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Kernel (350~500um) SiC (~35um)
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Buffer (~100um)
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Graphite matrix
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Strgctural/ Mechgnlcal Service Conditions Parameters influencing Failure Mechanism
Failure Mechanisms

- Strength of SiC

- Buffer density (void volume)
- Fission-gas release

- Kernel type (CO production)
- Layer thickness

- IPyC and OPyC performance

- Temperature
Pressure vessel failure - Burnup
- Fast fluence

- Dimensional change of PyC

Sl ior-insliass B - Irradiation-induced creep of PyC

i : : - Fast fluence - Anisotropy of PyC
Zzigtcjlzienleadmg to Sic - Temperature - Strength of PyC
9 - Tensile stress of in SiC at PyC crack tip
- SiC strength
- Nature of IPyC-SiC interface [Topical Report EPRI-AR-1(NP)-A]
IPyC partial debonding - Fast fluence - Interfacial strength
- Temperature - Dimensional change of PyC

- Irradiation-induced creep of PyC
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Thermomechanical . .
. . Service Conditions
Failure Mechanisms

- Temperature
Kernel migration - Burnup
- Temperature gradient

- Temperature
Corrosion of SiC by CO - Burnup
- Time at temperature

- Temperature

- Burnup

- Temperature gradient
- Time at temperature

Fission product attack of SiC

- Temperature

SiC thermal decomposition Time at temperature

m|=elEUX £A7| T

Parameters influencing Failure Mechanism

- Kernel type (UO, or UCO, and so on)
- Buffer and IPyC thickness

- Kernel type (UO, or UCQ, and so on)
- IPyC integrity

- Chemical state/transport behavior of fission product
- Kernel type (UO, or UCO, and so on)
- Microstructure of PyC and SiC

- SiC thickness
- SiC microstructure

. DR AUX|EI
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[Topical Report EPRI-AR-1(NP)-A]
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IPyC Sic OPyC Normal Particle T Metals
Shrinks and creeps Elastic Shrinks and creeps Kernel Migration

or SiC Corrosion

IPyC
-
> — ;] @ 3
«— | o, iy
SiC . ®, ;‘ﬁ ees
"E? \90 r@s‘?@d‘
i - o & prcei g Ky
1. Gas pressure is transmitted through IPyC Buffer Q"}‘ léﬂlﬁrselpg Over &zfc,f;’oo
2. IPyC shrinks, pulling away from the SiC oPuE S Pressure =
3. OPyC shrinks, pushing on the SiC y é‘? — /' Gases
T
o O
290 -——a S  Missing or o,
1004, =< & Cracked < Metals
/ -~ - wt PyC md\
N S~ - & y Pressure
04 Stress at inner radii of the IPyC @ S, Driven Failure
and SiC layers for an intact 5 %’i}%}
100 ®

particle

1 &
<«
200 - g . . I\afletaléR
é@ Missing, Defective or
ann Cracked SiC
—_—iC -

-400 T T T

0.0 1.0 20 3.0

Stress (MPa)
PR
[=]
(=]

w
(=)
(=]

Fluence (n/m? x 102%) iy
A% A SEXE AL 2| SICE 83 HEY A 22/ESE OISR YR Fo &4 H2EddE UE) 2o X 82
(Topical Report EPRI-AR-1(NP)-A) (Topical Report EPRI-AR-1(NP)-A)
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Reactor Building

Primary coolant pressure relief Primary He leaks

Primary Circuit
Heavy Metal

Fuel Kernel

Contamination Circulating
\ Activity
e Plateou!
‘M/k Core
% Gas Exchange
- FP Release (Depressurized C?)rc »
Graphlte Conduction Cooldown)
Block A
i (Prismatic RN/Dust Interactions
Fuel) Liftoff
ompact
Matrix Washoff

Steam induced vaporization

He

H,O Ingress Condensation Deposition Settling Purification
Venting Building Leaks
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Mechanistic Source Terms White Paper)
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NGNP - 750°C Core Outlet
Parameter Temperature

“Maximum Expected” “Design”
As-Manufactured Fuel Quality
HM contamination < 1.0 x 10-° <2.0x10°
Defective SiC <5.0x10° <1.0x 104
In-Service TRISO Failure
Normal operation <5.0 x 10 <2.0x 10#
Accidents <1.5x 104 <6.0 x 10+

NGNP A Z0| M= ZeE 8 =l 2HE 24 M|
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fraction (%) Early test of lab-scale UCO fuel “Designed-to-fail” (DTF) fuel to assess
performance: shakedown of test fission product retention and transport
train design. in reactor graphite and fuel matrix.
Time-averaged Engineering-scale particles in Fuel qualification test.
— temperature (°C) |lab-scale compacts. Includes Engineering-scale UCO
density UCo and U0, fuel. particles and compacts.
(W/ce) - Fabf.:::mn AGRL | JiGREN I Acro3/a* | AGR-5/6/7
Irradiation AGR-3/4 .
{time in ATR) R s AGRS/6/T ‘II\...| la
——— NGNP (US) | | |
Germany . ! T e e —
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AGR-1 AGR-5/6/7 Reporting
i Fast fluence x10% n/m PIEGNdSafety  -reuoss svcainor AGR2
(% FIMA) (E>0.18 MeV) Testing ’L:r:ﬁ:i‘%ﬁf’“ly i AGR-3/4 Reporting and analysis

