Next Generation Ceramic Processing:

Flash Sintering and Other Technologies




Changes in Ceramic Manufacturing are
coming...

— Custom process development in a flexible Advanced Ceramic
Pilot Line

— Technology Development & Commercialisation;

.. Hydrogen

Additive Flash
Manufacturing Sintering



Advanced Ceramic Pilot Line — Strength in Places
and the MICG

Midlands
— New facility to specialize in process development M I c G lé'dustria' Ceramics
roup

and technology scale up
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Powder Forming Sintel‘ing
Digital Processing and Plastic Processing Ultra high Temp
Modelling Formulation 3D Printing Atmosphere/Vacuum
Machine Learning Material formulation: Casting Flash
QC and selection Weighing, Mixing, Pressing Colq
milling etc. Thin Films Hybrid




Digital; Modelling and Machine Learning for
Ceramic Processes

— Building a Process models e.g., Sintering — reduction in iterative development
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INTERMEDIATE DENSITY

— In-Situ Sintering edge detection

— Deploy Computer Vision Machine Learning

— Feed data into model to better understand

sintering, thermal distortion and flash sintering



Ceramic AM: Robocasting

— Resolution up to 0.2mm

— Alumina, Liquid phase sintered SiC and Nitride Bonded SiC
Solid SiC walll

50% Porous Mesh

Pressure

A Print head

Canister

— Rapid low cost one off Kiln furniture

development

— Print and Flash Sinter...single unit



Print and Flash Sinter i LUCID=ON

W oo hboroush Innovate UK

— Scale up designs for print and contactless
flash layer by layer...
— One application is Solid State Electrolyte

— Thin Film Development

L.J. Deiner, et al, “Digital Printing of Solid-State Lithium-lon Batteries”, Adv. Eng. Mater., 21: 1900737 (2019)



Flash Sintering o000 |
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— Monolithic, Composite and Thin Film applicaitons

Conventional sintering

1500°C furnace
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Flash Sintering

5 hours

83 minutes

9 minutes

80 seconds

Furnace Temperature
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Flash: Controllability and Scalability

— Control and repeatability through LUCID=ON

Materials Development and
Commercialization

FES CONTROLLER

FLOW DIARGRAM

software

variable parameters

[ smtog | [ Rostion | [ Gotnohrescksen akes |

LUCIDZON SF1 FES controller

| Gosr ogh resckton buer |
=

L]

@@

Inputs futputs
B V.ng: 00000 > P_aver: (0,000 T V_scle 2500 1000000 i P 000000 > A_cot: 0.00000 + Tea
g 000000 (3] Totesc[O000 [ Vs 0000000 5 Pl 000000 3l wgtme et 0 Vunconoerasted HOST PC PROPRIETARY
#. 000000 s Tl 100000 21 V_scale_3500. 000000 + L 000000 3 e g 000000 0 \ompomng
B e e e R - e CONTROLLER CERAMIC
Erec 000000 1] Boees 00000 3 Vs 4000000 % ot 0000 % e 0 pave—e ¢
£t 000000 3] Voo 50000000 3 Ve SO00 00000 satom & A
Qe 0008 3] V.cee ¥R 00000 5] w0 5 waomm .
Toaguier 000000 3] Ve 150000000 |2 Pmec 000000 3 (- -
Lover Q0000000000 ] V._scae 2000 000000 5 Vo 000000 6 V.ood 00000 % .
L]
Graphs | Create graoh.
et Volage Comgerssiad it cgaeent Comperasied
NG ; o —r g ] 1KHZ REAL-TIME ELECTRODE SYSTEM
i N ¥ . \ PC
: L™ -
e — el R — . I
Votsge Uncarperasies i Reschusion Vohage (@ % Reschiton Curert
] =i i
ol SN i i
| | }
T 0 i s [H 0B BE R RE EE B [ oS REme me e S I
Time Teme Time ooouooooooa>
HIGH- VOLTAGE

PROGRAMMABLE

POWER SUPPLY FURNACE

Real-time feedback data (low and high resolution) TRANSFORMERS

LUCIDEON LIMITED




Flash Sintering for Advance Nuclear Fuel Cycle
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Huge economic benefit via rapid processing
— enhanced Sintering kinetics

