmm 1D Fid.c.'w L_.__.' i " L2 = ze Homogct:lcous Species, electrolyte phase |dent|f|cat|0n and morphOIOgy.
gL . 3 drj]u.smn!awamfbul{((l.e. N . BAE/] material Heec) _ 0 (i
§D ps . deusc)porzdyfus_w: _ ) 3 < IR a Erc)
E 02 =—Desys z.muxLZ z,min 3 3 4 .'- : “: 5 N 1 —Ffl: i
. Comin =0 AW Identical flux &
Finite difference method R 2ty 4—id§:tlita:l |0l;2i;};_._

! Property quantification may differ between calculation methods Simplified representation is homogenous
2 Microstructure simplification may differ between models

Specific surface area, direct counting

Error evaluation / time saving s Voxel size dependence analysis !Pependent subdomains with constant electrode thickness
. . - 7 “-\ ~©-“porecan
. 'Automated voxel size dependgnce anaIyS|§ ((?valu.ate sl g — - 14 Systematic &g
microstructure parameter error induced by limited image 2 v [ Crphie L1Soum (0289 o i‘i
q = ~ E- PG raphiic
resolution) . M RVE .
. . g ™~ S by
* Automated representative volume element (RVE) analysis z ‘o B !
(evaluate microstructure parameter error induced by limited =" I~ 1. 2 2
field of view) — hundreds of calculations automated g0 Image resolytion SOV P
* batch calculations to characterize multiple volumes inarow. 7 o dependence o ~ e T i di .
L . . B ifferent aspect ratio
* Results organized in subfolders (.png, .fig, .xIsx) - | | |, A it  SEEE LTS s
0 100 200 300 400 500 600 700 20 30 40 50 60 70 20 30 a0 50 60 70
Voxel size (um) Equivalent section size of the subdomains (pm) (um)
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Microstructure characterization: particle analysis

X-ray Computed tomography typically provides a near fully connected active material phase.
* There is not a unique definition of what is a particle in a connected cluster.
There is a large choice of numerical methods in the literature consequently, with a wide range of diameter between methods.
Module provides continuum particle size distribution (c-PSD), in-house Euclidean distance map fitting (EDMF), Watershed algorithm with in-house over
segmentation correction, and in-house particle identification algorithm (PCRF, F. Usseglio-Viretta et al., JES. (2020), https://doi.org/10.1149/1945-7111/ab913b)

Watershed Particle label (215)
250 Particle size
e e .. Better estimation of
e e Z . .
20} A e’ @ w3  particle size compared
Cithout over. T : > ¢ 0‘_.‘ "¢ with oversimplified
=] " : @ 2 % . .
segmentation e ¢ ,.’_ M@ st spherical assumption
correction np S VS N (+ sphericit q
N ,s.".. Do o2 sphericity an
- S . .
S @ #0 elongation calculation)
50 100 150 200 250 300 350
Voxels
Voxels
_. | e Particle (or pore segment)
P - Cont . N ) identification is used to
with over- O frce e " S P “ calculate geometric tortuosity
segmentation | — Particle-to-
correction

I;pmic.mm - By . ¢ Contact area variation is used to

N Sl calculate constriction factor

Deff,i N &E _ 861'

—_— ~

Dbulk Tj Tgeo,i

MNATIOMAL RENEWABLE ENERGY LABORATORY



https://doi.org/10.1149/1945-7111/ab913b

Microstructure characterization: how.to.use

4] Microstructure characterization

Import segmented volume
Imported volume(s)

Volume fraction options
Connectivity options
Tertuosity facter (tau-factor) options
Specific surface area (direct) options
Specific interface area (direct) options
Particle size (C-PSD) options

Particle size (distance map) options

Particle size

shed) options

Particle size (repulsive wall) options
Display/save options
Run ALL calculations

Help

>>> Click to add volume <<<

nme-1-cal-segmented tif

Volume numero: 1

1 | ’

Direction 3 ~| Position: 76:231

Voxel size: CORRECT
Region of interest (ROT): CORRECT
Colors: CORRECT
Assigned code: CORRECT
Folder location: DEFINED

5) Once steps 1-5 done, click to save your choices

Reset selected options and current volume |

volume file to import. You can

1) Enter voxel size (in nanometers). New voxel size can be lower (downscaling) or higher
(upscaling) compared with initial voxel size.
Initial voxel size (nm): 308 New voxel size (nm): 308

2) Direction properties: choose Region Of Interest (ROI) and name later used for figures

