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Overview

Timeline and Budget Barriers & Targets
* Project Start Date: February 17, 2022 * Optimize the lamination process via calendering.
* Project End Date: February 16%, 2025 * Quantity scale-up of the lamination process to
* Total Project Budget: $ 2,400,000 demonstrate > 10 ft of EEA.
— Total DOE Share: $ 1,200,000 e Further increase EEA throughput via slot-die
— Total Cost Share: $ 1,200,000 coating and demonstrate > 5 m/min coating of
— Total DOE Funds Spent*: $ 236,473 ASL (10X increase vs tape casting).
— Total Cost Share Funds Spent*: § 37,346 * Minimize the anode supported layer (ASL)
* As of 03/01/2024 thickness and reduce material cost by >10%.
Partners OAK
£RIDGE
+ ORNL (PI) St
* Redox Power Systems (REDOX)
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SOFC/SOEC manufacturing involves many steps and the
manufacturing cost highly depends on the scale

An example of an EEA manufacturing process Stack manufacturing cost variation with system size.
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Roll-to-roll manufacturing capabilities at BMF

Battery electrode fabrication
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» Planetary mixer <+ Single and double sided * 9drying zone « 80,000 Ib separating
« Y2 gallon « Continuous and intermittent including 2 IR zones force
coating « Temperature up to
» Capable of simultaneous multi- 250°C
layer coating * Upto 15 m/min

« Upto 15 ft/min
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Roll-to-roll manufacturing capabilities at BMF

Thin film mixer Bench top slot-die coater Pilot scale slot-die coater Electron beam curing
g | - ;‘,_, 0 = E.‘"/_’ % h: ( z ‘.
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Pilot scale slot-die coater at ORNL
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« Slot-die coating is a high precision and high throughput method to producecatig |
« Dual slot-die can coat two layers simultaneously
* 9drying zones provide flexibility to optimize drying protocols %OAK RIDGE
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Roll-to-roll lamination process can produce electrode
electrolyte assembly with high throughput

Goal: To further develop a high-volume electrode electrolyte assembly
(EEA) production capability to significantly increase throughput of SOFC

manufacture and reduce the manufacture cost by 30%.
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Deliverables:

- Budget Period 1: Optimization of the lamination conditions and demonstration of >10 ft 4-layer EEA;
sintering the EEA, characterizing the EEA morphology and properties, and testing the cell performance at

ORNL and Redox.

- Budget Period 2: Fabricating multiple layers via slot-die coating, demonstration of >5 m/min in coating ASL,
laminating them into EEA to reduce interfacial resistance, testing the cell performance and characterizing the

laminate properties at ORNL & Redox.

- Budget Period 3: Further reducing SOFC cost by minimizing ASL thickness and enabling >10% material cost

reduction
| Laminate length scale-up (10 x Uhroughput improvement (10 x) I | Reduction in material cost (10%) I
Demonstrate >10 ft 4-layer Demonstrate >5 m/min coating Reduce material cost by 10% while
laminate speed for EEA maintaining same performance

Scaling up and
optimizing the
R2R lamination
process

||Budget Period 1

I:> ||Budget Period Zi I:>

d Coating d
Slurry Sequence and Coating

Slurr
: Configuration

Formulation configuration Formulatio

' Fabricating ’
multiple layers Minimizing
Laminate via slot-die Drvi Mechanical ASL thickness
Properties and ; rying echanica _
Performance \ o028 Protocol Strength Coating Speed
& Lamination ’ & Drying ’
Optimization Protocol

||Budget Period 3 I
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Project Milestones

N

Phase 1
Optimization of the lamination conditions
and demonstration of >10 ft 4-layer EEA,;
sintering the EEA, characterizing the EEA
morphology and properties, and testing the
cell performance at ORNL and Redox.

Phase 2
Fabricating multiple layers via slot-die
coating, demonstration of >5 m/min in
coating ASL, laminating them into EEA to
reduce interfacial resistance, testing the cell
performance and characterizing the
laminate properties at ORNL & Redox.

Phase 3
Further reducing SOFC cost by minimizing
ASL thickness and enabling >10% material
cost reduction and further increase coating
speed.

All Budget Periods

Task 1.1 (1)
Task 1.2 (2-10)

Task 1.3 (6-12)

Task 2.1 (13-19)
Task 2.2 (15-22)

Task 2.3 (20-24)

Task 3.1 (13-19)
Task 3.2 (15-22)

Task 3.3 (20-24)

Milestone 4 (1-36)

v

.

V

1.1 - Fabricate the ASL, AFL and GDC tapes via tape casting (Redox).
1.2 - Optimize the lamination conditions to produce >10 ft 4-layer EEA (ORNL).

1.3 - Sinter and characterize the EEA and test cell performance (ORNL & Redox).

2.1 - Fabricate individual layers and EEA via slot-die coating (> 5 m/min) (ORNL).
2.2 - Laminate the layers into EEA (ORNL).

2.3 - Sinter and characterize the EEA and test cell performance (ORNL).

3.1 - Coat ASL at various thickness (ORNL).
3.2 - Sinter ASL, characterize morphology & mechanical strength (ORNL & Redox).

3.3 - Produce EEA with thin ASL and test cell performance (ORNL & Redox).

4 - Deployment, dissemination (ORNL & Redox).
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Previous Accomplishments:
(Project started in May 2022)

« Summary of the accomplishments prior to FY24:

— Slurry formulation with rheology study to evaluate slurry processing conditions and improved coating
behaviors and dry coating quality.

— ldentified coating and lamination conditions of the AFL, ASL and GDC layers.

— Coated EEA of ASL/AFL/GDC at >5m/min using slot die coating.

— Optimized ASL thickness

— Evaluation of ASL thickness on processing, quality and mechanical behaviors in fabricated the EEA.

