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Main takeaways:

BACKGROUND INFORMATION / PREREQUISITE:
s Laser Printed, High Purity / Low Cost SiC fibers.
‘¢ Micro-Trellis Y 3-D non-woven fiber architecture
‘*Embedded Wire Chemical Vapor Deposition!?)

» Fast, low-cost, CVI/CVD for SiC-SiC CMC shells
*»Joining|?

» SiC-SiC / Metal Joining

» SiC-SiC homogeneous joining

+**SiC-SiC Composites = ‘wild west’. Urgent need for QA
standards

FREE FORM (1): US Pat. No. 11,362,256 B2
:§§ FIBERS (2): US Pat. Application 17/661,059 & PCT Publication No. WO 2023/278905 A1, January 5, 2023




Overview

e Laser-Printed SiC Fibers
e SiC Non-Woven and Micro-Trellis

* Embedded Wire CVD
* Metal / SiC-SiC joining
* SiC-SiC Homogeneous Joining
* SC0022704 (Lifing) Applications:
* Microcomposites
* Microcomposite testing
 Commercialization strategy
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M | aser-Printed Fibers:
Lab stage in 2006
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Laser-Printed Fibers:
Prototype Productlon Startlng in 2021
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Laser-Printed Fibers:
Line of Products

High-Purity SiC Powders Discontinuous SiC Fibers
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Laser-Printed Fibers:
Line of Products
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Homogeneous Joining of SiC-SiC Composites (DE-SC0021665)
Sample Preparation
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Homogeneous Joining of SiC-SiC Composites

Objectives: Lap
* Lap Joint L ] Butt

. Butt Joint I I L B
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Homogeneous Joining of SiC-SiC Composites
Destructive SEM Inspection
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Embedded Wire
CVD (EWCVD):
Finishing &
Inspection

Zone 1 Diamond sawed

Diamond ground lateral surface
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Award: SC0022704: Design, Modeling, and Experimental
Validation for life-optimization of Hydrogen Turbine CMC
Components

Topic 21.e mandate:

Improved Lifing Models for CMC. Technical:

This research tOpiC would develop * Reduce size and variability of testing coupons
- e Standardize coupon & testing procedures

models O.f environmental : : * Use results to calibrate CIME models

deqrada_tlon of CMC _materla|S in the . Build a material database for later Al/ML

hot section of the main gas path of

a_hydrogen turbine.

Commercial:

* No H, gas turbines in the world
* How does one commercialize a model?
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and Kirk Williams?

High-Temperature Performance

of Next-Generation Silicon Carbide
Fibers for CMCs

Low CTE
Sensor Mount

Keyence Position

Reference
— Sensors b 1_ um S. Harrison, J. Schneiter, J. Pegna, E. Vaaler, R. Goduguchinta, and K. Williams, “High-
Temperature Performance of Next-Generation Silicon Carbide Fibers for CMCs,” Materials
Resol ut|0n Performance and Characterization 10, no. 2 (2021): 207-223. https://doi.org/10.1520/

Argon Gas Diffuser

MPC20200131

ABSTRACT
Fi ber Position Manuscript received September Single-fiber (monofilament, not twisted tow) high-temperature creep performance of refrac-

Fiber Position

“Flag” Mounted on

Fiber

“Flag” Mounted on

Fiber

Load Weight

2

28,2020; accepted for publication tory ceramic compositions is a fundamental material property that must be examined and

January 26, 2021; published online
April 14, 2021. Issue published
June 24, 2021

Free Form Fibers, 10 Cady Hill
Blvd, Saratoga Springs, NY 12866,
USA (Corresponding author),
e-mail: sharrison@fffibers.com,

https://orcid.org/0000-0003-
1029-2257

Free Form Fibers, 10 Cady Hill
Blvd, Saratoga Springs, NY 12866,
USA, @ https://orcid.ora/0000-

understood for the successful deployment of ceramic matrix composite material systems in
demanding applications. A novel creep testing approach was devised utilizing an innovative
approach to fiber sample attachment and used to evaluate the creep behavior of Free Form
Fibers’ LP-30SC and Nippon Carbon-based Hi-Nicalon Type S (HNS) silicon carbide fiber prod-
ucts. The testing apparatus, analytical basis for the creep calculations, including the sample
gage length, and collected data are presented. Test conditions include a range of peak hold
temperatures, from 1,300°C to 1,500°C, gas environments, and hold time patterns at the peak
temperature. Clear differences in resistance to creep degradation were evident between the
LP-30SC and HNS fibers, as the LP-30SC demonstrated strong resiliency to high temperature
exposure while the HNS showed performance degradation consistent with oxidation attack.

