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ORNL compatibility research has several current tasks

« US DOE FESS LM PFC project (2020-2025)
- Investigating liquid metal embrittlement of F82H (Fe-8Cr-2W) in Li

e US-Japan FRONTIER emphasis on Sn (2019-2024)
— Pre-oxidized FeCrAl (ODS, APMT): Sn thermal convection loop (2021)
— HFIR irradiation pre-oxidized FeCrAl in Sn at 400°C (0.8 dpa in 2022)

* US DOE Blanket & Fuel cycle project (2019-2024)
— ORNL Pb-Li project ended 2019 (4 monometallic APMT (FeCrAIMo) loops)

- More tusion relevant materials in flowing Pb-Li (APMT tubing)
o« TCL #5: SIC, ODS FeCrAl (700°C peak, completed April 2020)
o TCL #6: SIiC, Al-coated RAFM (650°C peak, completed in September 2021)
« TCL#7 :SiC, Al-coated RAFM (650°C peak, 2000 h operation completed Sept. 2023)

— Initial static capsule testing in FLiBe at 550°-750°C in September 2023
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Liquid physical properties and compatibility TRL

-_mmm

Melting Temp. (°C)

Density (g/cmd) 0.5 9.9 6.5 2.0
Viscosity (Nes/m?) 0.0006 1.4 0.002 0.07
e 4170 190 248 2414
S e 65 25 33 1.1
EIec’rric(c;IQ cicérrw:)ucfivify o5 | 48 0.4
Compatibility TRL high highest low lower
Treuslis MHD mitfigation, Radiation? Corrosive 22

No SiC, No Ni Magnetic field?

%OAK RIDGE All concepts are far from where they need to be for designing DEMO/FPP
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How do we assess and quantify LM compatibility?

e Thermodynamics
— First screening tool (assessments published, but data is not always available) - -

o Static capsule/crucible (screening test only)
— Isothermal test, first experimental step
— Prefer inert material and welded capsule 1o prevent impurity ingress

— Dissolution rate changes with time: key ratio of liquid/metal surface
— No assessment of mass transfer

e Flowing thermal convection loop (TCL)
- Flowing liguid metal by heating one side of “harp” with specimen chain in “legs”
- Relatively slow flow and ~100°C temperature variation (design dependent)
— Captures solubility change in liquid: dissolution (hot) and precipitation (cold)\ T
« Dissimilar material interactions between specimens and loop material M,r s
 Flowing forced convection or pumped loop .
— Most realistic conditions for flow v |
— Historically, similar qualitative corrosion results as TCL at 10+X cost

— Necessary progression for other aspects of LM blanket development wa—
- Need results ASAP, including with magnets and radiation

316SS outer capsule
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Liquid metal plasma facing components? Li vs. Sn

Li has higl'_n_\(gpor pressure But better Li-RAFM compatibility
Li: kale[?] 'LEq ®) ,
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1x105 = v — o {1 For For 9Cr Steel
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Fig. 1. Vapor pressure of Li, Pb, and Sn given in [7-9] and from Eqgs. (2), (6) and (7)
for extrapolation.

From Kondo et al.

#1 Is Li liquid metal embrittlement a concern?
#2 can Sn be compatible?

OAK RIDGE

nal Laboratory



Li capsule testing: minimal mass changes at 600°C/1000 h

Mass change after 1000h in Mo capsule Static capsule testing:

{1600°C 0.34 316SS outer capsule
0.3-

0.4

0.2+

Thermodynamics:
6L|+A|203_>3 L|QO+2A|

Mo capsule

Specimen mass change (mg/cm?)

| |
F82H APMT (FeCrAIMo) APMT pre-oxid

F82H: Fe-8Cr-2W
APMT: Fe-20Cr-5AI-3Mo+Y,Zr,Hf,Ti,O
Preox = pre-oxidation for 2h at 1000°C

F82H: OK with Li at 600°C
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Li Liquid Metal Embrittlement (LME) is still a concern

« Temperature near LiT,,=181°C

e Traditional differentiation between
long-term degradation and shori-
term LME fracture

e Role of wetting?
- Wetting needed for corrosion STREss

« BUT wetting not needed if:

— Native oxide fractures Onset of

embritflement.