= — i

. (With minimum thickness ASL, coated at Sm/min

%OAK RIDGE

National Laboratory



FY24 Accomplishment

= Fabricated EEA from coated layers and established
lamination window for processing EEA with excellent
interlayer contact using the 4-High configuration, Fenn Mill.

= SEM microscopy was used to establish lamination
window with great interlayer contact at microscopic level.

= Evaluated the interplay of ASL thickness, processibility
and mechanical strength.

= EEA with minimal target thickness of ASL (~300 uym) was
fabricated via slot-die coating.

% OAK RIDGE
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Fenn Mill at ORNL together with an Oven used in Calendering Experiments

» The individual, coated layers were laminated on the Fenn Mill to form EEA.
» Prepared EEA with minimal ASL thickness (300 um per layer).

. Identlfled Iamlnatlon Wlndow and process parameters (temperature, gap, speed, sequence).

Sample preparation: 1.5" W x 4” L samples of ASL - ASL/AFL/GDC, ASL-ASL-AFL/GDC and ASL-ASL-AFL-GDC.
7" x 7" ASL — ASL/AFL/GDC
90°C, 110°C, 130°C temperature equilibration of 5 minutes.
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Excellent lamination at 90°C, resulting in 6 to 9% reduction

« Lamination of single- and multi- layer coatings results in great contact on macroscopic level
within the established processing window.

« SEM was used to evaluate microscopic contact between layers and confirm integrity of the EEA.

%OAK RIDGE

National Laboratory



1-Pass ASL-ASL/AFL/GDC Calendering at 130°C, 110°C and 90°C

Reduction thickness

Compressed

Temp. (° C) Set Gap (um) Speed (FPM) Initial thickness (um) Final thickness (um) (um) percentage (%)

1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um
130 431.8 20.0 410 378 32.0 7.8%

1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um
25.0 410 382 28.0 6.8%
130 381 20.0 410 379 31.0 7.6%
15.0 410 369 41.0 10.0%
2.0 410 378 32.0 7.8%

1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um
25.0 410 377 33.0 8.0%
130 355.6 20.0 410 358 52.0 12.7%
15.0 410 358 52.0 12.7%

1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um
25.0 410 390 20.0 4.9%
130 330.2 20.0 410 381 29.0 7.1%
15.0 410 360 50.0 12.2%

1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um
25.0 442 390 52.0 11.8%
110 381 20.0 442 385 57.0 12.9%
15.0 442 384 58.0 13.1%

1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um
25.0 442 392 50.0 11.3%
110 3556 20.0 442 382 60.0 13.6%
15.0 442 380 62.0 14.0%

1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um
25.0 442 395 47.0 10.6%
110 330.2 20.0 442 385 57.0 12.9%
15.0 442 385 57.0 12.9%

1 pass: ASL-ASL/AFL/GDC, total EEA width: 455 um
25.0 455 414 41.0 9.0%
90 381 20.0 455 409 46.0 10.1%
15.0 455 405 50.0 11.0%

1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um
25.0 410 369 41 10.0%
90 330.2 20.0 410 374 36 8.8%
15.0 410 363 47 11.5%

[1]377.31um

(1]417.53um

Flgure above shows optical micrograph at 100X magmﬁcatlon of EEA
sample prepared through 1 pass calendering at a gap of 381 um. The ASL
green sheet was laminated onto a triple-layer coated green sheet of
ASL/AFL/GDC at A) at 130 °C and an initial thickness of 410 um, resulting in
6.8% reduction of thickness to 382 um and B) at 90 ° C and an initial
thickness of 465 um, resulting in 9.0% reduction to 414 um.

%OAK RIDGE

National Laboratory



Sheet1









				Sr. No		Page No		Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness- w/mylar (um)		Final thickness- w/mylar (um)		Initial thickness- w/o mylar (um)		Final thickness- w/o mylar (um)		Thickness changes (um)		Compressed percentage (%)		Comments				Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness- w/o mylar (um)		Final thickness- w/o mylar (um)		Thickness changes (um)		Compressed percentage (%)		Comments				Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness (um)		Final thickness (um)		Reduction thickness (um)		Compressed percentage (%)		Comments



				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 																																												1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 

				1		15		130		431.8		20.0		560		528		410		378		32.0		7.8%		Sticks				90		330.2		25.0		277		252		25.0		9.0%		Sticks				130		431.8		20.0		410		378		32.0		7.8%		Sticks

																																		20.0		277		245		32.0		11.6%		Sticks																ERROR:#DIV/0!

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 																																												1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 

				2		35		130		381		25.0		560		532		410		382		28.0		6.8%		Sticks																						130		381		25.0		410		382		28.0		6.8%		Sticks

				3		33						20.0		560		529		410		379		31.0		7.6%		Sticks				90		304.8		25.0		277		240		37.0		13.4%		Sticks								20.0		410		379		31.0		7.6%		Sticks

				4		31						15.0		560		519		410		369		41.0		10.0%		Sticks								20.0		277		235		42.0		15.2%		Sticks								15.0		410		369		41.0		10.0%		Sticks

				5		10						2.0		560		528		410		378		32.0		7.8%		Sticks								15.0		277		233		44.0		15.9%		Sticks								2.0		410		378		32.0		7.8%		Sticks



				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 																																												1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 

				6		21		130		355.6		25.0		560		527		410		377		33.0		8.0%		Sticks																						130		355.6		25.0		410		377		33.0		8.0%		Sticks

				7		19						20.0		560		508		410		358		52.0		12.7%		Sticks																										20.0		410		358		52.0		12.7%		Sticks

				8		20						15.0		560		508		410		358		52.0		12.7%		Sticks				90		457.2		25.0		380		343		37.0		9.7%		Sticks								15.0		410		358		52.0		12.7%		Sticks

																																		20.0		380		339		41.0		10.8%		Sticks

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 																														15.0		380		340		40.0		10.5%		Sticks				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 