OEXIHAZ AMs HQ| Gl DOE AGR 213 U (TOPICAL REPORT EPRI-AR-1(NP))
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- Kernel diameter - Kernel and particle aspect ratio _---

(7]
‘-‘-ﬂHD Ml O

- Kernel stoichiometry - Compact dimensions power (MWth)

- Layer thickness - Compact U loading

- Layer density - Dispersed U fraction Fuel elements 2.0x106 4.2x10° 2.2x10°
- Pyrocarbon anisotropy - Compact impurity content Particles total 1.2x1010 50x109  4.0x10°

S8R (2kg/batch) FB-CVD & X[ = 2F 5x105 particles/batch 44t
24 24 (atirbute propertes)ol Chet 2TH ZeHg K| aenaz ua 390 0E are 5T
2 dA=EN/mHE W DSHEUKRE =4 A

- SiC defects - Exposed kernel defects
- IPyC/OPyC defects

14
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K| A"Al -6" Fuel Spheres or E - oL
= Irradiation test ue - o= urnup emperature
rradiation te {c:ar:t?;e:’ mplete (XEIMA) ror ok /B

J 300 EEX'” (~106 J—'—l%?:lxb _JF_A" USDOE AGR
a9 221 ARG Y fﬁ (Kr, Xe) 2 L|E{Z! : Release-to-Birth
ratio Al4H (G2 &4 7HEX|H)

UCO  72(298,000) Nov 2009
UCO 36 (114,000)
Uo,  12(18,500)
UCO  170(515,000) Jul 2020

Oct 2013

P

113-

73=
S0
5.7-—

196 1069-1197 ; 0.1-1x107
13.2  1080-1360 e=10=8
10.7  1072-1105 107%
153  ~600-1350 }0.1-1x10%¢

RAISA|S
T == AGR-1 298,000 0 £1.1x10%
(@) A o Hd us
2 IOEdz UK &AE 2 AGR-1 + AGR-2 412000 <4b  97x106  <2.3x10%
" —
oHI=IO=IAHA'| =\ CH| M= 1H Hi== 0Ol =
J =2 oo= (Ag/ CS EU Sr O) X| oo Ojl- (CDE x Ol O) 7.0E-04 AGR-1 UCO Compact 4-3-3 (1600°C)
1.E+00 1600
= >0 L— [ | iistoric rr ? s H i
9 el OS50l OjM7E Hat 8l dsitel o2t 24 o e e Foe ey
6.0E-04 i y— 1e01 4 ¢ “ Relatively high Ag release;
; rapid release of inventory T 1400
! : in compact matrix :
5.0E-04 + 1.E-02 4 r ! -
' = ! Modest Eu and Sr release; dominated
KI A'— _CID_ 7 |-0E:| Al _6_" & 4.0E-04 =] 1.6-03 { i  byinventery in compact matrix ﬁ?
T = ‘é i g %ﬂ,;esrnmu g \ 2 h;'-ﬁ--"l":_—:_—_— _‘: 1000
=3 @ f.w Pl e e I R s - e -
_ 5 8 s 3 T e >
= _._H Ol'x A_I 74 = .I.I.l o 3y g _ confidence S 1.E04 o ‘.41 :
J A J e A __ll_ A =) O:IE = _9_ = 3.0E04 2 & 4 I
E7:” | (L |- |, = - LLL-O Oo = = : § - i .:;7 PR 800
f ® g Qe !
Sl A = /H SsH 2.0E-04 —Y— a o i \ L
J 300A|Zt@1600~1800°C 72 Algl® E&&/FAIHS R T e 1
- failure ,_.._.—-.—l
= 4 1.0E-04 frachon ; e |
%FEE _I'__ﬁll _l_ e 1.E-07 4 r :?::;-al.sl.Om b
A \VerylowCs —m=Cs-134
0.0E+00 'L T = - - 1.6-08 4 release when SiC ::::311;: - 200
! lrradlatlonll 1600°C 1700°C 1800°C 1 A\ remains Intact iy
/ | 1.E-09 =i 4]
Normal ] ;2K : 0 100 200 300
15 operation Post-irradiation safety testing (300h) Elapsed Time (hours)

Temperature (°C)
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3 UCO mEAtddz MY, 2 % U ds (E428 1,250°C, At A| 300A[7H/1,600°C BE)
3 DOEAGR =z A HO|H= Az dsdid 2= AS0 &8
3 X-Energy, Kairos Power 5= DOE AGR 3= TR (Topical Report) &350 A= X245t FE/5 0
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EPRRI | i