e Is F82H SUSCGpﬁble fo Li LME? REDUCTION

IN AREA

OAK RIDGE

Reduction in

ductility or EOTEC

T

stress required 20

to fracture N

ECE'CI 1Tm(INDIUM)
0.036 x103 s

ow strain rate

o
o 0.072x1073s™

D
a
[a]
a]
Op
|

-~
- s s s s
~
N
—
o

Recovery-@ ol
— AIR OR UNEMBRITTLED = 30+
1]
- EMBRITTLED %
I
l < 20+
1 l =
10+~
I <
-\\ 4
I Y < ol
I ~ I w -
| | 30+
: -
20+

Ll
High strajn rate

National Laboratory Input from C. Kessel, ORNL

0 1 L 1 1
100 150 200 250

TEMPERATURE (°C)



Hollow specimens were machined for safe LME testing

|
A
) i)
Hollowed F82H tensile specimens
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F82H: Fe-8Cr-2W plate from Japan QST
4340 steel (1.8%Ni,0.8%Cr,0.25%M0,0.4%C)

200°C tensile test per ASTM E21

o Near Li melting point (181°C)

o Strain rate 0.005/min

o Controlled Ar environment (no extensometer)

With the cap on the top




4340 steel: demonstrated hollow specimen methodology

...............................

.....................................................

-----------------------------------------------------

......

4340 steei, 200°é "
—
0.04 0.06 0.08 0.10

Strain (%)
o All 200°C tensile tests, 0.005/mm strain rate
e Plus 400°C/1h anneal for wetting

~* Reproducible results




Hollow F82H tensile specimens: no indication of Li embrittlement
Tensile test at 200°C or 400°C: 0.005/min strain rate per ASTM E21

700 M_,;M,W.,,Wwﬁw Rttt .. 0.06]  One empty specimen (no Li)
1 L AB gy /
600 - Ve | 0.048 ........

i
" ¥ v for o mh :
S 500 - [ e T AN A . 6
§ 44 | — 200°C empty (Phase 1)
4001 -##f:'| — 200°C empty (repeat) | :
1 4/ :|— 200°C with Li (Phase 1) | 1 »
300 # "] — 200°C with Li (repeat) | 1% 1! .
1 . | — 200°C with Li+400°C/1h| : :
200/ | — 400°C with Li "
100§/~ F82H hollow specimens M) ] q
i/ : ; ; : : :
0 | ' |

v | b | v | ' | | v
- 0O 001 002 003 004 005 0.06 0.07
= Strain
Li-filled F82H: Fe-8Cr-2W
tensile specimens
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Hollow F82H tensile specimens: no indication of Li embrittlement
Tensile test at 200°C or 400°C: 0.005/min strain rate per ASTM E21

N d oy " S e
" o TYPTARY AP J - il
700_ .............. e o it T (i ‘.
. T ay 't Wiy et
. L dbeo i [ 1 (
. P
- g il i |

\ Specimen annealed

1 — 200°C empty (Phase 1)

4004---#/-1— 200°C with Li (Phase 1) |-..|l..|{.... o h
< - 1 — 200°C with Li (repeat) : 500°C/500
8 300 f/ 1 — 200°C with Li+400°C/th |.. 13} 5.

&N - 1 — 400°C with Li : ;

200 -4/ ---1— 200°C with Li (Phase 3) 4 ........ .....

§ — 200°C Li + 500°C anneal

/ F82H hoIIow spemmens\\.\ L

| | n | | | ] | | I | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain

Li-filled F82H: Fe-8Cr-2W . .
tensile specimens Manuscript nearly complete: o
Romedenne et al. for submission
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Sn: bad for F82H at 400°C, good for pre-oxidized FeCrAl

Mass change after 1000h in Mo capsule + Li cleaning Static capsule testing:

316SS outer capsule

|

A

o o
| |

100 L

@ Li600°C
-150 — BB . Sn 400°C
200 [ . Sn'l_| 40000 Mo capsule

i TR T T E o .
2300 e B

—350 — D PR DI

Specimen mass change (mg/cm?)

