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Motivation
From lab to fab — a progression?

Ceramic materials

Metallic materials

& coatings ——/
e BoP components Customer & demand
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Fuel Cell Stack Server Module Server Power Solution
25W 250-300 kW 250 kW to MWs
Sintering System layout
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*https://www.bloomenergy.com/blog/everything-you-need-to-know-about-solid-oxide-fuel-cells/
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Motivation

From lab to fab — different requirements with increasing TRL

Model systems

TRL

]

Science
| | ] |
Processing
Engineering
Optimization .

- . Critical resources Supp|y chain management
Economics .
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Production techniques

: Wet powder
Examples Tape casting P
spraying
a)
Slip ) i
Storage container Doctor blade Filtered air
constant 1 Drying thamber l dried foil
i I |
fill level - \_‘ ./

Inkjet printing

Actuators

L=12—-20m Drops
@
7 :
o)
Rotational axis Carrier foil [ ==
d) e) ! f) g)
Evaporation Film

) Coating

LY e 3
Gelation liquid ) g
@ - :
Substrate %
3
. “Coating liquid * . ©
Screen printing Dip coating Spin coating

O. Guillon, A. Dash, C. Lenser, S. Uhlenbruck and G. Mauer; Advanced
Engineering Materials 2020, DOI: https://doi.org/10.1002/adem.202000529
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Production techniques

Tape casting

e Suspension-based casting on a carrier tape

e Thickness control by doctor blade
Laboratory tape

e Slip composition is crucial caster

Docotor blade

Reservoir

Industrial-sized
tape caster

https://apps.fz-juelich.de/ceramics/index.php?title=Tape_Casting

https://www.keko-equipment.com/Casting.php ' ' J U L I c H
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Production techniques

Screen printing
Laboratory screen

e Suspension-based transfer of paste through a mesh printer

e Thickness control through screen structure (e.g. mesh
size)

S Industrial screen
queegee

& §m "
Print direction
ﬁ-

M&&%

(c-ii) (c-iii) (c-iv)

Deposition i Mesh angle

Substrate

https://emerge-infrastructure.eu/service/screen-printer-ekra-e2/ ‘ ’ J U L I C H
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Rheology

Particles in suspension

e Suspensions contain a liquid phase, ceramic particles and additives

Shear experiment Viscosity n
. S I
”. / A /// i >
® o B ,:::::::(/// i Shear stresst = F/A
o A I
® of o Shear rate y = v/h
. . [ — o LA ~ // | |
® o L e Shear viscosity n = t/y
® ® v=0 ' d
® ° i
PY ®

» Viscosity always depends on deformation speed!

https://wiki.anton-paar.com/en/basics-of-rheology/ ‘ ' J U L I C H
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Rheology

Suspension behavior

e Suspensions contain a liquid phase, ceramic particles and additives

e Suspension can have different behaviors:

e Ideal (newtonian)
e Shear thinning

e Shear thickening

https://wiki.anton-paar.com/en/basics-of-rheology/
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Rheology

G =G +G"

Linear reference line

Tolerance range (3 %)

Flow curve
y. . .
G’: solid-like
Yield point
=)
ol
e
& = Linear viscoelastic region (LVR)
lD e coela C regic
Storage Modulus G'
----- Loss Modulus G"

Strain y[%]

Analysis of rheology by oscillation testing

Shear modulus G = G +iG’

Damping factor tand = %

tan § < 1 — elastic
tan 6 > 1 — viscous (liquid-like)

End of linear viscoelastic region — yield point y,,

G =G — flow point yz

D. J. Ramler, R. Mucke, C. Lenser, O. Guillon and N. H. Menzler Journal of the European Ceramic Society 2025

DOI: https://doi.org/10.1016/j.jeurceramsoc.2025.117570
https://wiki.anton-paar.com/en/basics-of-rheology/#basics-of-rheology
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Thixotropy

Time-dependent behavior

I 10
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Dissertation Denise Ramler, RWTH Aachen, 2025

Member of the Helmholtz Association

400

Drying cracks in screen-printed layer, likely
due to too-fast drying of the paste
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Relevance of paste rheology — yield point
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Dissertation Denise Ramler, RWTH Aachen,
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Paste with yield point at high deformations

-> screen imprints

Paste with yield point at low deformations

-> No screen imprints
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Button cells
Why button cells?

Numerical model of Jilich rSOC system

tl

4x20
Repeating units
Each: 320 cm?