				9		25		130		330.2		25.0		560		540		410		390		20.0		4.9%		Sticks																						130		330.2		25.0		410		390		20.0		4.9%		Sticks

				10		27						20.0		560		531		410		381		29.0		7.1%		Sticks																										20.0		410		381		29.0		7.1%		Sticks

				11		29						15.0		560		510		410		360		50.0		12.2%		Sticks				90		431.8		25.0		380		344		36.0		9.5%		Sticks								15.0		410		360		50.0		12.2%		Sticks

																																		20.0		380		337		43.0		11.3%		Sticks

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 																														15.0		380		337		43.0		11.3%		Sticks				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 

				12		37		110		381		25.0		592		540		442		390		52.0		11.8%		Sticks																						110		381		25.0		442		390		52.0		11.8%		Sticks

				13		39						20.0		592		535		442		385		57.0		12.9%		Sticks																										20.0		442		385		57.0		12.9%		Sticks

				14		41						15.0		592		534		442		384		58.0		13.1%		Sticks				90		431.8		25.0		367		322		45.0		12.3%		Sticks								15.0		442		384		58.0		13.1%		Sticks

																																		20.0		367		322		45.0		12.3%		Sticks

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 																														15.0		367		315		52.0		14.2%		Sticks				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 

				15		47		110		355.6		25.0		592		542		442		392		50.0		11.3%		Sticks																						110		355.6		25.0		442		392		50.0		11.3%		Sticks

				16		45						20.0		592		532		442		382		60.0		13.6%		Sticks																										20.0		442		382		60.0		13.6%		Sticks

				17		43						15.0		592		530		442		380		62.0		14.0%		Sticks				90		406.4		25.0		367		322		45.0		12.3%		Sticks								15.0		442		380		62.0		14.0%		Sticks

																																		20.0		367		321		46.0		12.5%		Sticks

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 																														15.0		367		315		52.0		14.2%		Sticks				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 

				18		49		110		330.2		25.0		592		545		442		395		47.0		10.6%		Sticks																						110		330.2		25.0		442		395		47.0		10.6%		Sticks

				19		51						20.0		592		535		442		385		57.0		12.9%		Sticks																										20.0		442		385		57.0		12.9%		Sticks

				20		53						15.0		592		535		442		385		57.0		12.9%		Sticks				90		381		25.0		367		316		51.0		13.9%		Sticks								15.0		442		385		57.0		12.9%		Sticks

																																		20.0		367		311		56.0		15.3%		Sticks

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 455 um 																														15.0		367		309		58.0		15.8%		Sticks				1 pass: ASL-ASL/AFL/GDC, total EEA width: 455 um 

				21		71		90		381		25.0		605		564		455		414		41.0		9.0%		Sticks								3.0		367		311		56.0		15.3%		Sticks				90		381		25.0		455		414		41.0		9.0%		Sticks

				22		69						20.0		605		559		455		409		46.0		10.1%		Sticks								3.0		367		311		56.0		15.3%		Sticks								20.0		455		409		46.0		10.1%		Sticks

				23		67						15.0		605		555		455		405		50.0		11.0%		Sticks																										15.0		455		405		50.0		11.0%		Sticks



				1 pass: ASL-ASL/AFL/GDC, total EEA width: 455 um 

				24		61		90		355.6		25.0		605		553		455		403		52.0		11.4%		Sticks																						90		355.6		25.0		605		ERROR:#REF!		455		ERROR:#REF!		Sticks

				25		63						20.0		605		548		455		398		57.0		12.5%		Sticks																										20.0		605		ERROR:#REF!		455		ERROR:#REF!		Sticks

				26		65						15.0		605		533		455		383		72.0		15.8%		Sticks																										15.0		605		ERROR:#REF!		455		ERROR:#REF!		Sticks

																																																1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 

				27		59		90		330.2		25.0		560		519		410		369		41.0		10.0%		Sticks																						90		330.2		25.0		410		369		41		10.0%		Sticks

				28		57						20.0		560		524		410		374		36.0		8.8%		Sticks																										20.0		410		374		36		8.8%		Sticks

				29		55						15.0		560		513		410		363		47.0		11.5%		Sticks				Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness (um)		Final thickness (um)		Reduction thickness (um)		Compressed percentage (%)		Comments								15.0		410		363		47		11.5%		Sticks



				1 pass: ASL-ASL-AFL/GDC, total EEA width 277 um																										1 pass: ASL-ASL-AFL/GDC, total EEA width 277 um

				30		117		90		330.2		25.0		427		402		277		252		25.0		9.0%		Sticks				90		330.2		25.0		277		252		25.0		9.0%		Sticks

				31		119						20.0		427		395		277		245		32.0		11.6%		Sticks								20.0		277		245		32.0		11.6%		Sticks



				1 pass: ASL-ASL-AFL/GDC, total EEA width 277 um																										1 pass: ASL-ASL-AFL/GDC, total EEA width 277 um

				32		115		90		304.8		25.0		427		390		277		240		37.0		13.4%		Sticks				90		304.8		25.0		277		240		37.0		13.4%		Sticks

				33		113						20.0		427		385		277		235		42.0		15.2%		Sticks								20.0		277		235		42.0		15.2%		Sticks

				34		111						15.0		427		383		277		233		44.0		15.9%		Sticks								15.0		277		233		44.0		15.9%		Sticks



				2 pass: ASL-ASL-AFL-GDC total EEA width 380 um																										2 pass: ASL-ASL-AFL-GDC total EEA width 380 um

				35		85		90		457.2		25.0		530		493		380		343		37.0		9.7%		Sticks				90		457.2		25.0		380		343		37.0		9.7%		Sticks

				36		87						20.0		530		489		380		339		41.0		10.8%		Sticks								20.0		380		339		41.0		10.8%		Sticks

				37		89						15.0		530		490		380		340		40.0		10.5%		Sticks								15.0		380		340		40.0		10.5%		Sticks