-400

I I I
APMT APMT preox

F82H: Fe-8Cr-2W
APMT: Fe-20Cr-5AI-3Mo+Y,Zr,Hf Ti,O
Preox = 2h/1000°C

Sn_
S |

#1 F82H: not compatible with Sn

#3 Need flowing test for pre-ox FeCrAl in Sn
OAK RIDGE
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Thin a-Al,O; layer formed on APMT after 2 h at 1000°C in air

gas interface

o - Equiaxed grains
Ed Mixed Fe, Cr, Al oxides

~400 nm thick .
Columnar a-Al,O5; grains

APMT (FeCrAl)

———— 100 nm
*OAK RIDGE
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TCL: 2 specimen chains in the hot and cold legs of loop

0.75m tall
0.5m wide
26.7mm APMT tube

Cold ‘
Leg via—|
(CL)

OAK RIDGE
National Laboratory

Three materials exposed:
APMT: Fe-20Cr-5Al-3Mo+Y,Zr,Hf, Ti,0
ORNL ODS: Fe-10Cr-6Al-0.2Y-0.3Zr
Japan ODS: Fe-12Cr-6Al-0.4Y-0.4Zr-0.5Ti
All pre-oxidized 2h/1000°C to form

a-Al,O4 surface layer (0.5um thick)
Peak temperature: 400°C

Temperature gradient: 55°C

Velocity: ~1 cm/s




Mass change data from Sn loop (1000 h/350°-400°C)

€ OTEEReE o
e . : A
S _jod. AR TN F@'.E.’..?I;I...Hot Leg B , o
2 ] Specimens had Sn remaining on
= Cold Leg |
= o0 o X| Ad surface after removal
oy - I | I;’[Ar;@ I - Removed by dipping in Li at 250°C
C 20— ; ST DUSURA Y U
< 30 T 1---f
i - " I :
O 40— !
/)] - . :
G -50- O CL Japan ODS
= A CLORNL ODS
& —60— O CLAPMT
= O HL Japan ODS
S -70- A HL ORNL ODS : : :
[0 HLAPMT : : : :
Q : : : Coupons: 19 x 25 x 1 mm
(0] _80 1 | T | p | T | T | T p
350 360 370 380 390 400
Estimated Exposure Temperature (°C) APMT: Fe-20Cr-5Al-3Mo+Y,Zr, Hf, T1,.0

Japan ODS: Fe-12Cr-6Al+ZrY
ORNL ODS: Fe-10Cr-6Al+ZrY

Large mass losses in hot leg for all alloys
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L HL 396°C -18 mg/cm? —

10Cr 364°C

e he umi

10Cr 364°C HL -36 mg/cm?

OAK RIDGE
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Evidence of pitting on the specimens after Sn exposure 7]

| ODS 12Cr
Tmm thick

ODS 12Cr

L CL 366°C -2.3 mg/cm?4 L CL 345°C -1.1 mg/cm?!
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o [t appears that breakdowns in the
alumina scale lead to dissolution



APMT TCL
Pbli: expanding on base program foundation == "3
US Base program (started in 2013)

e 39 Pb-Li loop: 650°C peak, APMT monometallic
- Small mass changes for APMT (Jun et al. JNM 2020)

« 4™h Pp-Liloop: 700°C peak, APMT monometallic

- Significant degradation at >675°C (Pint et al. FST 2021) S
BFC Task 4

e 5 Pb-Liloop: 700°C peak, APMT tubing + CVD SiC/ODS FeCrAI

— Fantastic dissimilar material interaction (Pint et al. FED 2021)

o 6™ Pb-Li loop: 650°C peak, APMT tubing + SiC/aluminized F82H
- Completed September 2021 (Romedenne JNM 2023)

o 71 Pb-Li loop: 650°C peak, APMT tubing + SiC/aluminized F82H
— Completed September 2023 (2000 h, study reaction kineftics)

*OAK RIDGE
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Thermodynamic modeling of Fe-Si-C-Cr
Fe-Si-C + 20 at% Cr

7OOC _ Along SIC-C axis: correspondsto SC-deposit
SIC interface

SIC rich region

Most probable phases

 CrsSi
Cr3Si+M,C,+SiC M.CL oM. . I\/\3.CQ (M=Cr,Fe)
s +M,C4+SiC e MSi
MsSIs+MSi+SiC . SiC

Along Fe,Cr-SIC interface close to surface
Fe,Crrich region

Most probable phases

M23Cy

M3Si

Cr,Si

Mole percent Fe

Next: agreement with XRD results!