Co-flow

e Stack 3
—

. Stack 2
—

, Stack 1
—

Computation time:

~2.5-4 hours

https://github.com/openFuelCell2/openFuelCell2

Member of the Helmholtz Association

X
~ 1000 A
|_

Thermal gradients along flow direction Real systems

« Large gradients
« Local conditions hard to access
» System -> averaged behavior

1100

N

Experimental PP N
V¥V No.1l
V¥V No.2 e

No. 3
10501+ ¥ No.4

~aD~

Numerical

| tamer Button cells
s  Small area ~ 1 cm?

—— No. 4

Fuel inlet Center line

950 -1 . -
- Sub-stack U] - nweiener | o Defined conditions
0 No. 3 center .
arner KRB = No. 4 center * No gradients over cell area
998 00 0.25 0.50 0.75 1.00

» Represents local conditions

Reference length
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Button cells
Dry pressing

e Simplest (and oldest) way to make a cell

@F Green pellet - Sintered pellet

Ceramic powder
P pgreen =~ 0.4-0.5 Ptheo Psintered = 0.8-0.99 Ptheo

Minimal effort / invest required
|deal for material characterization
» Conductivity
« Compatibility / Interdiffusion
ﬁF Free sintering
Fundamental studies — e.g. dilatometry

IJ JULICH
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Button cells

Fundamental studies - example

e Sintering of BaZr,,Ce,,Y, .03 pellets by field-assisted sintering (FAST)

e Thermal post-treatment shows conductivity improvement through segregation of Y-dopants to grain
boundaries

Temperature [°C] g
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SPS 1450 °C 0 T T T 1D Profile
s ' “"Huang 2023 | | 2
— SP31A50°C g Ricote 2012 (107 S/em
s +1000 °C SR Ricote 2010 .
z :'EB S . 10" s/cm
° H O
l . 41100 °C S 5 .:: I“ﬂ'g g'"b'
£ —— +1200°C % TEN N 10% s/cm
3 E s®as § o 3
g +1600°C| ____ 41300 °C k. A R Sl
o s g . cm
g E— : +1400 °C = . “ = -
= p = -10 o iy : a-g "
[/ +1500 °C s 8 : 107 S/em
=¥ o i s L
+1600 °C ] | 10*s/cm
\ N ——
: 1.5 2.0 2.5
Time
1000/T [1/K]

M. Kindelmann, I. Povstugar, S. Kuffer, D. Jennings, J. N. Ebert, M. L. Weber, et al.; Advanced Energy Materials 2024; DOI: 10.1002/aenm.20

» JULICH
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Button cells

Tape-cast supports (commercial)

Z" (2 cm?)
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M. S. Khan, C. Lenser, C. Dellen, M. Muller, O. Guillon and N. H. Menzler
ACS Applied Energy Materials 2025; DOI 10.1021/acsaem.4c02754
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Electrode
Electrolyte
Electrode

Contact loss
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Single cells

Scaling to larger size

e Larger cell sizes are necessary for application

e Processing techniques should be scalable /
automatable to continuous production

e Larger cell size brings new problems:
 Mechanical strength
e Camber during sintering
e But also:
e Batch-to-batch variations in raw materials

e Adapt processing routines

IJ JULICH
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Camber

 When sintering asymmetric laminates / multilayers, the cell shows warping during sintering
e This camber is a result of mismatching shrinkage rates
e For a bilayer laminate, the rate of curvate «k is proportional the rate of the shrinkage mismatch Ae:

6(m + 1)*mn

Aé Air electrode
m4n? + 2mn(2m? +3m+2)+1

Barrier layer

_ () (1=v2 _h Electrolyte
n= (1—1/1)( N2 ) m = h2 yt
/ /‘ Fuel electrode
Uniaxial viscosity Layer thickness Support

P. Z. Cai, D. J. Green and G. L. Messing; JACersS; DOI: 10.1111/j.1151-2916.1997.tb03075.x

IJ JULICH
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Camber — shrinkage rates

e Cause for curvature is mismatch in shrinkage 800 1000 1200 1400

rates 000 e ]
: — 1120

-0.05 - ]
- - _ 4100

: 6(m + 1)*mn v 010t AN
K — g L -
m#n? + 2mn(2m? + 3m +2) + 1| —0.15F TZ-8Y as delivered - 80

]