0002-4503-3274 (J.P.),
https://orcid.org/0000-0001-
9459-5399 (R.G.) Keywords

MHI FIBHEAT200
Microheater

silicon carbide fiber, creep behavior, single fiber, elevated temperature performance

High-strength fishing lines glued
to either end of test fiber near Introduction
i H The creep performance of fibers intended for use as the reinforcement phase of ceramic
plos‘tlfor] tf.lags' L:res gf itrol.und matrix composites (CMCs) in high-temperature applications (nominally greater than
ow Triction pulleys. Left line
is fixed, right line is weighted. Test

1,100°C) is an extremely important material property for the successful implementation
of CMCs. Evaluation of the creep behavior requires carefully controlled experimentation

Copyright © 2021 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959 207
. - . ASTM is not . as a body, for the and opinions expressed in this paper. ASTM International does not endorse
fiber can be lowered into micro- any products represented in this paper
heater gap via vernier
micrometer

Build upon prior experience

_ _ _ Single filament fiber creep
S. Harrison, J. Schneiter, J. Pegna, E. Vaaler, R. Goduguchinta, and K. %
Williams, “High-Temperature Performance of Next-Generation Silicon measurement
N FREE FORM Carbide Fibers for CMCs,” Materials Performance and Characterization 10,  One unit sold to University Lab. In 2023
N\ FIBERS no. 2 (2021): 207-223. https://doi.org/10.1520/MPC20200131




SC0022704 -- Technical

e Reduce size and variability of testing

coupons
 Demonstrated micro-composite (one

fiber composite with interphase and Microcomposite fabrication by EWCVD
matrix shell ) (using carbon coat as resistive element)

Microcomposite ' S _, J; A;.%v,-’*#

coupons as produced. T T gﬁjlh"?ﬂlhhlnl; i 1]1:—. -:—--——;;:-

* Single filament SiC et

e Carbon interphase e— —

e SiC matrix shell e e ————t
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* SEM Inspection

* Materials Analysis
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SC0022704 --
Technical

e Standardize coupon &
testing procedures

 Built and fired
environmental
microcomposite testing
apparatus.

* Temp. Max 17502C
e No combustion

* Gases: H,, CH,, H,0,
CO,, and other neutrals

XN FREE FORM
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SC0022704 -- Technical

Calibrate CIME models — Worked with
MR&D to

 Validate testing methodology

* Thermal design

e Corrosion model (in process).

* Uniform strain within 10% is reached in relatively short
distance (<0.04”), even for very wide specimen

| oomesrs " 10%

«\ FREE FORM L o567 | 840 um
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SC0022704 -- Commercial

* Free Form Fibers’ TEAM

Shay Harrison
Chief Executive Officer
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SC0022704 -- Commercial

e Commercialize a Mode| ?7?7?
* Resources:

el: Roadmap to Scale-Up Success: Effective Solutions

10:00am-11:00am: Pan

for the Continued Development of Ceramic Matrix Composites

* Ceramics Expo panel
* USACA

* JFCA, ECeRS, ISO

* ASTM C28, ISO TC206

* Case studies: Answer:
* Kodak  Work through Standards FC Roadmap 2050
* X-Ray Optical Systems (ASTM & ISO)
 Standardize test coupons &

methodology

N FREE FORM
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Phase Il Goals

Technical:

* Implement combustion & probing techniques Date: December 17, 2018
that could not be done in Phase I:
* Temperature

e LIBS Comparative Burn Tests between Sylramic, HNS,
and FFF Type B. Top number in Minutes*

* Continue implementing dual track experiment /
modeling to build CIME database.

Commercial:

* Work with International Standard organizations
to gain standard approval.

e Establish “Gateway technology”.