OAK RIDGE Pint, Jun and Romedenne, Fusion Engineering Design, 2021
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5th PbLi loop: ‘Dissimilar material interaction’ between SiC &

ODS FecrAI DEII?D -------- e CVD SiC (11 of 12 massgaln)
o High mOSS Ch(]ﬂges iﬂ Pb—Li ll|||lE| ...... é'"AIIAPMT4th Ioop"'é"': ..........
-l ........ l ' - “E“-AII APMT : ChQTI[]S‘tS)II‘r(])?(e

“rad
.........
.

— CVD SIC gained mass in cold leg
« Non-uniform (Fe,Cr) carbides + silicides
e Reaction with Fe and Cr in Pb-Li

— Large FeCrAl mass losses

..............

| S R
o AN N A O
olielelollelololo)
| I I I N T T

Bare ODS Fe- 1OCr 6Al

Specimen Mass Change (mg/cm?)

. _100_....E ........ TN 5""preoxODSFeCrAI
 Acceleration: Fe/Crremoved from Pb o0 TR
. . - . O APMT CL #4 O APMT HL #4 SRE
» Mistake fo not-pre-oxidize all specimens -140'J5g{;g LOL¥5 o Muli HL#5 e TR
160 | YV S FS | LI LUVD Ol o A
. . . pre-ox ODS FeCrAI bare ODS FeCrAI
. 0] | T T ' r T '
» Conclusion: 700°C Is foo high! P P P B B B B S 19
- Cross-sections of SiC coupons: Estimated Temperature

I
Pre-oxidized ODS FeCrAl

hot leg
hot leg

cold leg

oakRir [“20MM| 625°C +60 molom? .
National Laboratory que ODS Fe' 1 0Cl’-6A|




#6 650°C.: significant reduchon in SiC reaction at lower T

:II (2): ..... | Alum|n|zedF82H ....... ...... ...... ...... ......
e Aluminized F82H 08 - ons -
— All pre-oxidized specimens
— Mostly small mass gains

0.6
« CVD SIC
— One broke (-8 mg/cm?)

- 2"d' may have chipped
550 560 570 580 590 600 610 620 630 640 650

- 10 Of 12 mass gdain ) Estimated Temperature (°C)
« Suggests some reaction As coated + 2h at 800°C in air

Cu

Broken
CVD SiC
coupon

Specimen Mass Change (mg/cm?)
S
N
|

Al oxide scale

556 °C-CL
e APMT coupons mp—

— 3 of 4 small mass losses like prior
monometallic loop #3

Pack aluminized F82H [EEEEEEEE
QaK RIDGE o
ationa al ratory




STEM/EDS: maps of reaction product at 566°C (HL)

2pum
.

- Complexreaction products, SiC reacting with metals in PbLi: Fe, Cr and Ni¢
XOACRIDSE  _ Difficult to identify phases




#7 650°C: just completed 2000 h TCL experiment, similar
mass change as 1000 h for aluminized F82H and CVD SiC

1.2
1.0
0.8-
0.6

Specimen Mass Change (mg/cm?)
S
N
|

...... g 2000h TCL#7 CVD SIC Coupons

.
2.
.
. ° .
. s . .
. H H
== A CREEEET
= [ . .
. .
)
-
e . R

OAK RIDGE
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T
550 560 570 580 590 600 610 620 630 640 650
Estimated Temperature (°C)

VY MCL—>

4BCL—

Stainless
melt p
(Ni sow

«—THL H

specimen
chains

clamshell
heaters ——»

sss33s | ssssss

gsssss

gééééé

Characterization in progress for presentation at ICFRM-21



Very recent FLiBe results (static commercial FLiBe)

316 outer capsule

< . ,

‘S o~ é ............. 5””“””"ZL\‘\F4(3rZrTY€ ........

£ 1.8 . S—cwsic @

:’%’ _ 316H (FeCer)

(--C) _2_ ........ ............. ................................................