Direction |Number of voxel| ROlstart | ROlend | Name ]
1 35 331 In-plane direction 1
2 351 1 351 In-plane direction 2

3 25 1 A} Through-plane direction
Tnitial volume and voxel size User-chaice (ROT)
Number of voxels : 30023451 ~ 30023451
Domain size : 139.7x 139.7x 95.9 um3 ~138.7x138.7 x 995 um3
Equivalent cubic domain size - 1249x 1249 124 9 um3 ~1249x1249x 124 9 um3

3) Phase properties: choose name and color (RGB) for future figures

Phase |Volumefraction| Red | Green | Blue | Name [ Assign cade
0.3711 0 04470 0.J410Pore 0
1 04289 08500 03250 0.0980 LT 1
4) Write volume information
Information ‘ Text
Matesial source ANL CAMP
Material name NMC LN2487-113-13C

Material group name NMC-Calendered
Volume description Cropped volume

Raw data source ucL

Raw data technique Computed tomography
Segmentation source  NREL

Segmentation technique Local threshold

Analysis decription [Example for documentation

5) Select location where the result folder will be saved, and write the result folder name

| Select result folder location | nme-1-cal segmented_Vol_125um_Voxel_398nm

Select microstructures to analyze and properties
to investigate using GUI

Functions have two syntax: one for the GUI (no command line required),
one to be used as standalone

function [] = Function particle size CPSD(Phase microstructure, PROPERTY, OPTIONS, INFO)
%Calculate Particle size with a spherical assumption (C-PSD)

% Function particle size CPSD(array, PROPERTY, OPTIONS, INFO) - when use with the toolbox
% or
% Function particle size CPSD(array, voxelsize) - when use as a standalone function

Look for * _algorithm.m for the core function (i.e., w/o any post-processing
and figures). Allow you to easily modify code w/o touching the GUI.

M=function load tif ('C:\Users\fussegli\Desktop\nmc-1l-cal-segmented.tif');
solid phase_id = 1;

binary phase = zeros(size(M));

binary phase (M==solid phase_id)=1;

[Particle size] = Function particle size CPSD Algorithm(binary phase) ;

Some complex functions have a step-by-step visualization optional
arguments for education/understanding (see documentation)

Lemgam of mec-Arc s m o miriland Dl

Froqressn

Uil v v abame From Lals sspries
b o banae blwnlasd

&
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Microstructure correlation

Microstructure parameter Standard microstructure parameters
correlation:
° Load results fr‘om the Porosity Kendal's Tau ranking Kendal's Tau ranking Kendal's Tau ranking

. . -0.485 (-0.16 -0.576 (-0.16 0.000 (-0.16
characterization module. 485 (-0.167) 576 (-0.167) (-0.167)

* Choose what parameters to
correlate. A lot of parameters

. . £
are available, not. only basic E N .' Q:b
results (e.g., RVE size, std(d50) 8
etc ) § Specific surface area Kendal's Tau ranking Kendal's Tau ranking
- : o3 P 0.788 (0.333) -0.515 (-0.667)
. L]
* User can easily add custom 2 OO
oo
parameters (See & 0.4 0.45 0.5 0.55 0.6 0.65
Wl s
documentation). Porosity
w 67 . 6
* Generate correlation-matrix- 5 | 0@ £ L1 J
type graph and table and 54 @ B4 L Tortuosity factor Kendal's Tau ranking
] 8 QD z [0) @ -0.303 (0.000)
export it. El El
. . -§ 2t ,§ 2
*  Plot each result with its own 00— T
. 0.4 0.45 0.5 0.55 0.6 0.65 0. 0.4 0.6 0.8 1 1.2
Iegend, or group them (Cf rlght Porosity Specific surface area um-1
i||ustrati0n). E 6 0% 5 6, g 6 0 @ Graphite calendered
L. E E E (O Graphite un-calendered
* All done within a GUI. 24 2 4 24 NMC calendered
= « = 0 NMC un-calendered Particle diameter
3 S LS|
2 2 g 2 g 2
. - | ’ Z | oo a0 2 @0 e © e
o 0 T 0 L : : L i @ O L " L
Use u to revea unsuspeCte A 0.4 0.45 0.5 0.55 0.6 0.65 & 0.2 0.4 0.6 0.8 1 1.2 & 1 2 3 4 5 6
correlations. Porosity Specific surface area um-1 Tortuosity factor
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Microstructure visualization: 1/3 simple visualization

Instructions
View volumeys)
Check segmentation

i Visualization module

Select file(s), enter a voxel sze and then create figure. Volumes can have different dimension.