* Flame temperature measured with a Fluke 53
FREE FORM thermometer using a Type B thermocouple:
N\ FIBERS 1550 -16502C

Comparative Burn Tests between FFF Types A & B.
Top number in Hours*




Conclusion

* Micro-Trellis: 3-D non-woven fiber architecture

* Embedded Wire Chemical Vapor Deposition: Fast,
low-cost, CVI/CVD for SiC-SiC CMC shells

* Joining:
e SiC-SiC / Metal Joining
* SiC-SiC homogeneous joining

« SC0022704 (Topic 21.e): SN\ FREE FORM
* Low-cost standard testing coupons / method N FIBERS

* Need to become approved standard for viable
commercialization.
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ABSTRACT

Article history:
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Keywords:
Hydrothermal corrosion
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R-LCVD
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SiC/SiC fiber composites are proposed cladding materials to improve the accident tolerance of commer-
cial light water nuclear reactor fuel. To evaluate their viability, understanding the kinetics of corrosion
under irradiation and high high-p aqueous envi is critical. In the present
work, the microstructure and mechanical properties of novel SiC fibers manufactured by Laser Chemical
Vapor Deposition (LCVD) are introduced. The LCVD technology has control over microstructure and stoi-
chiometry while allowing for high purity manufacturing, all key qualities needed in search of an optimum
SiC fiber for nuclear energy applications. The isolated hydrothermal corrosion of commercially available
carbon-rich Hi-Nicalon Type-S fibers is compared to the LCVD stoichiometric and LCVD silicon-rich fibers.
Autoclave testing was carried out at 310°C and 14 MPa in the absence of irradiation. In a separate study,
the effect of gamma irradiation on the fibers in the room-temperature environment was analyzed. It was
observed from the experiments that the dissolution of the fibers was highly dependent on the stoichio-
metric ratio, fiber surface morphology and thermal pre-treatment of fibers. Contrary to previous findings,
fiber dissolution was also visible under low-temperature gamma irradiation in aqueous environment with

LCVD fibers showing lower dissolution.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Silicon Carbide (SiC) has a rich history of applications in nu-
clear energy. Over the past decades, silicon carbide has been
demonstrated to serve as an effective coating layer in Tristructural-
isotropic (TRISO) fuel because of its high-temperature strength re-
tention and irradiation performance [1-4]. These properties, in ad-
dition to being a low-Z material, are also the reason SiC has been
considered for structural materials and plasma-facing components
in fusion reactors [5-8]. Though several investigations were con-
ducted in the past on SiC for non-Light Water Reactor (LWR) reac-
tors, after the Fukushima Daiichi accident, the focus has been on
SiC as a potential accident tolerant fuel (ATF) cladding [9,10] for
LWR.

Several concepts incorporating SiC are proposed as ATF can-
didates. The prominent one being the SiC/SiC composite cladding
[11,12]. Fully Ceramic Microencapsulated Fuel (FCM) [13,14] is an-
other concept consi for a later which is com-

* Corresponding author.
E-mail address: kshirvan@mit.edu (K. Shirvan).

prised of TRISO particles in a SiC matrix with a SiC/SiC compos-
ite cladding. Fuel-in-Fiber [15-17] is a similar concept developed
by Free Form Fibers, which leverages Laser Chemical Vapor Depo-
sition (LCVD) additive manufacturing to allow higher fuel packing
fractions and lower enrichment compared to FCM. This is achieved
by laser deposition from the gas phase of layers analog to TRISO.
The resulting Fuel-in-Fiber thus presents a multifunctional archi-
tecture. When embedded in a SiC matrix, fuel fibers serve both as
structural reinforcements, and a vessel containing TRISO-like fue.
Whether it is for SiC/SiC cladding or Fuel-in-Fibers, SiC plays a
central role as constitutive material. When in fiber form, SiC plays
a vital structural role, which warrants the focus in this paper on
nuclear-grade SiC fibers.