				2 pass: ASL-ASL-AFL-GDC total EEA width 380 um																										2 pass: ASL-ASL-AFL-GDC total EEA width 380 um

				38		83		90		431.8		25.0		530		494		380		344		36.0		9.5%		Sticks				90		431.8		25.0		380		344		36.0		9.5%		Sticks

				39		81						20.0		530		487		380		337		43.0		11.3%		Sticks								20.0		380		337		43.0		11.3%		Sticks

				40		79						15.0		530		487		380		337		43.0		11.3%		Sticks								15.0		380		337		43.0		11.3%		Sticks



				2 pass: ASL-ASL-AFL-GDC total EEA width 367 um																										2 pass: ASL-ASL-AFL-GDC total EEA width 367 um

				41		97		90		431.8		25.0		517		472		367		322		45.0		12.3%		Sticks				90		431.8		25.0		367		322		45.0		12.3%		Sticks

				42		99						20.0		517		472		367		322		45.0		12.3%		Sticks								20.0		367		322		45.0		12.3%		Sticks

				43		101						15.0		517		465		367		315		52.0		14.2%		Sticks								15.0		367		315		52.0		14.2%		Sticks



				2 pass: ASL-ASL-AFL-GDC total EEA width 367 um																										2 pass: ASL-ASL-AFL-GDC total EEA width 367 um

				44		95		90		406.4		25.0		517		472		367		322		45.0		12.3%		Sticks				90		406.4		25.0		367		322		45.0		12.3%		Sticks

				45		93						20.0		517		471		367		321		46.0		12.5%		Sticks								20.0		367		321		46.0		12.5%		Sticks

				46		91						15.0		517		465		367		315		52.0		14.2%		Sticks								15.0		367		315		52.0		14.2%		Sticks



				2 pass: ASL-ASL-AFL-GDC total EEA width 367 um																										2 pass: ASL-ASL-AFL-GDC total EEA width 367 um

				47		107		90		381		25.0		517		466		367		316		51.0		13.9%		Sticks				90		381		25.0		367		316		51.0		13.9%		Sticks

				48		105						20.0		517		461		367		311		56.0		15.3%		Sticks								20.0		367		311		56.0		15.3%		Sticks

				49		103						15.0		517		459		367		309		58.0		15.8%		Sticks								15.0		367		309		58.0		15.8%		Sticks

				50		109						3.0		517		461		367		311		56.0		15.3%		Sticks								3.0		367		311		56.0		15.3%		Sticks









				Sr. No		Page No		Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness- w/mylar (um)		Final thickness- w/mylar (um)		Initial thickness- w/o mylar (um)		Final thickness- w/o mylar (um)		Thickness changes (um)		Compressed percentage (%)		Comments



				total 380 um- ASL-ASL-AFL-GDC, 2 pass

				35		85		90		457.2		25.0		530		493		380		343		37.0		9.7%		Sticks



				36		87						20.0		530		489		380		339		41.0		10.8%		Sticks



				37		89						15.0		530		490		380		340		40.0		10.5%		Sticks



				total 380 um- ASL-ASL-AFL-GDC, 2 pass

				38		83		90		431.8		25.0		530		494		380		344		36.0		9.5%		Sticks



				39		81						20.0		530		487		380		337		43.0		11.3%		Sticks



				40		79						15.0		530		487		380		337		43.0		11.3%		Sticks



				total 367 um- ASL-ASL-AFL-GDC, 2 pass

				41		97		90		431.8		25.0		517		472		367		322		45.0		12.3%		Sticks



				42		99						20.0		517		472		367		322		45.0		12.3%		Sticks



				43		101						15.0		517		465		367		315		52.0		14.2%		Sticks



				total 367 um- ASL-ASL-AFL-GDC, 2 pass

				44		95		90		406.4		25.0		517		472		367		322		45.0		12.3%		Sticks



				45		93						20.0		517				367		321		46.0		12.5%		Sticks



				46		91						15.0		517		465		367		315		52.0		14.2%		Sticks



				total 367 um- ASL-ASL-AFL-GDC, 2 pass

				47		107		90		381		25.0		517		466		367		316		51.0		13.9%		Sticks



				48		105						20.0		517		461		367		311		56.0		15.3%		Sticks



				49		103						15.0		517		459		367		309		58.0		15.8%		Sticks



				50		109						3.0		517		461		367		311		56.0		15.3%		Sticks





				Sr. No		Page No.		Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness- w/mylar (um)		Final thickness- w/mylar (um)		Initial thickness- w/o mylar (um)		Final thickness- w/o mylar (um)		Thickness changes (um)		Compressed percentage (%)		Comments



				total 455 um- ASL-ASL/AFL/GDC, 1 pass

				21		71		90		381		25.0		605		564		455		414		41.0		9.0%		Sticks



				22		69						20.0		605		559		455		409		46.0		10.1%		Sticks



				23		67						15.0		605		555		455		405		50.0		11.0%		Sticks



				total 455 um- ASL-ASL/AFL/GDC, 1 pass

				24		61		90		355.6		25.0		605		553		455		403		52.0		11.4%		Sticks



				25		63						20.0		605		548		455		398		57.0		12.5%		Sticks



				26		65						15.0		605		533		455		383		72.0		15.8%		Sticks



				total 410 um- ASL-ASL/AFL/GDC, 1 pass

				27		59		90		330.2		25.0		560		519		410		369		41.0		10.0%		Sticks



				28		57						20.0		560		524		410		374		36.0		8.8%		Sticks



				29		55						15.0		560		513		410		363		47.0		11.5%		Sticks



				total 277 um- ASL-ASL-AFL/GDC, 1 pass

				30		117		90		330.2		25.0		427		402		277		252		25.0		9.0%		Sticks



				31		119						20.0		427		395		277		245		32.0		11.6%		Sticks



				total 277 um- ASL-ASL-AFL/GDC, 1 pass

				32		115		90		304.8		25.0		427		390		277		240		37.0		13.4%		Sticks



				33		113						20.0		427		385		277		235		42.0		15.2%		Sticks



				34		111						15.0		427		383		277		233		44.0		15.9%		Sticks



				Sr. No		Page No		Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness- w/mylar (um)		Final thickness- w/mylar (um)		Initial thickness- w/o mylar (um)		Final thickness- w/o mylar (um)		Thickness changes (um)		Compressed percentage (%)		Comments



