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O:I H 7:| Artemis Phase 2: Building Capabilities For Mars Missions "

— x o
—) _?__I_g 'I;-I xI.E (Credit) NASA Advisory Council Meeting(‘21.3)

Why Develop a Fission Surface Power System?
Nuclear Power for the Moon and Mars

=, ol S P L. A o
- NASAQ-I ?_:lxlg-l XI"F;IE %I‘gol': 7IE?_I ISRU*OHE -?——’F—g' 'EIII'E J_'_E-1 « Nuclear power systems will enable robust exploration of the Moon
and Mars
* In-Situ Resource Utilization * fi s sty s vt s s on
o =357y Bt OfL|2} 2X| EL EA |o=|(a.l:ll-) S| Z2st2t 40| A
T |2I_I-°I_'I_I-0LE' _Ix —II—_le_l o/ O ﬂl—l‘gl_l‘o A urface nudear
of Ol T3 31740 EXO|H HMZIO! x| Z20| LQ
EH o =x I_I- [ gl—l‘ o bl —| _Io OI b | I_I L I oHd 0 =1L " be arecty apprcatie Jo human Hars exparaion T o e Moo
o158t o= 3 =0 xo| oOx|HA 17| ote " Il 10 anable x ess e 1o bs fowry 0 spacs an oo e resble
(st AE3E, e E2 T, |7t 80|5HK] 48

than a comparable solar power system in the 10 to 40 kWe class
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KRUSTY (NASA), MARVEL (DOE), Project Pele (325
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NASA & LANL : 1TkWeg X|AASAIE (KRUSTY) (2018)
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LANL : MegaPower 2MW=g& X|4&), Ziacore A (2026) «

OKLO : Aurora, fast, S-CO,, U-Zr fuel

Westinghouseiit : 5MWe& eVinci (TRISO + Heat pipe)
2F8 AstroVinci

«  oixjj 0| & FHLIC} 9157t 7| HO| HEF

Brief History of NASA Developments

MegaPower, LANL

Aurora, Oklo

eVinci, Westinghouse
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3=, YA, S=-5A|0}

(¥=) Rolls & Royceiit =& 7Hg. 20294 7}X| &
HHoz HIj= 212 SH (TRISO + Heat pipe, N, Brayton cycle)

(ZZ2) FRAMATOMEiit F& e, TYAIZLFHTM
E{(CNES)2t HXIZH(CEA)S| ¥H = of2|Qt 601 EIXY 7t
538 10kWeZ SIEMO|T Xt 74

(E2) Y7|XI222 100kWeR, sHIQ0IM7|EX Q%M
MO 2 10MWeR S|ELIO|X YXIZ2 Y =

(2{AlOf) "35EX| S0} =50 Hoj| AXHUTAL
Hol= LYAS HE S

Russia and China planning
nuclear power plant on Moon by

104 § 33} sol #3

(U.S heat pipe microreactor)
[B.H. Yan et al, Annals of Nuclear Energy, 135 (2020), Westinghouse]
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n ELH SIE]II.OIE '?:-III'E ﬁ__rl_ —— KAERI HPR concept for lunar surface power (5 kW,,)

Byung Ha Park et al, Nucl. Technol. (2024

Qo |
L (HEE5) 9F U IEAM HYRTS Ut | Ei (Design requirements)
£ it itr -
o dF — 1. Life time > 10 years
x* o:l 'III'E 7 H = 2. Operating temperature: 700°C to 750°C
- I-"le- °_|I|-E.1I %.’(.;.EI-];“EII 3. z;l;ermal power: 5 kW(thermal)
4. 77U enrichment < 20.0 wt%

- XIMICH X1 st2E 2fst 7|=7lE ¥ AF FLIHot 5. Mass < 1200 kg, height < 5 m, diameter < 2 m
— I-"4i|. _CI>__7I<_ H Pﬂ%jl%?ﬂ i!(2023~2027) 5[“ |EI_ 6. Shielding design to protect the reactor system.

fa) Radial view (B} Avial view
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HP/moderator

: bendable
sodium
heat pipe
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« 5 kW, JHEHA (~2024) I |
- _?_?I:-% -?I:-III-a I‘] °_|_T'_:. AIAE‘" 7IH|'7IE E‘: H I ic Fast Reactor < 600 kg g
HAl, FE7HZ T3 A8 S|IELOIZ 7| & B
—  S|Emo|z 2XI2 HA7|= N3t U AT 7= IH 5
=02 58X TRL 3 =ZFOo= ™I} g