* | Click to select one o several fles | 5 volumes imparted.

Files Select volumes to plot
nmec-1-cal_generaledCBO_bridge tf

nme-1-cal_generatedCBD_Energy_w0.001.5f
nmc-1-cal_generaledCBO_Energy_w0.999.tf

Bi_layer tif

Bi_layer_poreformer.tf

\ Files imported are noted there

ARIRRE

=

You can select which
ones to visualize

| Then select 2 slice visualization |

Vaxslsze | 100] unit [um ] /

2D slices visualization Idle

Multi-axis
visualization.
Export still
images or videos

- 3
Third auds 99 Spm

View nermal to third axis
Sice: 994 341, 30 4 /46 um

First eos 119 By

Second axis 119.8ym

Select
volumes

- u] x
Colar opticas
Coremap copper -
lw normal to second axis -
bico 158 /301, 78 8/ 115 8o Custom change Default colorman ¥
Seale Goeal -
Add colornar Take coposite values
Figure background | Light greey -
Axis options
o Viaw neemal 80 ae 1
I View normal bo dee 2
W Vi nemal 10 ad 3
J0wikcas | Smow sices -

Sheweng e it CPU 4ng AN dsgani

P
Third axds $9 9pm Poston giong dore 2

I ST
51 301 351 301 | ++

oY
30 view ™

Posnan aiong are §
T C T e
151 101 151 200 251

ASUST VW 34 MOVING Slise

Figure and videa opticns
Cick 1o select ave foidar

No save foider selecled
Frgname | ne-1-Ga_gereratedCBO_bre
videoformst [mpegd W

Frame per 3 25

] [ Second axis (um)

Multiple volume
visualization
(even without
same FOV)

H

| [MATLAR defaut -

Slice: 121/301 121/301 121/301 97/240 161/400

ATIONAL RENEWABLE EMERGY LABORATORY

nme-1.cal_gensratedCED_bridgs tit

sacisne | e sse v
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Bt gt
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Dynamic
layout




Microstructure visualization: 2/3 segmentation

4 Visualization module - o X

Instructions

View volume(s)

Check segmentation Select both files, enter a voxel size and then create figure. Volumes must share same dimension.

View characterization results

[ Click to import grey-level image | nmc-1-cal-greyscale it €—{ select greylevel image

:Selectsegemenmdimage

l Click to import segmented image l nmec-1-cal-seg d.tif “

Voxelsze | 0398] unt [um | €—{ Wiite voxel size and unit

==

Note that both files must
share the same
dimensions

& Grey level - segmented image comparion

K Grey level volume

Select gray-level segmented
volumes and visually compare them

MNATIOMAL RENEWABLE ENERGY LABORATORY

& Grey level - segmented image comparison|
Save

Segmented volume
nme-1-cal-segmented.bf

Select direction and slice
View normal o | Axe 3 b

= d prinipriig
"\ Linear overlagy ' ® * ™ 1%

Meihod | Overlay X

0 051 0
04269 08500

o T

M T
151 176 201 226 281

Slice: 163/ 251, 548/ 99.9um

Comparison and color options

Ovenay 02 *— O

Phase Volume fraction | Red Gresn Bius Name

0.4270 07410 Phase 0
0.3250 0.0980 Phase 1

RGB color

Save options
| Framepers | 25| Wideoformat [mpep4 v
Select direction and slice
View normal to | Axe 3 L
Shded
T e T L T T T |
1 26 51 76 101 126 151 176 201 226 251
Sice: 163/ 251, 649/ 99 Sum
Comparison and color options
Methed [ C - i d— N
Phase Volume fraction  Red Green Blue Name
0 05T o 0.2470 0.7410 Fhase 0
1 04289 08500 0.3250 0.0880 Pnase 1
Save options
Figname Frame per 5 25 Videoformal \mpegd4 =




Microstructure visualization: 3/3 microstructure.results

# Visualization module - ] X

Instructions H

e | Selectone folder You need to run the microstucture chanoctenmion mossie isvetoe. S| @ct main output folder
. =T Select the main folder generated by the microstructure characteriation module, then choose the property to plot and for

which phase. Enter a voxel size and then create the figure
View characterization results [

_ generated with the
nme-1-cal-blackisporepluschd_Vol_S3um_Voxel_398nm
Property to plot | Clusters_ConnectedFace2Face_alo.. v Select maim folder m I C ro St r u Ct U re
Formepnsse - (Foe - characterization module