X-energy, Xe-100
(*US'NRC NUREG-2246

,r\-mm.,n aple el e Environment

Fuel Qualification for

Advanced Reactors
Uranium Oxycarbide (UCO) Tristructural
Isotropic (TRISO) Coated Particle Fuel Final
Performance
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Date Published: March 2022
Prepared by
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i
ro

XA Z 7|71 (2006.03~2017.02)
20g/batch =& UO,(~500um) LS YA AE M= 7|2 2t
SILEZ 0| A 1Kt 4FIMA AN SA|S
o|2xtstdz M43 E(COPA) SYWR

NRIIAZ @A7|= Ms SkA (2017.03~2019.12)
ZiC/SiC CHS A E X| X5t 9 l2A| o|ehA 7HM 3 -

o2z dads sfa |F 7| 7HE (2018.09~2020.12)

CHR UO2 (~800um) Il S LR AE H= 7|=

12 B MS5AZ 7|= (2021.04~2022.12)
ZIC/SICLHERE 9| s HS

o JAI2E ddAz M7= 7HE (2025.01~2030.12)

AlSiAl 70 UCO D= QURFHAZE 7|= 7He

A|ZHEO|| CH3H SR U s AlE

12 UCO HIEYAiA =z 7= 7 (2028.~)

JSHIR UCO T2 YUXISHAZ M= RX|/2H 7K

NS 3E COPA X123}

AZHE0|| CHEH Ll ‘ds Al [BHLEZ, INL ATR, LTS (Lead Test Specimen)
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ASTM Standard Specifications

J D7219-08 Standard Specification for Isotropic and Near-Isotropic Nuclear Graphites

J D7301-08 Standard Specification for Nuclear Graphite Suitable for Components Subjected to Low Neutron
Irradiation Dose

Property Nominal Range Performance Attributes

Density 1.7-19glcm? Neutron efficiency, Structural integrity, Thermal efficiency

Thermal Conductivity (at Room

Temperature) > 90 Wim/K Heat transport

Reduced component activity levels during replacement and/or disposal

Purity (Total Ash Content) < 300 ppm : e : o
Reduced graphite oxidation under normal and accident conditions.

Tensile Strength > 15 MPa Structural integrity

Compressive Strength > 45 MPa Structural integrity

Flexural Strength > 20 MPa Structural integrity

High value is indication of isotropy = dimensional stability under irradiation
Lower value potentially beneficial in terms of thermal stress

Irradiation dimensional stability

Structural integrity
Structural integrity

Irradiation creep

CTE (20°C to 500°C) 3510 5.5x 108 K!

CTE Isotropy Ratio <1.10

Dynamic Elastic Modulus 8-15GPa

Minimal shrinkage

Dimensional Changes with Irradiation  Minimal differences in with-grain and Structural integrity (lower internal stresses)
against-grain directions

S8 2oAY
2 dA= =5 : Fine-grained (10 or more grains between the channels)
2 BtARY| =& : Low cost, high irradiation stability
J oFF X[X| #£&=F : High strength, less oxidative

19
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Specification Process &Parameters Product Chracteristics co N
—_ o o —
Raw Material Raw Materials % E 7-I E Ol H Ol-E:I DL:I —Tl—-lgrol_l- X-” —DF—_CTD'_XO_I Ol OH Jél-g-
Identification (Petoleum or Pitch)
Grain size Culcilutiun Real Density, Ash gg —_FLAO-l -Q-A
e (Temp.: ~1300°C) Content, CTE _ _
| 9 2 (Filler) X} Mg Z3A /MEHOX| ZIA
Pulverizin e .
[Rumtiunallfrcqﬁcncy) Grain Size J I:I|'O| E—I (Blnder) -U-l X| 7| I:I O—I|-I ol- 7E:| (|D=II-X-”
KI‘EBIJ(:;HS Volatile Matter %%E x‘” 7‘| | OH |' H |' OLl E_l -6|'_+_
|
Pul\mffl:ti}&wmg Grain ﬂﬁ;;omﬂc i 5_ i cél E X—” O-I
| N . . : :
Fomin Densy Anisoony ‘a3 : extruded, vibrationally molded, isostatically molded
kg £ ik — WS ffeh 2
I | S5
Property Inspection Graphitizing D::;:rg[:dzdr:ﬁ % E 2" % X-I E‘l
(p, & CTE, 9, Rusisorory) @9 Electrical R.esisti\-ity

Rough machining

&

Non-destructive
Inspection by UT

N2t (Falety)
M|A H|o[E &

&

|:‘r-?!zz:gn8;(l;:f1p.u:ﬁ'l. High I:E;‘ri:';cation Ash content
. | J  Intra-billet variations
Machining Appearance, . . . .
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