Recently, several works were carried out to understand the
mechanism of corrosion in CVD SiC and SiC/SiC composite rele-
vant to the operating conditions of a pressurized water reactor
(PWR) and boiling water reactor (BWR). It is clear from the ex-
periments conducted in the past decade [18,19], including the lat-
est results by Terrani et al. [20], that in the absence of irradiation
and under PWR pressure and temperature, silica forms and dis-
solves as a result of its reaction with the high-temperature coolant.
All things being equal, the formation and subsequent dissolution

Fiber diameter: 22 um
Grain size:
* Edge: <5nm
* Mid-Radius:
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* Center:
Elongated along
fiber axis
2:1 Aspect Ratio
25-50 nm long

Source:
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chiometry while allowing for high purity manufacturing, all key qualities needed in search of an optimum
SiC fiber for nuclear energy applications. The isolated hydrothermal corrosion of commercially available
carbon-rich Hi-Nicalon Type-S fibers is compared to the LCVD stoichiometric and LCVD silicon-rich fibers.
Autoclave testing was carried out at 310°C and 14 MPa in the absence of irradiation. In a separate study,
the effect of gamma irradiation on the fibers in the room-temperature environment was analyzed. It was
observed from the experiments that the dissolution of the fibers was highly dependent on the stoichio-
metric ratio, fiber surface morphology and thermal pre-treatment of fibers. Contrary to previous findings,
fiber dissolution was also visible under low-temperature gamma irradiation in aqueous environment with

LCVD fibers showing lower dissolution.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Silicon Carbide (SiC) has a rich history of applications in nu-
clear energy. Over the past decades, silicon carbide has been
demonstrated to serve as an effective coating layer in Tristructural-
isotropic (TRISO) fuel because of its high-temperature strength re-
tention and irradiation performance [1-4]. These properties, in ad-
dition to being a low-Z material, are also the reason SiC has been
considered for structural materials and plasma-facing components
in fusion reactors [5-8]. Though several investigations were con-
ducted in the past on SiC for non-Light Water Reactor (LWR) reac-
tors, after the Fukushima Daiichi accident, the focus has been on
SiC as a potential accident tolerant fuel (ATF) cladding [9,10] for
LWR.

Several concepts incorporating SiC are proposed as ATF can-
didates. The prominent one being the SiC/SiC composite cladding
[11,12]. Fully Ceramic Microencapsulated Fuel (FCM) [13,14] is an-
other concept considered for a later deployment, which is com-
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prised of TRISO particles in a SiC matrix with a SiC/SiC compos-
ite cladding. Fuel-in-Fiber [15-17] is a similar concept developed
by Free Form Fibers, which leverages Laser Chemical Vapor Depo-
sition (LCVD) additive manufacturing to allow higher fuel packing
fractions and lower enrichment compared to FCM. This is achieved
by laser deposition from the gas phase of layers analog to TRISO.
The resulting Fuel-in-Fiber thus presents a multifunctional archi-
tecture. When embedded in a SiC matrix, fuel fibers serve both as
structural reinforcements, and a vessel containing TRISO-like fue.
Whether it is for SiC/SiC cladding or Fuel-in-Fibers, SiC plays a
central role as constitutive material. When in fiber form, SiC plays
a vital structural role, which warrants the focus in this paper on
nuclear-grade SiC fibers.

Recently, several works were carried out to understand the
mechanism of corrosion in CVD SiC and SiC/SiC composite rele-
vant to the operating conditions of a pressurized water reactor
(PWR) and boiling water reactor (BWR). It is clear from the ex-
periments conducted in the past decade [18,19], including the lat-
est results by Terrani et al. [20], that in the absence of irradiation
and under PWR pressure and temperature, silica forms and dis-
solves as a result of its reaction with the high-temperature coolant.
All things being equal, the formation and subsequent dissolution
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under irradiation and high high-p: aqueous is critical. In the present
work, the microstructure and mechanical properties of novel SiC fibers manufactured by Laser Chemical
Vapor Deposition (LCVD) are introduced. The LCVD technology has control over microstructure and stoi-

Keywords: chiometry while allowing for high purity manufacturing, all key qualities needed in search of an optimum
Hydrothermal corrosion SiC fiber for nuclear energy applications. The isolated hydrothermal corrosion of commercially available
Sic carbon-rich Hi-Nicalon Type-S fibers is compared to the LCVD stoichiometric and LCVD silicon-rich fibers.
R-LCVD Autoclave testing was carried out at 310°C and 14 MPa in the absence of irradiation. In a separate study,
i“‘u'“d’::' ‘F';Z‘l‘““"“ the effect of gamma irradiation on the fibers in the room-temperature environment was analyzed. It was
observed from the experiments that the dissolution of the fibers was highly dependent on the stoichio-
metric ratio, fiber surface morphology and thermal pre-treatment of fibers. Contrary to previous findings,
fiber dissolution was also visible under low-temperature gamma irradiation in aqueous environment with