				total 410 um- ASL-ASL/AFL/GDC, 1 pass

				1		15		130		431.8		20.0		560		528		410		378		32.0		7.8%		Sticks



				total 410 um- ASL-ASL/AFL/GDC, 1 pass

				2		35		130		381		25.0		560		532		410		382		28.0		6.8%		Sticks



				3		33						20.0		560		529		410		379		31.0		7.6%		Sticks



				4		31						15.0		560		519		410		369		41.0		10.0%		Sticks



				5		10						2.0		560		528		410		378		32.0		7.8%		Sticks



				total 410 um- ASL-ASL/AFL/GDC, 1 pass

				6		21		130		355.6		25.0		560		527		410		377		33.0		8.0%		Sticks



				7		19						20.0		560		508		410		358		52.0		12.7%		Sticks



				8		20						15.0		560		508		410		358		52.0		12.7%		Sticks



				total 410 um- ASL-ASL/AFL/GDC, 1 pass

				9		25		130		330.2		25.0		560		540		410		390		20.0		4.9%		Sticks



				10		27						20.0		560		531		410		381		29.0		7.1%		Sticks



				11		29						15.0		560		510		410		360		50.0		12.2%		Sticks



				total 442 um- ASL-ASL/AFL/GDC, 1 pass

				12		37		110		381		25.0		592		540		442		390		52.0		11.8%		Sticks



				13		39						20.0		592		535		442		385		57.0		12.9%		Sticks



				14		41						15.0		592		534		442		384		58.0		13.1%		Sticks



				total 442 um- ASL-ASL/AFL/GDC, 1 pass

				15		47		110		355.6		25.0		592		542		442		392		50.0		11.3%		Sticks



				16		45						20.0		592		532		442		382		60.0		13.6%		Sticks



				17		43						15.0		592		530		442		380		62.0		14.0%		Sticks



				total 442 um- ASL-ASL/AFL/GDC, 1 pass

				18		49		110		330.2		25.0		592		545		442		395		47.0		10.6%		Sticks



				19		51						20.0		592		535		442		385		57.0		12.9%		Sticks



				20		53						15.0		592		535		442		385		57.0		12.9%		Sticks






1-Pass ASL-ASL-AFL/GDC & 2-Pass ASL-ASL-AFL-GDC Calendering at 90°C

Initial thickness Final thickness

Reduction

Compressed

(° Set Gap (um) Speed (FPM . Comments
Temp. (*C) p(um) Sp ( ) (um) (um) thickness (um)  percentage (%)
1 pass: ASL-ASL-AFL/GDC, total EEA width 277 um
90 3302 25.0 277 252 25.0 9.0% Sticks
20.0 277 245 32.0 11.6% Sticks
1 pass: ASL-ASL-AFL/GDC, total EEA width 277 um
25.0 277 240 37.0 13.4% Sticks
90 304.8 20.0 277 235 42.0 15.2% Sticks
15.0 277 233 44.0 15.9% Sticks
2 pass: ASL-ASL-AFL-GDC total EEA width 380 um
25.0 380 343 37.0 9.7% Sticks
90 457.2 20.0 380 339 41.0 10.8% Sticks
15.0 380 340 40.0 10.5% Sticks
2 pass: ASL-ASL-AFL-GDC total EEA width 380 um
25.0 380 344 36.0 9.5% Sticks
90 431.8 20.0 380 337 43.0 11.3% Sticks
15.0 380 337 43.0 11.3% Sticks
2 pass: ASL-ASL-AFL-GDC total EEA width 367 um
25.0 367 322 45.0 12.3% Sticks
90 431.8 20.0 367 322 45.0 12.3% Sticks
15.0 367 315 52.0 14.2% Sticks
2 pass: ASL-ASL-AFL-GDC total EEA width 367 um
25.0 367 322 45.0 12.3% Sticks
90 406.4 20.0 367 321 46.0 12.5% Sticks
15.0 367 315 52.0 14.2% Sticks
2 pass: ASL-ASL-AFL-GDC total EEA width 367 um
25.0 367 316 51.0 13.9% Sticks
90 381 20.0 367 311 56.0 15.3% Sticks
15.0 367 309 58.0 15.8% Sticks
3.0 367 311 56.0 15.3% Sticks

(11260.114m)|

ens: Z520:X100)

[1]341.70um

Figure above shows optical micrograph at 100X magnification of EEA
sample prepared at 90 ° C through A) 1 pass calendering with a set gap of
330.2 um, where 2 individual ASL green sheets were laminated onto a
double-layer coated green sheet of AFL/GDC resulting in a 9.0% reduction in
thickness to 252 um from 277 um. B) 2 pass calendering, first of the GDC
onto the AFL followed by addition of 2 ASL layers onto the assembly,
laminating at a set gap of 457.2 um. The initial thickness of 380 um was

compressed by 9.7% down to 343 um. %O AK RIDGE

National Laboratory
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				Sr. No		Page No		Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness- w/mylar (um)		Final thickness- w/mylar (um)		Initial thickness- w/o mylar (um)		Final thickness- w/o mylar (um)		Thickness changes (um)		Compressed percentage (%)		Comments				Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness- w/o mylar (um)		Final thickness- w/o mylar (um)		Thickness changes (um)		Compressed percentage (%)		Comments				Sr. No		Page No		Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness- w/mylar (um)		Final thickness- w/mylar (um)		Initial thickness- w/o mylar (um)		Final thickness- w/o mylar (um)		Thickness changes (um)		Compressed percentage (%)		Comments