Click to select a folder

» nmec-1-cal-blackisporepluscbd Vol _83um Voxel 398nm »

MName
Connectivity Select the —
Correlation folder that nme-1-cal-blackisporepluschd_Vol_83um_Voxal_388nm, Particls_diameter_CPSD, Solid Color optony

Colormag jet -
View normal to first axis View normal to second axis

peeszeCed - contains these o /330 02/ 4120 e Cmeen_E=rm JID

Particle_size_dmap J A
Scaw ‘Glocal -
Summary subfolders d 12 12
Visualization % 7] Add colorbar Takit oppnsite values
Volume 8’ 4 10 10 Fgure backoround [ Light peey =
L
4 Visualization module - ] x £ » Axis options
- '!1 8 .E‘ ] | View normai to ane 1
Instructions = £ 8 g A Vi ol b0 2o 2
View vol : % =
= F;} B a (] o Vi normal 10 aoe 3
Select the main folder generated by the microstructure characteriation module, then choose the property to plot and for ] !
Check segmentation which phase. Enter a voxel size and then create the figure. g i 30 sncs |Srow shows v
Vo View ion results ) 4 4 Sngming pivad 4 CPU ang Rl wpente
Click to select a folder | nme-1-cal-blackisporepluschd_Vel_83um_Voxel_398nm
. Poston alng gxe 1
] : 2 "
Proerty ol [Partice_dameter_CPSD ] ) [ S
o (] < - =y
T = g L
Stce: 287100, 11,1439 8um 181 101 151 201 261 300
12 Postion along ane 3
12 e T e
= | 1112131415161 71815m00 [ ==
10
10 Adisst view 83 moving skder
E 8 8 Figure and videa options.
E E Chek 15 Salact save folder
20 5 g § | Mosawelce seiecied
_E Foaname | nme-1-cal- BlaCHS00re0asscha.
L 4 ; Videotemat (mpeg4  +
T h I t t h e Frame per 3. il
en seiec | write voxel dimension | [ Write voxelunit | | Waite Property unit |
2 First aoxs (um) 2
parameter tg plot v v v 0 .
Voxelsize |  0398| Unit Froperty unit  |[um

and for which|phase 2D shoes visuazaion Visualize voxel/pixel-wise parameters

MNATIOMAL RENEWABLE ENERGY LABORATORY



Microstructure filtering and segmentation

DL itenng and segmestain msie o ox . . Grey-scale range variation from the reference (%) .
Filtering and 43 2 a4 0 1 2 3 4 Segmentation error F T ——
— . . ule u uite si
contrast I Relative error as a function of global threshold propagatlon to q p
r&::ﬂ Apedy | Shca per skce, miong Avs 3 - Estmate agres of smootng . : ;DTD.‘:';-[}' ; . t t methOdS.
bt e Conducton methos | epormntel - Cagres of smootung S0 == ceilic surlace area
Fiweng Conecsty | manmar v|  Seencnwnoow sz El correCtlon : +Mp:anparticlc diameter m Icros ruc u re o F H f . dl-
e Dpe—— ! Pore tortuosiy t ocus is on user-friendliness
e RIS _ | _ _ parameters -
B ; = =B - - ! and reproducibility
; A6 S9S (QOL: preview, = ' o g
emwmlmmwwuarm = . . L)
do/undo/save) : : (Segmentation is |ter|.ng and contrast
PR 2 | correction followed by
S e k- . threshold-based, .
s i Vs o e vy & : local lobal) threshold-based segmentation
i & : ocal or globa is usually enough for your
2 - : application the tool is relevant.
| e 5 A " " s A AREMIPORS
-30 =20 ) -I i 0 ’ 0 20 30
0 T T T g T Global threshold variation from the reference
Image quality (gray level deviation has been spotted) History log (keep tracks of all changes, useful to
enforce a systematic segmentation method)
Sice paralice, nlong Avle > Averaged grey level, view normal to axe 3
. : P o 7 & RO, filtering and segmentation module — O X
300 Volume Calculate Help
[ e cachoperations pertomedon thevolume are recorded mthe bl below.
250 —| i Save/display options
) 650 Region of Interest / View -
- |Step Operations Parameters Elapsed time
200 500 ;:;n:au;"ms(n;e"r:;on Start date Friday, 11:32:45 -0600, May 7, 2021 nia
; (e User name fussegli nia
u < - Computer name FUSSEGLI-34154S nia
ﬁ 0 Z = C_oml_m‘l correction Operating system Windows_NT nia
, LT i - MATLAE version 9.9.0 1467703 (R2020b) nia
100 500 :z:::taﬁ::m 1 Loading file CiUsers\fussegli\Desktop\Tifs\nmc-1-cal-greyscale tif |0.8s
W 2 Crop volume Axe 1. 25-300 Axe 2. 10-351 Axe 3. 1-200 0.0s
50 450 History 3 Rotation volume Mormal to axe 3. 2.5 degrees 0.6s
| 4 Swap axis 1 with axis 3 Mo parameters 0.3s
|1 400 5 Data type conversion 5-bit unsigned integer arrays 0.1s
0 T | | ;"'" 6 Burn image exireme values 1.00 percent of volume with higher values burmnt 1.0... |2.55
220 2080 180 160 140 120 1040 80 6l 2nd Axis 7 Image filtering: non local mean filker Degree of smoothing: auto estimate, search window___ | 29.05
Gray level
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Microstructure meshing