TZ-8Y calc./milled

02F |- TZ-8YS as delivered 1\\ ] 60
o Example Jilich ASC /

sintering strain, In (h(t)/hg)

sintering rate, —=1/h(t)-dh(t)/dt [107° s7]

-0.25 anode substrate /o _,'tl’ VY ] 40
e Coarse particles in NiO-YSZ support ~0.30 / S VAN T
. -0.35 | oA N
 Fine YSZ powder - It N N
. . —0.40 | . ] . 1 . i L I
 Powder pre-treatment changes sintering 800 1000 1200 1400
properties temperature [°C]

Member of the Helmholtz Association Page 19
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R. Miicke et al.; Journal of the American Ceramic Society 2009; DOI: 10.1111/j.1551-2916.2008.02707.x ‘ ’ J U L | C H
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Camber — shrinkage rates

e Cause for curvature is mismatch in shrinkage
rates

B 6(m + 1)?mn
~m*2 4+ 2mn(2m?2 +3m+2) + 1

Ag

||=— GDC
= GDC-1230
1= GDC-1340

—— GCDC05-1230
-0.4 - T -

e Adjusting shrinkage rates minimizes camber

Shrinkage rate DL/dt S st ierat 5

e Shrinkage rate is controlled by particle size

and specific surface area 0 500
Temperat
Dissertation Denise Ramler, RWTH Aachen, 2025 ' ’ J U L I c H
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Camber — shrinkage rates

o
o
1

e Cause for curvature is mismatch in shrinkage
rates

B 6(m + 1)?mn
~m*2 4+ 2mn(2m?2 +3m+2) + 1

Ag

e rate DL/dt (%/min)
& &
N -—

. 0
I

e Adjusting shrinkage rates minimizes camber

e Shrinkage rate is controlled by particle size
and specific surface area

e Limits in electrolyte densification

L 2

e W7 TR AR
i . Q,'(’.’A' = - T ‘5‘
& ) JULICH
J Forschungszentrum

Dissertation Denise Ramler, RWTH Aachen, 2025
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Camber - viscosity

 Viscosity ratio of layers shows strong [x10'] 6 u T T ' T 7
influence [ | —&— UNIAXIAL VISCOSITY, E (Ref7) ! T
Ol | —— BULK VISCOSITY, K (Ref.7) ! ~

—— SHEAR VISCOSITY, G (Ref.7) '
al. | ®=: LTCC 820°C, E (Ref.18)

e Increasing viscosity with rel. density

»
Q0
. 6(m + 1)*mn ot i .
K = Ag >- 3;- -
m4n2 + 2mn(2m? +3m+2)+ 1 %
9 2 i
_ (M 1-v; N - .
n_(l—vl)( Uy ) > 1,_ -
o All parameters change during sintering -> 0 1
complex & expensive to model precisely RELATIVE DENSITY, p

G. Okuma, F. Wakai, S. Tanaka, T. Hondo, J. Gonzalez-Julian and O. Guillon:

Materials Today: Proceedings 2019 Vol. 16 Pages 42-48; DOI: https://doi.org/10.1016/j.matpr.2019.05.285 ‘ ’ J U L I C H
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Camber — optical dilatometry

e Thermo-optical measurement system allows dilatometric measurements during sintering

e Cell is seen along one edge
e Electrolyte is 2 um of 8YSZ, deposited from a nanosuspension

STC* NiO-8YSZ 500 pm
Type I NiO-8YSZ 500 pm EZ]
CTJeld NiO-3YSZ 400 pm Ceramtec

Each cell has a ~7 um NiO-8YSZ electrode

Forschungszentrum

l) JULICH
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Camber — optical dilatometry

e Thermo-optical measurement system allows dilatometric measurements during sintering
e Cell is seen along one edge
e Example: CTJ-e 19 (400 pum NiO-3YSZ2)

T=1300 °C T =1400 °C T =1400 °C
dT/dt = 3 K/min dT/dt = 0 K/min dT/dt = 0 K/min
t g = 0 min tog = 120 min

9 JULICH

Forschungszentrum
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Camber — optical dilatometry

e Thermo-optical measurement system allows dilatometric measurements during sintering

e Cell is seen along one edge

Member of the Helmholtz Association

STC

= Type lll

CTJ

{1300 §

41200

41100

200
Time (min)

Page 25

300

- 1400

C)

Temperature (

1000

b)

Ad/d, (-)