				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 																																												1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 

				1		15		130		431.8		20.0		560		528		410		378		32.0		7.8%		Sticks				90		330.2		25.0		277		252		25.0		9.0%		Sticks				1		15		130		431.8		20.0		560		528		410		378		32.0		7.8%		Sticks

																																		20.0		277		245		32.0		11.6%		Sticks

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 																																												1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 

				2		35		130		381		25.0		560		532		410		382		28.0		6.8%		Sticks																						2		35		130		381		25.0		560		532		410		382		28.0		6.8%		Sticks

				3		33						20.0		560		529		410		379		31.0		7.6%		Sticks				90		304.8		25.0		277		240		37.0		13.4%		Sticks				3		33						20.0		560		529		410		379		31.0		7.6%		Sticks

				4		31						15.0		560		519		410		369		41.0		10.0%		Sticks								20.0		277		235		42.0		15.2%		Sticks				4		31						15.0		560		519		410		369		41.0		10.0%		Sticks

				5		10						2.0		560		528		410		378		32.0		7.8%		Sticks								15.0		277		233		44.0		15.9%		Sticks				5		10						2.0		560		528		410		378		32.0		7.8%		Sticks



				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 																																												1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 

				6		21		130		355.6		25.0		560		527		410		377		33.0		8.0%		Sticks																						6		21		130		355.6		25.0		560		527		410		377		33.0		8.0%		Sticks

				7		19						20.0		560		508		410		358		52.0		12.7%		Sticks																						7		19						20.0		560		508		410		358		52.0		12.7%		Sticks

				8		20						15.0		560		508		410		358		52.0		12.7%		Sticks				90		457.2		25.0		380		343		37.0		9.7%		Sticks				8		20						15.0		560		508		410		358		52.0		12.7%		Sticks

																																		20.0		380		339		41.0		10.8%		Sticks

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 																														15.0		380		340		40.0		10.5%		Sticks				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 

				9		25		130		330.2		25.0		560		540		410		390		20.0		4.9%		Sticks																						9		25		130		330.2		25.0		560		540		410		390		20.0		4.9%		Sticks

				10		27						20.0		560		531		410		381		29.0		7.1%		Sticks																						10		27						20.0		560		531		410		381		29.0		7.1%		Sticks

				11		29						15.0		560		510		410		360		50.0		12.2%		Sticks				90		431.8		25.0		380		344		36.0		9.5%		Sticks				11		29						15.0		560		510		410		360		50.0		12.2%		Sticks

																																		20.0		380		337		43.0		11.3%		Sticks

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 																														15.0		380		337		43.0		11.3%		Sticks				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 

				12		37		110		381		25.0		592		540		442		390		52.0		11.8%		Sticks																						12		37		110		381		25.0		592		540		442		390		52.0		11.8%		Sticks

				13		39						20.0		592		535		442		385		57.0		12.9%		Sticks																						13		39						20.0		592		535		442		385		57.0		12.9%		Sticks

				14		41						15.0		592		534		442		384		58.0		13.1%		Sticks				90		431.8		25.0		367		322		45.0		12.3%		Sticks				14		41						15.0		592		534		442		384		58.0		13.1%		Sticks

																																		20.0		367		322		45.0		12.3%		Sticks

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 																														15.0		367		315		52.0		14.2%		Sticks				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 

				15		47		110		355.6		25.0		592		542		442		392		50.0		11.3%		Sticks																						15		47		110		355.6		25.0		592		542		442		392		50.0		11.3%		Sticks

				16		45						20.0		592		532		442		382		60.0		13.6%		Sticks																						16		45						20.0		592		532		442		382		60.0		13.6%		Sticks

				17		43						15.0		592		530		442		380		62.0		14.0%		Sticks				90		406.4		25.0		367		322		45.0		12.3%		Sticks				17		43						15.0		592		530		442		380		62.0		14.0%		Sticks

																																		20.0		367		321		46.0		12.5%		Sticks

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 																														15.0		367		315		52.0		14.2%		Sticks				1 pass: ASL-ASL/AFL/GDC, total EEA width: 442 um 

				18		49		110		330.2		25.0		592		545		442		395		47.0		10.6%		Sticks																						18		49		110		330.2		25.0		592		545		442		395		47.0		10.6%		Sticks

				19		51						20.0		592		535		442		385		57.0		12.9%		Sticks																						19		51						20.0		592		535		442		385		57.0		12.9%		Sticks

				20		53						15.0		592		535		442		385		57.0		12.9%		Sticks				90		381		25.0		367		316		51.0		13.9%		Sticks				20		53						15.0		592		535		442		385		57.0		12.9%		Sticks

																																		20.0		367		311		56.0		15.3%		Sticks

				1 pass: ASL-ASL/AFL/GDC, total EEA width: 455 um 																														15.0		367		309		58.0		15.8%		Sticks				1 pass: ASL-ASL/AFL/GDC, total EEA width: 455 um 

				21		71		90		381		25.0		605		564		455		414		41.0		9.0%		Sticks								3.0		367		311		56.0		15.3%		Sticks				21		71		90		381		25.0		605		564		455		414		41.0		9.0%		Sticks

				22		69						20.0		605		559		455		409		46.0		10.1%		Sticks								3.0		367		311		56.0		15.3%		Sticks				22		69						20.0		605		559		455		409		46.0		10.1%		Sticks

				23		67						15.0		605		555		455		405		50.0		11.0%		Sticks																						23		67						15.0		605		555		455		405		50.0		11.0%		Sticks



				1 pass: ASL-ASL/AFL/GDC, total EEA width: 455 um 																																												1 pass: ASL-ASL/AFL/GDC, total EEA width: 455 um 

				24		61		90		355.6		25.0		605		553		455		403		52.0		11.4%		Sticks																						24		61		90		355.6		25.0		605		553		455		403		52.0		11.4%		Sticks