« 100 kW, ZHEAA Y HZ=7|= IHE 2025-2029)

e Code Name

—_ |_=| H |A|‘A l E E II Description
1 0 — L I ° E o = L Reactor Physics, Core Concept Radiator
_ [ McCARD | McCARD Reactor physics analysis code
—  1m 72 S|ENO|T U s/ ATES HX7|&7He o e
[€ Stcady Hea Tramsport/ System Tramsient, Safety Analyss™ | Stirling LUHPIS  |Normal/abnormal heat pipe analysis code
S ©OX x g(oq:‘: / |=‘: )o S H I
—_ Oot %)_ - _I_Ix_l S E_I_II_I ﬁj _I_Ix_l _E gI.I‘E % aIr T HEPITOS Core heat transfer analysis code
-
. s & LuNAS System transient/safety analysis code
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Hydrogen retention of metal hydrides compared to water

- [M.N. C|nb|z et al., Nucl. Technol. (2023)]
= - =
. ATHEOF : MTIROR HEHE H7 Pl
- @ D20 B2 £4 Inventory, 22 FUX &4 BN, BS OWY AT gt i
. o - Cerium hydride
=) Zr/Y Hydride ($43}8) bl Sz
— — B |n|)‘c|11
. 19506080 HET HE % 97 28 <) T M 5O Zrix T
+ 90di FAH PFE TOPAZ (ZrH, o)
- ¥

- EZ =AY #XZE JjSlE EEL 7|H0| 35 s zlES AEME 1

- CHSE AE HRO| 451K QS (M) )

. TCR (Transformational Challenge Reactor)2| Z&I 2 MM E 0|F HX 7|8 7|&2

|:||-=< (ORNL LANL) 0™ 400 600 800 1000 1200 1400 1600

. xg TIAXIONH M (YR 202 ¥ A|E) Temperature (K)
~ T 0j2le] ARIO| AT HUSHK| S
ZrH/YH (ORNL, Gaseous hydridin

MH [J. Nucl. Mater. (zozgl 2 9 YH (LANL)
Gaseous hydriding 1. Alleys Compounds (2020)] L. Kaldon(NASA), Fission Surface Power Project Overview
Yttrium hydride Powder metallurgy (SPS) iNucl. Technol (20231

NASA Technology Maturation Investments

« Current Tech Maturation efforts

- YHi!  YHy,
g

« Integrated Heat Pipe-Stirling Converter Test ' VHuJ YHis
« High Voltage PMAD Demonstration Test g
« Advanced Brayton Power Conversion System (PCS) ' . @
« DOE: Moderator Materials, Shield Manufacturing, Instrumentation & : Vi YH, (YH,
Control |
|

« Potential Future Tech Maturation
« High Temperature SiC Sensors

10 20 30 40 50 60 70 80 90 10

0 20 30 40 50 60 70 80 90 100 10 120 130 140 150 160 170 180 190 200 240 220 P 7Crcked yuium hydride rods resuling fiom the presence of the arge hYrOge N W

{Moderator fabrication technology by gaseous hydriding and powder metallurgy)
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KAERI HPR concept for lunar surface power (5 kW,,)
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Byung Ha Park et al, Nucl. Technol. (2024)

Q UO; Fuel

[] YH,s Moderator
® Heat Pipe

[ BeO Reflector
[l B.C Safety Rod
[J MLI Insulator

(a) Radial view

(b) Axial view

Monolithic hydride moderator

Moderator

4y Fuel

T

SHIHELSIENO|

ALEU 34127} 2 =Bl

P -
Tem p Component Material rop(or:::j) Size Irradiation swelling
. X
Fuel U0, (HALEU) 27/20 (dia.) Densification ({1.0%)
ue (Long-term)
U-10Zr =) TRISO
FeCrAl 0.1%
Cladding — 0.4 {
Coating -
ZrH, g5 . . ?
: Monolith 250 (pitch)
Moderator YH Rod 18.9 (dia.) 2~5 % (up to 2dpa)
8 =) Linear 1.64 %
Reflector BeO 115 (thick)
Shield LiH 150-350 (thick)
Safety rod B,C-Inconel

1) Annular Fuel & Moderator 2) Rod Fuel

Gap
FeCrAl Cladding

» + Coating

FeCrAl Cladding
+ Coating

20.0 mm

Target burnup (UO,) ~4000 MWd/MTU
=> Only densification occurs

~N
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Anisotropic expansion
Volumetric expansion: Zr =) ZrH, (17%), Y-) YH, (6%)
(e.g. Cube: 8% in x— and y directions, 1% in z—direction)