LCVD fibers showing lower dissolution.
© 2021 Elsevier B.V. All rights reserved.
1. Introduction prised of TRISO particles in a SiC matrix with a SiC/SiC compos-
ite cladding. Fuel-in-Fiber [15-17] is a similar concept developed
Silicon Carbide (SiC) has a rich history of applications in nu- by Free Form Fibers, which leverages Laser Chemical Vapor Depo-
clear energy. Over the past decades, silicon carbide has been sition (LCVD) additive manufacturing to allow higher fuel packing
demonstrated to serve as an effective coating layer in Tristructural- fractions and lower enrichment compared to FCM. This is achieved
isotropic (TRISO) fuel because of its high-temperature strength re- by laser deposition from the gas phase of layers analog to TRISO.
tention and irradiation performance [1-4]. These properties, in ad- The resulting Fuel-in-Fiber thus presents a multifunctional archi-

dition to being a low-Z material, are also the reason SiC has been tecture. When embedded in a SiC matrix, fuel fibers serve both as
considered for structural materials and plasma-facing components structural reinforcements, and a vessel containing TRISO-like fue.

in fusion reactors [5-8]. Though several investigations were con- Whether it is for SiC/SiC cladding or Fuel-in-Fibers, SiC plays a

ducted in the past on SiC for non-Light Water Reactor (LWR) reac- central role as constitutive material. When in fiber form, SiC plays

tors, after the Fukushima Daiichi accident, the focus has been on a vital structural role, which warrants the focus in this paper on

SiC as a potential accident tolerant fuel (ATF) cladding [9,10] for nuclear-grade SiC fibers. ) q

LWR. Recently, several works were carried out to understand the

Several concepts incorporating SiC are proposed as ATF can- mechanism of corrosion in CVD SiC and SiC/SiC composite rele- s sl _71q

didates. The prominent one being the SiC/SiC composite cladding ~ vant to the operating conditions of a pressurized water reactor LWD 1% S'.doped ( - ° chD stoch‘ometr‘c (s'=7o%)
[11,12]. Fully Ceramic Microencapsulated Fuel (FCM) [13,14] is an- (PWR) and boiling water reactor (BWR). It is clear from the ex-

other concept considered for a later deployment, which is com- periments conducted in the past decade [18,19], including the lat-

est results by Terrani et al. [20], that in the absence of irradiation

and under PWR pressure and temperature, silica forms and dis- DELPOUVE, E et al., INFLU ENCE OF THE THICKN ESS AND CRYSTALLI NITY

* Corresponding author, solves as a result of its reaction with the high-temperature coolant.
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28 Embedded Wire CVD (EWCVD)
Non-Destructive Radial Cross-Section Composite SEMs
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Embedded Wire CVD (EWCVD)
Non-Destructive Insptin of Latl e
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28 Embedded Wire CVD (EWCVD) .
Destructive SEM Inspection of SiC-SiC e  (in Machining Wax)

Sheared
SiC-SiC

Zone 1l

i : 9.&
- o ",'\,-;”:
Sheared Zr . w

« & i
»

TM-1000_0305 2022/12/04  19.05 4mm  TM-1000_0306 2022/12/04  19:08 1mm  TM-1000_0307 2022/12/04  19:11 TM-1000_0230 2022/12/02  19:47

%{—J

Sheared Lateral ID surface Edge
SiC-SiC

Sheared Zr

-~

TM-1000_0308 19:19 4mm TM-1000_0309 2022M12/04 19:21 1mm TM-1000_0310 2022/12/04 19:24 100 um TM-1000_0228 2022/12/02  19:37

FREE FORM
X\ FIBERS Zone 2




Embedded Wire CVD (EWCVD)
Destructive SEM Inspection of Zr tube
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Embedded Wire CVD (EWCVD)
SiC-SiC Materials Analysis
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