				25		63						20.0		605		548		455		398		57.0		12.5%		Sticks																						25		63						20.0		605		548		455		398		57.0		12.5%		Sticks

				26		65						15.0		605		533		455		383		72.0		15.8%		Sticks																						26		65						15.0		605		533		455		383		72.0		15.8%		Sticks



				1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 																																												1 pass: ASL-ASL/AFL/GDC, total EEA width: 410 um 

				27		59		90		330.2		25.0		560		519		410		369		41.0		10.0%		Sticks																						27		59		90		330.2		25.0		560		519		410		369		41.0		10.0%		Sticks

				28		57						20.0		560		524		410		374		36.0		8.8%		Sticks																						28		57						20.0		560		524		410		374		36.0		8.8%		Sticks

				29		55						15.0		560		513		410		363		47.0		11.5%		Sticks				Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness (um)		Final thickness (um)		Reduction thickness (um)		Compressed percentage (%)		Comments				29		55						15.0		560		513		410		363		47.0		11.5%		Sticks



				1 pass: ASL-ASL-AFL/GDC, total EEA width 277 um																										1 pass: ASL-ASL-AFL/GDC, total EEA width 277 um

				30		117		90		330.2		25.0		427		402		277		252		25.0		9.0%		Sticks				90		330.2		25.0		277		252		25.0		9.0%		Sticks

				31		119						20.0		427		395		277		245		32.0		11.6%		Sticks								20.0		277		245		32.0		11.6%		Sticks



				1 pass: ASL-ASL-AFL/GDC, total EEA width 277 um																										1 pass: ASL-ASL-AFL/GDC, total EEA width 277 um

				32		115		90		304.8		25.0		427		390		277		240		37.0		13.4%		Sticks				90		304.8		25.0		277		240		37.0		13.4%		Sticks

				33		113						20.0		427		385		277		235		42.0		15.2%		Sticks								20.0		277		235		42.0		15.2%		Sticks

				34		111						15.0		427		383		277		233		44.0		15.9%		Sticks								15.0		277		233		44.0		15.9%		Sticks



				2 pass: ASL-ASL-AFL-GDC total EEA width 380 um																										2 pass: ASL-ASL-AFL-GDC total EEA width 380 um

				35		85		90		457.2		25.0		530		493		380		343		37.0		9.7%		Sticks				90		457.2		25.0		380		343		37.0		9.7%		Sticks

				36		87						20.0		530		489		380		339		41.0		10.8%		Sticks								20.0		380		339		41.0		10.8%		Sticks

				37		89						15.0		530		490		380		340		40.0		10.5%		Sticks								15.0		380		340		40.0		10.5%		Sticks



				2 pass: ASL-ASL-AFL-GDC total EEA width 380 um																										2 pass: ASL-ASL-AFL-GDC total EEA width 380 um

				38		83		90		431.8		25.0		530		494		380		344		36.0		9.5%		Sticks				90		431.8		25.0		380		344		36.0		9.5%		Sticks

				39		81						20.0		530		487		380		337		43.0		11.3%		Sticks								20.0		380		337		43.0		11.3%		Sticks

				40		79						15.0		530		487		380		337		43.0		11.3%		Sticks								15.0		380		337		43.0		11.3%		Sticks



				2 pass: ASL-ASL-AFL-GDC total EEA width 367 um																										2 pass: ASL-ASL-AFL-GDC total EEA width 367 um

				41		97		90		431.8		25.0		517		472		367		322		45.0		12.3%		Sticks				90		431.8		25.0		367		322		45.0		12.3%		Sticks

				42		99						20.0		517		472		367		322		45.0		12.3%		Sticks								20.0		367		322		45.0		12.3%		Sticks

				43		101						15.0		517		465		367		315		52.0		14.2%		Sticks								15.0		367		315		52.0		14.2%		Sticks



				2 pass: ASL-ASL-AFL-GDC total EEA width 367 um																										2 pass: ASL-ASL-AFL-GDC total EEA width 367 um

				44		95		90		406.4		25.0		517		472		367		322		45.0		12.3%		Sticks				90		406.4		25.0		367		322		45.0		12.3%		Sticks

				45		93						20.0		517		471		367		321		46.0		12.5%		Sticks								20.0		367		321		46.0		12.5%		Sticks

				46		91						15.0		517		465		367		315		52.0		14.2%		Sticks								15.0		367		315		52.0		14.2%		Sticks



				2 pass: ASL-ASL-AFL-GDC total EEA width 367 um																										2 pass: ASL-ASL-AFL-GDC total EEA width 367 um

				47		107		90		381		25.0		517		466		367		316		51.0		13.9%		Sticks				90		381		25.0		367		316		51.0		13.9%		Sticks

				48		105						20.0		517		461		367		311		56.0		15.3%		Sticks								20.0		367		311		56.0		15.3%		Sticks

				49		103						15.0		517		459		367		309		58.0		15.8%		Sticks								15.0		367		309		58.0		15.8%		Sticks

				50		109						3.0		517		461		367		311		56.0		15.3%		Sticks								3.0		367		311		56.0		15.3%		Sticks