S ¥ Morphology opening to reduce surface roughness and
remove ill-defined voxel connectivity to ease mesh generation
One unique microstructure Polycrystalling architecture R R
) | . process and improve model numerical convergence.
‘;j:,ﬁ,’_"m;— R - “Tfi?::f;”.,’”f:;,...;.m..t.m.m;m.,,hmm " Erosion + dilatation
n‘;’;‘*ﬁm‘;&;’ﬁ;:ﬁﬁg 2) s.l:rumnlion mmuu-::eellnrml.cau. the mk::ness muulqll-phmd:r‘:lhn: is the first axis. B E> E> | $ $
I:::: ::::; i :z Rz mcj ama{mm:' Initial geometry Voxel near surface are ... and removed  Voxel near surface from ... and added

3) Apply upidown scaling. For a full-cell, you must rescale so that each tif share the same voxel size labeled (erosion (erosion) the complimentary volume (dilatation). Final
distance = 1) are labeled geometry
Aoty (dilatation distance = 1)...

Orientation Length (bafore]  Lengin (2Mer) Scaling faclor 1 =1)...
Thecugh-pisne direction u3 193  Vowel size (before) ] s . _
In-plane drection 1 200 200|  Voxel sze (atter) 1
In-plane drection 2 200 2000 gg ) e . . .
e I Voxel connectivity (in-house algorithm)
Once finished, you must click o Save microstructure’ el micstuce J Tab is NOT setup correctly
munwmwmmmnmnzumm«mnaﬂmu!muu %w__x 1 P
o . Fil_=1 Fy, =0 Fp_=0 Fpu=1 ] Ro=1
Liipe=0 Ly pe=1 Ly =0 Ly =1 L
Fio=0 Fy=1 F_=0 F,, =0

| ¢ .Li—,2—=0 Li—zs =1 Lysz4=0 L1+.2—=0] k=1 ¢|
I+ P e I R H
Meshing process divided into subtasks:

e |
1) 3D array pre-processing: Import / dimension [;. &) &)

Mesh for a unigue volume or a combination of several to
create full cell mesh (inputs are segmented 3D tiff)
compatibility / morphology opening
2) Mesh options: Unstructured of structured

3) Meshing

.

-
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Microstructure meshing (tetrahedron-based)

Unstructured mesh Structured mesh (voxel divided into 6 or 24 tetrahedrons)
(with Iso2mesh. Q. Fang et al., IEEE (2009) 1142-1145, oo ~ o«
https://doi.org/10.1109/isbi.2009.5193259.) % ST —
* Surface mesh extraction: surface simplification or m"g:a:g
constrained Delaunay tetrahedralization (CGAL) o, ‘ Example
e Surface mesh smoothing: Laplacian, Laplacian-HC, Low- ? : ‘
pass filters Bl e
* Volumetric mesh generation and adaptative resolution: ' ’
Tetgen one ol opiter

NMC
particles g

Create one mesh for
whole volume
(monolithic model)
and/or meshes per
phase or group of
phase (segregated
domain model)

Positive electrode
pore domain

Slice within a sphere Slice within an NMC mesh Graphite

+ mesh quality calculations, export in .mat, .csv, .msh, .inp, .stl
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https://doi.org/10.1109/isbi.2009.5193259
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F. L. E. Usseglio-Viretta et al., MATBOX: An Open-source Microstructure Analysis Toolbox for
microstructure generation, segmentation, characterization, visualization, correlation, and
meshing, SoftwareX, submitted

https://github.com/NREL/MATBOX Microstructure analysis toolbox
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