§ | remerewe AL N FLiBe salf
é | F82H Fe- SCr 2W 5 5 specimen
E’_ —4 - 500 h MO CapSU|e ]

% | ——

| | | | | ] | | I | | |
550 600 650 700 750

Mo inner capsule
Exposure Temperature (°C)

Characterization in progress for presentation at ICFRM-21
OAK RIDGE
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I QakRbGE  Four different liquid compatibility tasks in progress at ORNL

Sn: FRONTIER Task 3 [ Blanket (PbLi) Rlanket (FLiBe]

e Verified LME in hollow ¢ Flowing Sn loop e Pbliloop #5:>675°C e Linited FLiBe data
specimens with 4340 showed attack massive SiC-FeCrAl -
steel specimen _ Massive FeCrA| intferaction * Initial

o No significant LME ggﬁ%ﬂ(ﬁg il e Pbliloop #6:reduced

observed for F82H interaction CVD SiC-

, - High hot leg loss i : o
— 200°C tensile/400°C AL ) ot aluminize F82H: 650°C
wettin . 2U5 NOT proteciive .
S . - PbLiloop #7 done:
— 500°C/500 h anneal - FeCrAl/Sn not viable
VY R TR — 2000 h, 650°C to
700_- ......... ......... . B s ek e ......... ° Comple'l'e HFlR S'I'udy reOC'l'lon
600 .' .... ....... A. ....... s | ......... |rrOd|O1'|0n PIE kinetics of SiC in Pbli
E 500— - ......... " ....... " .........
s h / — 200°C empty+400°C/1h : & AT «—
= 400 7l — eccwithli |~ [ D g o= O S SO P PP A e
2 - : —gggf*c with Li+400°C/1h : = ‘\E, o i : Ve VACHATI
g 30044 i1 — 400°C/1h with Li BE MRS | "CERISENEE é g E [ : CVD sic :
- : . . . ! : o VAN T TV e ~ _44.... 0= T PN UL SS S PUE SUP
@ 2007 RTINS AAAAAAAAA ......... ........................... g ....................... "8’) 1 316H (FeQrNi)
- : : : : : : < : © : :
100 //- F82H hollow specimens \-"\- T T ?, ooy ef oo Hotleg o 5 2 LI N
1 : R Y T RUCTUCIUNNCY AUNIE SUPLIUN DUCOY SUUETUVUOREIOPORUIURPTES O ] JAverage 3 capsules _ :
0 I T T T T T | T T T T T T T = _pa-. e neel D ............. g g ''''''''' .......
0 001 002 003 004 005 006 0.07 5 i\ siCbroke | s . F82H Fe-8Cr-2W N
Strain -% ............................... L8 mg/em? | £ : 5 3 ?
;_% : : I I I .@64.9°C El;’_ —4 - 500 h, Mo CapSU|e ......... ...................
L HL 396°C -18 mg/cm? L HL 384°C -40 mg/cm? 550 560 570 580 530 600 610 620 630 640 650 O ey soo oo 700 7o
Estimated Temperature (°C) E T o
25 xposure Temperature (°C)



Questions?

Inner leg Drain Outer leg

OAK RIDGE
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Frontier Task 3: Flowing Sn test at <400°C done, HFIR capsules exposed

Objective: Evaluate compatibility of flowing Sn § _,1 X% " e P Hotreg 4
with pre-oxidized FeCrAl alloys at 350°-400°C E ,,] Codleg: = X..;z....m...g...ﬂd... Mass change data
, & sodo AR from specimens
ApprOdChZ a thermal convection |OOp L':“; ' A : : ! 11:' B exposed to flowing
(FeCrAIMo alloy APMT) ran 1000 hwith 3alloy g 7301 17 % | Snfor 1,000 hwith
specimens: APMT, Japan ODS(12Cr-16Al) and - = qfcomeoos 14 a peak lemperature
?O%%L é)k[))Sf( 10Cr-6Al); all pre-oxidized for 2h at £ _, 1Qseencos v - 4 ?
efore exposure 3 _goloHaMT b ' :
. . . e 350 360 370 380 390 400
Resulf: Pre-oxidation was noft sufficient to Estimated Exposu%perature C)
protect these alloys in these condifions. ; 7 7 % 000n 382°G not leg
Next: HFIR iradiation without Sn (3mm disks) 1 e
and with Sn (SSJ tensile specimens): capsules ObSritocreAl- I O'DS Fe10CrBAl
being built for next HFIR cycle < : L
\ _250pm»" : ‘
_Cu : ,‘T =
ODS i TG R .
SsJ oDs Fe1ocréAl. | 19HM | ops Fe10Cr6Al

HFIR Light microscopy of ODS FeCrAl after exposure:

APMT 3 mm disk capsule No surface oxide observed in pitted regions
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