11400
= STC
= Typelll e
= CTJ 411300 ©
Q
S
-
-
11200 ©
Q
. £
[h]
11100 F
| |
"
- | |
A 1000
200 300 400
Time (min)

IJ JULICH

Forschungszentrum



Camber after sintering
White-light topography

e Sintered half cells show different camber, depending on support properties
e Least camber for the support with the lowest shrinkage

a) . Typelll b) CT c) STC LB

0.50
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0.40

0.3s

0.30

o025

0.20
15
1

o 10 20 30 40 50
x [mm] Zx =232 x [mm] zx=232

—~ 4 N N
= 4 — T S
E 02+ / \ /,’ \ E_ 02+ / N A
= "," / N ‘)," N\ 3 /
N 0.1 \\__.————- B = ’ ‘," SR
0.0+ . - — 0.0+ T A
X =

T 1 T T T
50 0 10 20 30 40 50
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e e e i)

T T T T
10 20 30 50

T T T
0 10 20 30 40

x profile through center, x [mm] zx =300 x profile through center, x [mm] zx=300 x profile through center, x [mm]

4
zx=300
@) JULICH
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Camber — electrolyte thickness

o 10 20 30 a0
b) x [mm] zx=10.0

a) Anode support

0.5 um

x [mm] zx =100

T 1
0 10 20 30 w0
x profile through center, x [mm]

zx =100

T T T T 1
10 20 30 40 50

x profile through center, x [mm]

zx =100

Member of the Helmholtz Association

e Support: 500 um NiO-8YSZ
e Different electrolyte thickness
e 0.5 & 1 pm: NP suspension; 8 um: pm-particles (SP)

» Camber can be influenced by layer thickness

» In practice, one of the most simply accessible
parameters

l) JULICH
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Camber — matching shrinkage rates

e Adapting layer shrinkage can minimize camber

1004 —— Electrolyte
Substrate

0.95 -
E
o
2

0.90 -
?
@
g
5 085+
r4

0.80 - BZCY /[ NiO-SZCY // NiO-SCZY -

3-layer half cells after sintering ~
0 75 o 1 s T 1 v 1] v L} g L]
900 1000 1100 1200 1300 1400 1500 = isothermal 3 h
Temperature [°C]
W. Deibert, M. E. Ivanova, Y. Huang, R. Merkle, J. Maier and W. A. Meulenberg,
Journal of Materials Chemistry A 2022, DOI: 10.1039/D1TA05240C ' J U L | c H
Forschungszentrum
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Mass production

Requirements

e Reproducibility

e Cost

e Throughput

e Supply chain management

Photo Credit: Bosch-Ceres-Power-Fuel-Cell-Partnership TW|Bosch-Ceres-Power-Fuel-Cell-Partnership

e Money, money, money...

(©xEon

N__eneray

Beyond Current Potential

e Public funding

4
:

t )

e Private investors

....
-
.

e Market conditions (subsidies, CO,-price)

9 JULICH
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Mass production
Example: Sunfire (DE)

R — IPCL'/
‘l sunﬁreIEI]I]+

> rﬂfﬁ
‘@F \_,

K&

Technological and Manufactural Maturity of SOEC,
Industrial Scale-up and Automation

4

~

10 MW Module

2028: Production capacity of
- 500 MW/a SOEC-electrolysers

N -

1,25 MW

0.5—-1W/cm2=10-20.000cells STTTTTTToosSoossoossmoosmmosmmmeees
0.5 -1 W/cm?2 ~ 106 cells

e

l) JULICH
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Summary

From lab to fab — different requirements with increasing TRL

Focus on:
« Understanding

* Well defined conditions
« Materials variability

- O manlalailid .

m

Science

Engineer Thank you for your attention!

« Supply chains
et @) JiLICH

Forschungszentrum

Economics
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Mass production
Example: Topsoe (DK)

Member of the Helmholtz Association

100 cells

«w*

1200 cells
350 kW

Page 33
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Mass production

Measures to reduce cell numbers

¢ |[ncrease

IJ JULICH
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Mass production

Beyond Current Potential

Top View
Cross
=
Front Vlew _Front View
i I
|
Maintenance area
STATE OF DESIGN: 2023.07.12
——tr T
N e e £
3 | Cross Section| | | 1 I
I __! 260 | - | = —
d i win 12900 [ Thwwa | rumdl ONEJOON
i"l % »s i BE=]
.‘!' ‘unn-m( *m:mmovm n
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