B =T iz ©
KAERI 5| ELo| = X2 73
. = _ ESL= FA45l — 9_ =
Cladding (FeCrAl) (:_ll'lﬁﬂ gl_|-o°:| Uoz -+—Ex'“ _> J%%ﬁ(ZOmm)
«  Z&X (Moderator)
=2 2 Inventory, 2 S4X 5 THE, =2 FYHS Q7 =) Hydride (=4818)
o|d X2 12()2f 860°C)IM MZ5IX| 42 Z HRZXZE (Texture) Y
=) ZAMIZ (irraidation growth) 2! GWxtoZ 015t 2R AUSH | M7t L
A M7IX| %= HZ W = =) AM (e.g. 3DP, HIP)
In-reactor elongation of the fuel rods

EBIREIS ¥
o2 =4 W= 113

Bottom nozzle]
After 4 cycles
-> elongation of the cladding over several cm
several cm in the axial direction are left for the free elongation of the cladding.

(=)=
a2

Zr3l2 912 20| ZAME

[F. Onimus (CEA)]

. *1gom™ | -
«—
2.7cm -
== =
U0, Powder
(|
i

of 2lalf A 7HE

Forming
Sintering
Grinding

k

§

e o
8134 UO, 2% (KAERI)
o= x{(Cladding)
— SR U AT F40| O MR BT Y S
(31 SO1Z GIANIE ZES S35 8O))
- UBTO| 22242 WX|(IY TL)
— Oo|Emo|E AZAS Qo AXE EE
- Fbf, SWH, 2|2 (Creep) SOl 2l S8 X HYS Y + U= & 20 R
32 EY L T2E40| F0o{t FeCrAl/TZM AXH X[t
8
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Uo, sl E X=X

- SR - EF UO, 22| =) ESH(20mm)
ZALZ C|O|E &t =) Q1§{7} &

re
30
o

- meysR/A7E oA Y
- 0|ZWZ #A2 HE ZH (-2013)
=RV

2 A HESY(IYUY) APNE AR VI R Y
HALEU B2 25 I A=H FF Qol7t issue SHEAEL

1) Annular Fuel & Moderator 2) Rod Fuel

FeCrAl Cladding

»  + Coating

I Gap

I FeCrAl Cladding
+ Coating

27.0mm

U0, Powder

1 Forming

Green Pellet

Sintering

T

Sintered Pellet

l Grinding
Final Product

%14 25.15 mm, =0 6.24 mm
AZAA|: 214 18.54 mm, £0| 4.56 mm
1 2lA 26%, =0]| 27%

4>
A
]

+0.050 mm), &0| 5-7 mm

i & u:‘,_ # L AR H f_‘"’-
Q|4 27 mm (£0.010 mm), LH&A
- & SFWRL: F + 8 um, LHF + 39 um, =0| £ 34 ym

19 mm (




FHAEE HZE

Hydride Moderator Fabrication

1) Bulk material =) Gaseous hydriding
o 7P HIMXOI HitH (LANL, ORNL etc.)

Q)

Korea Atomic Energy

TA Al-.-l-I=I v H /KAERI  Research Institute
2= T - X SZL, UO,7 |4t ZAHYIKIZ SH1E U FL4AS|E X

© HZA| ROy o2 2E W =Y M 2HE)
. e B OO o8 Eaas A L 28
=) VA0 FIHHQI S Ut M2 HS} 24

or

2) Powder: Metal (Zr, Y) or Metal hydride (ZrH, YH)

. xlorxx|0| ;!klg il

HHe-l-——

8} 5t7] Yl 1201M HZ=( ~860°C) EL

— HMENIX (additive manufacturing, 3D ZZIE))

U 2oy

1o

B3} 9 F Al OF7|

»  Volumetric expansion: Zr -) ZrH, (14%), Y-) YH, (
Y A0 oHF0| A0 BF__

— HoojgH M2A|, 2X6t 5
Azl 2ATE R

H (powder metallurgy)

[ -
S2U ASA Y3 X & EEEEEN Y Te

26.10.28 KNS ZASI2TH3] Workshop O

Anisotropic expansion
Volumetric expansion: Zr =) ZrH, (17%), Y-) YH, (6%)
(e.g. Cube: 8% in x— and y directions, 1% in z—direction)

A transformational challenge: Making crack-free yttrium hydride

Sat, Nov 14, 2020, 3:00AM Nuclear News

Oadeg e National Laboratory scientists have developed a method to
produce \dytt ium hydride derator for the Transformational
Chall (TCR), a3- that
‘ORNLaims to demonstral a commercial supply of the
metal hydride, QRNL stem to produce yttium

derating efficiency of metal hydrides—which

ordin gl ORNL Th
a signs, including space pro
been pre poed shield component for themalization a