				Sr. No		Page No		Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness- w/mylar (um)		Final thickness- w/mylar (um)		Initial thickness- w/o mylar (um)		Final thickness- w/o mylar (um)		Thickness changes (um)		Compressed percentage (%)		Comments



				total 380 um- ASL-ASL-AFL-GDC, 2 pass

				35		85		90		457.2		25.0		530		493		380		343		37.0		9.7%		Sticks



				36		87						20.0		530		489		380		339		41.0		10.8%		Sticks



				37		89						15.0		530		490		380		340		40.0		10.5%		Sticks



				total 380 um- ASL-ASL-AFL-GDC, 2 pass

				38		83		90		431.8		25.0		530		494		380		344		36.0		9.5%		Sticks



				39		81						20.0		530		487		380		337		43.0		11.3%		Sticks



				40		79						15.0		530		487		380		337		43.0		11.3%		Sticks



				total 367 um- ASL-ASL-AFL-GDC, 2 pass

				41		97		90		431.8		25.0		517		472		367		322		45.0		12.3%		Sticks



				42		99						20.0		517		472		367		322		45.0		12.3%		Sticks



				43		101						15.0		517		465		367		315		52.0		14.2%		Sticks



				total 367 um- ASL-ASL-AFL-GDC, 2 pass

				44		95		90		406.4		25.0		517		472		367		322		45.0		12.3%		Sticks



				45		93						20.0		517				367		321		46.0		12.5%		Sticks



				46		91						15.0		517		465		367		315		52.0		14.2%		Sticks



				total 367 um- ASL-ASL-AFL-GDC, 2 pass

				47		107		90		381		25.0		517		466		367		316		51.0		13.9%		Sticks



				48		105						20.0		517		461		367		311		56.0		15.3%		Sticks



				49		103						15.0		517		459		367		309		58.0		15.8%		Sticks



				50		109						3.0		517		461		367		311		56.0		15.3%		Sticks





				Sr. No		Page No.		Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness- w/mylar (um)		Final thickness- w/mylar (um)		Initial thickness- w/o mylar (um)		Final thickness- w/o mylar (um)		Thickness changes (um)		Compressed percentage (%)		Comments



				total 455 um- ASL-ASL/AFL/GDC, 1 pass

				21		71		90		381		25.0		605		564		455		414		41.0		9.0%		Sticks



				22		69						20.0		605		559		455		409		46.0		10.1%		Sticks



				23		67						15.0		605		555		455		405		50.0		11.0%		Sticks



				total 455 um- ASL-ASL/AFL/GDC, 1 pass

				24		61		90		355.6		25.0		605		553		455		403		52.0		11.4%		Sticks



				25		63						20.0		605		548		455		398		57.0		12.5%		Sticks



				26		65						15.0		605		533		455		383		72.0		15.8%		Sticks



				total 410 um- ASL-ASL/AFL/GDC, 1 pass

				27		59		90		330.2		25.0		560		519		410		369		41.0		10.0%		Sticks



				28		57						20.0		560		524		410		374		36.0		8.8%		Sticks



				29		55						15.0		560		513		410		363		47.0		11.5%		Sticks



				total 277 um- ASL-ASL-AFL/GDC, 1 pass

				30		117		90		330.2		25.0		427		402		277		252		25.0		9.0%		Sticks



				31		119						20.0		427		395		277		245		32.0		11.6%		Sticks



				total 277 um- ASL-ASL-AFL/GDC, 1 pass

				32		115		90		304.8		25.0		427		390		277		240		37.0		13.4%		Sticks



				33		113						20.0		427		385		277		235		42.0		15.2%		Sticks



				34		111						15.0		427		383		277		233		44.0		15.9%		Sticks



				Sr. No		Page No		Temp. (o C)		Set Gap (um)		Speed (FPM)		Initial thickness- w/mylar (um)		Final thickness- w/mylar (um)		Initial thickness- w/o mylar (um)		Final thickness- w/o mylar (um)		Thickness changes (um)		Compressed percentage (%)		Comments



				total 410 um- ASL-ASL/AFL/GDC, 1 pass

				1		15		130		431.8		20.0		560		528		410		378		32.0		7.8%		Sticks



				total 410 um- ASL-ASL/AFL/GDC, 1 pass

				2		35		130		381		25.0		560		532		410		382		28.0		6.8%		Sticks



				3		33						20.0		560		529		410		379		31.0		7.6%		Sticks



				4		31						15.0		560		519		410		369		41.0		10.0%		Sticks



				5		10						2.0		560		528		410		378		32.0		7.8%		Sticks



				total 410 um- ASL-ASL/AFL/GDC, 1 pass

				6		21		130		355.6		25.0		560		527		410		377		33.0		8.0%		Sticks



				7		19						20.0		560		508		410		358		52.0		12.7%		Sticks



				8		20						15.0		560		508		410		358		52.0		12.7%		Sticks



				total 410 um- ASL-ASL/AFL/GDC, 1 pass

				9		25		130		330.2		25.0		560		540		410		390		20.0		4.9%		Sticks



				10		27						20.0		560		531		410		381		29.0		7.1%		Sticks



				11		29						15.0		560		510		410		360		50.0		12.2%		Sticks



				total 442 um- ASL-ASL/AFL/GDC, 1 pass

				12		37		110		381		25.0		592		540		442		390		52.0		11.8%		Sticks



				13		39						20.0		592		535		442		385		57.0		12.9%		Sticks



				14		41						15.0		592		534		442		384		58.0		13.1%		Sticks



				total 442 um- ASL-ASL/AFL/GDC, 1 pass

				15		47		110		355.6		25.0		592		542		442		392		50.0		11.3%		Sticks



				16		45						20.0		592		532		442		382		60.0		13.6%		Sticks



				17		43						15.0		592		530		442		380		62.0		14.0%		Sticks



				total 442 um- ASL-ASL/AFL/GDC, 1 pass

				18		49		110		330.2		25.0		592		545		442		395		47.0		10.6%		Sticks



				19		51						20.0		592		535		442		385		57.0		12.9%		Sticks



				20		53						15.0		592		535		442		385		57.0		12.9%		Sticks






Summary
* Completed fabrication of EEA via slot die coating and lamination, establishing
stable processing windows for both processes.
* Fabricated EEA with varying ASL thickness down to minimal thickness of 300 pm.
* Lamination window was confirmed at microscopic level via SEM 1maging.

* High throughput fabrication can be achieved under strict control of processing
parameters.

Future work in FY24

* Sintering the multilayer EEA and comparing the properties with those from
traditional batch process

* Assembling SOFC button cells and evaluating electrochemical performance
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