Better incorporate volatiles without species
loss and decomposition

Dense samples with thermal homogeneity
produced

Scale up designs via partnership for
manufacturing in place

The University of Manchester




Process Development: Surrogate Fuel, CeO,,
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« Optimisation of flash parameters
Flash Sintering
1100°C

— Maximum current density
—  Current ramp rate up/down
— Holding time at maximum current

« Furnace temperature
— 1000-1150°C
« Interface of sample / electrode

>50% reduction
In time

* 35% reduction
in firing temp

B CS1-1300-air
O CS2-1400-air
A CS3-1500-air
2 CS4-1600-air
@ FS parameter set 1-1150-air
A FS parameter set 2-1150-air
B FES parameter set 3-1150-air

Conventional Sintering




Dv(50): 4 um Parameter set 3
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The effect of milling
on density and grain
size of FSed pellets in
air

Milling
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Transition to Active Materials

Installation and commissioning of FS
furnace, developed by Lucideon, in
UoM uranium active laboratories

Sharing Flash parameters with UoM for
FS of UO,

Collaborative development of
homogeneous and reproducible FS on
UO, between UoM, Lucideon and NNL

Working closely with Orano to scale up
FS of active material

The University of Manchester

Furnace

Thermal imaging camera

Electrical feedthroughs
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Uranium Dioxide (UO,) Scale-up trials

The University of Manchester

96 } .

— FS programme used for scale-up trials;
— Furnace temperature = 900°C, 20 min hold, Imax = high A 2
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Contactless Flash

Sintering

Electrodes
Electrode motion

Powdered layer f Sintered layer

Sintering
region Sample

Green Sintered

N Y

- Coatings: EBC work

underway

- Solid State Electrolyte
for EV

- SOFC

Control over the degree of sintering



Continuous processin
through Contactless T ——
Flash Sintering

Reduced component count - makes alignment and
Y m control mare difficult

Increased productivity - makes alignment and even
control more difficult

Y P4
Fixed Distance ™8 X motion on belt only

L.,




Contactless Flash for Environmental Barrier

Coatings (EBC's)

- Contactless Flash sintering for manufacturing EBC ‘s for

aerospace applications

- To produce protective EBCs on ceramic substrates in

minutes and seconds, not many hours using flash.
- Collaboration is with Dr Nasrin Al Nasiri at Imperial College

London

Preliminary trials shows a dense and
thick coating based on Rare-Earth
silicate 100-150 micron has been
successfully produced on silicon-based
substrates using flash sintering.

Ceramic substrate

| RE- silicate
coating




Room temperature processing
with Hybrid Sintering

Cold Sintering Flash Sintering

(transient liquid (Electric field)
and pressure)

- Refractories to density at 60°C !!!
- Scale up kit under design —



Conclusions

Insight into where we see next generation of ceramic process
technology, its path to commercialization and its benefits to adoption

Strides in certain sectors for scale up and adoption of these
technologies will cascade to more markets.

Rapid processing for high performance materials

Greener processing routes for green technologies — net zero.



Thank you for listening!

Contact detalls

T +44 (0)1782 764403
= david.pearmain@Iucideon.com
W  www.lucideon.com

LUCID=—ON



How Is FS different from SPS?

— FS is a pressureless technique, SPS under load in a graphite die * Bressiseplaiand destrods
7 Graphite spacer
. : : ——— Upper punch
— Current flows through the sample in FS, in SPS through the highly “~ Graphite paper
. . . . . . . Graphite die
conductive die. Sintering mechanism different, and not entirely — Specimen
known.... =
Lower punch
_ _ _ " Hole for pyrometer
— Energy consumption lower by an order of magnitude in flash

—

— Flash has more scalable application given the absence of a die
and the utilisation of more continuous processing methods.



Pilot Plant Process Flow

Particle size analysis Powder bed

. . Fusion Feedstock
Particle Shape Analysis

Powder Rheology analysis
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Eirich Mixer Extrusion XL Air Furnace
Cone Mixer VPP
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Screen Print
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Dough Rheology Analysis

Physical Testing

Slip Rheology Analysis Microstructure Analysis

Paste Rheology Analysis

Zeta potential

Contact Angle Measurement