= absorption mfas(—speclrum nuclear reactors.

nd neutron

Photo: ORNL

4
¥

Fabrication to bulk

| Hydride (ZrH, YH) |

¥

Fabrication to bulk

3D Powder metallurgy 3D Powder metallurgy
Printing (SPS, HIP) Printing (SPS, HIP)
s ¥
650" [ o
Machining into Machining into
desired shape desired shape
Final Product |

{Manufacturing process of metal hydride components)

10
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| WY ratie

Processing Temperaturs |

* Hydride Moderator Fabrication
1) Bulk material =) Gaseous hydriding ‘
« 71 HEXOI 4 (LANL, ORNL etc.) [—1 -
. EDTZ/TL ZA1078 torr, Y800 "C)UIM TRE £AS Kl N
’ ~ o ' 1 Fig-2 Y-H Pressure-Composition Isotherms R .I"l_ {
&*' w8 lome . ] |

12 United States Patent 1400
Dasari et al.

LOG o (P}

-
@ =
2 2
a &

@
=1
=]

IS
=}
=]

Temperature (°C)

hy
=]
S

[T
ATOMIC RATIO X = HAY

D. Khatamian and ED. Manchester, 1988

Time

Pure Y hydriding
(800°C)

No Crack

No Crack

Cracks ‘ A
Try to optimize hydriding process for each materials and shape Some cases
(Cooling rate, Pressure control) (excessive hydriding)

11
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Hydride Moderator Fabrication

2) Powder: Metal (Zr, Y) or Metal hydride (ZrH,, YH;) crushed powder (100/200 mesh)

Packed punch

[ ]
« 2-1) Powder metallurgy: SPS
SEM analysis
S (except fine powder)
Materials mesh Av Masx
Partidlesize | Particle size Av. (um) Max Min
(um) (um)
Zr/ ZH, 100 60+5 150 60.85 104.70 | 41.79
(99.9%, 200 32+4 75 44.42 88.19 | 22.20
industrial grade) 325 22+3 45 - - -
‘ Calculate weight .
Die Graphite foils m?aa‘?fau gran‘rﬁ'el

Filling in mold

¥

SPS in inert env.
(Spark plasma sintering)
~ 60 MPa, ~1,000°C

4

Remove graphite foil

Metal/Metal hydride
bulk sample (e.g. rod)

Prossurul l l Punch'

Sintering
system

Pressure

Polished
sample

Spark Plasma Sintering

Sample
nt dia. : 12mm
Thick. : 10mm
temp. : 673-1123 K
- time :1-60 min

fgraphite mold pressure : 50 MPa

C. Park etal., J. Mater. Sci. 58 (2023) 11872-11885
W.Dong etal., J Mater Sci 56 (2024) 14000-14015
S.Choetal..J. KPMI 25 (2018) 158-164

Hydride indexing 80%

Hydride indexing 88%

SNU 54 EBSD

=
(=R

Zr

Zr Hllrlde l

Rod <D10x10 mm

+4818

Zt
(=

0|2 U] °F 95% 0|4, B o & &9l =) Scale—up testing
Zr Hydrlde

Rod ®10x14 mm

AL
-_-l-XH

Y

Pure Y

[ ]
4

&
| 2

Fabrication to bulk Fabrication to bulk x
Powder metallurgy 3D Powder metallurgy o
Pnntlng (SPS, HIP) Printing (SPS, HIP)
Machining into Machining into
desired shape desired shape
| Final Product |

Y Hydrlde

Rod ®10x10 mm

R T |
o
Zrlat

=

ZrH g6

5=ZrH, 45 FCC a

=4.781A

TowsThetalThet) WL=1.53080

YH,

8-YH, FCC a = 5.207 &

5 VN

(H: 1.38 Wt%) <

H: 1.38~1.86 wt%

12
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O Fabrication to bulk Fabrication to bulk
3D Powder metallurgy 3D Powder metallurgy
Printing (SPS, HIP) Printing (SPS, HIP)

«  Hydride Moderator Fabrication Coeer

2) Powder: Metal hydride (ZrH,, YHs) crushed powder
« 2-1) Powder metallurgy: Isostatic Pressing ¢

| Final Product |
~  CIP/WIP: 0|2 20| of 95% 0|4}, He! & 4 &0l =) £7} 448t 3 We
— HIP: & A5} ™2 &S HZ3H 2 (Canning &&)
. . —> HIREIRE
Isostatic Pressing (K42} :’d’ :
Temp (°C) | Pressure (bar) Time Note
P . R
C P2 | CIP(Cold) RT ~5,000 Al wmx | ¥
F 5~30 min pouch - -
e | WIPwWarm) | ~150 ~5,000 {Urethane wee || .
L__’__;_)l > [——.:ﬁ> -
: HIP (Hot) ~1,500 ~2,000 8~24 hr Canning - - [
—b )

CIP H=Z

CIP/WIP . 5“1 wlue e

2 [
2H, 10 a=49801 c=44513A (dfa=08938) e / \

Temp. (°C)

‘ \ W A ) 4 / )L ) | )L ) 501300 mm

il AL LN L Lk

=) 7 FXE|(FAEHME SaHl 5-ZrH, o5 FHIkS

o =) B gl s 2
o 30 , =) CIP/WIPS] X{0|= 3X| %=

7,,,7/,,,,,777777 - AIP10-30H (American Isostatic Presses iit)
1000

= 1500°C, 2000 bar (200 MPa) ,® 150x300 mm
= Heating 20°C /min, Cooling 30°C /min

Temp. (°C)

/ 5000 bar, 85°C

F I R R R
Time (sec)

o R
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Fabrication to bulk Fabrication to bulk

«  Hydride Moderator Fabrication [ S
2) Powder: Metal (Zr, Y) or Metal hydride (ZrH,, YH,.;) crushed powder
. 2-2) MEHZ Additive manufacturing - DED (AM, 3D printing) | | — - -

— DE SZl0f s Crest HEf2 M3xo =2 H|Zt (Cubic, Rod, Annular)
— 2 XM MEM(XRD, SEM-EBSD) S 201 2t& =) =4 2df &0l (F7} £4HQ LQ)

1SO Metric View|

L

| Powdsr Flow Ability Test |

¥

Variable optimization
by overlap, buildup, line tests

¥

DED in inert env.
(Direct energy deposition)

¥

Metal/Metal hydride
bulk sample (e.g. rod)

(AM| 3D ZRIE! (powder DED) HE Z4)

KAERI Patent

TTquﬂlillnm\m\mmm |
el 2 e BTN

14



$ Fabrication to bulk
3D Printing
J ’
‘ 3 £ M +Coating’l, : ";-; N
TIG welding (T ) 250°C) was - SRS e = -
£700 600 500 400 300(°C)
‘ 107 — vz f
i —T15avz
s A\ PMT
— 105} P aon [Penatva 2013]
o = = 4085 [Bell 1979]
= S ——Zwcaloy-2
p i ——Zwcaloy-4
& ™
‘n
E
-
=
°
E
=
g 10
E
a‘f 10-]1
30 Laser Printing
1 - FeCral Alloy |

PRNEE

« Cladding

— FeCrAl (rzw) alloy + coating
- M2t 859 oiE, S ALO|Z, 7l & W 2t S
2 3 Y =250 SY/HEAKXI
- S|EMO|Z HAS Qs A= EE
*  FeCrAl (GE, ORNL), TZM (LANL, ANL), SiC
(ORNL), $S316 (ORNL)

- 12 32T E40| 258t AXf| L (FeCrAl, TZM)
. HMEWE 52 48E 8H N8

Commercial FeCrAl powder
FeCrAl product
(rod, sheet, etc.) ‘

H|Z= — cladding & Hydride for shield

—~)
C .~ Korea Atomic Energy
/KAERI Research Institute

E3LH, UO,7 |3 ZAYRIXIZ sigiz 3 IEpASS HIE
26.10.28 KNS =[S LH3] Workshop O

Shield (LiH)

- B2 32 Uk, X 85 24, 23 (0.775 o/ml)

~ 0|2 (GE-ANP, SNAP, SP-100), 22 (TOPAZ-I) S
Cist S #X2 T=772H0f| ZHEH

— 22 A 25 2 (~20 torr at T,,=686°C)

—  ZAlSwelling ~9f 25% 7HX| Wi =) @, O, 2ad}

—  H|IEBHH: Cold/Hot pressing , Melting & Casting (FX)
«  Outgassing : W5 LiIOH L} 2 S 7[AMAH 2
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Figure 6. Arrhenius plot of the hydrogen permeability for T35Y1, T34Y2, APMT, 30455,

40658, Zivcaloy-2, Zircaloy-4, and pure i cr ar femper : range from 350 1o 630°C [20].
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