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MAX Phase R&D Starting Point: MYRRHA

Accelerator Reactor
e Subcritical or Critical modes
(600 MeV - 4 mA proton) e 65 to 100 MWth

MYRRHA Stainless Steels
= 316L: structural steel
= DIN 1.4970: fuel cladding steel

Multipurpose
Flexible
Irradiation
Facility

MYRRHA: ESNII LFR Pilot Plant

Source

Liquid Lead-Bismuth Eutectic (LBE)
Primary Coolant
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Basic Liquid Metal Corrosion (LMC) Mechanisms

1. Oxidation 2. Dissolution
LBE o Multi-layered oxide dissolution zone: © LTSS of stele\ll.all\l/loyirég
o P scales form in contact ., elements (Ni, Mn, Cr)
magnetite with O-containing LBE

o LBE penetration
on steel surface

o Ferritization of
dissolution zone due
to loss of austenite
stabilizers (Ni, Mn)

Si-containing FeCr-spinel

o If protective at service
internal oxidation zone (I10Z) conditions, oxide scales
minimize further attack
10 pm of steel by LBE

base steel

EP-823: 490°C, 5016 h, oxygen saturation, static LBE 316L: 500°C, 3282 h, 7.5x1013 < [O] (mass%) < 2.8x1078,
(K. Lambrinou, SCK+CEN) static LBE (K. Lambrinou, SCK+CEN)

3. Erosion . _ . _
o Severe material loss & compromise of structural integrity

o Observed at high LBE flow velocities, two-phase flow, and
sites of flow diversion

316L: 600°C, 2000 h, [O] ~ 10° mass%, flowing LBE (v ~ 2 m/s)
(Miiller et al.,, Journal Nuclear Materials 301 (2002) 40-46)
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Envisaged Applications for MYRRHA & Gen-1V LFRs

> MYRRHA Pump Impeller Service Conditions:
e T~ 270°C (T ~480°C in Gen-IV LFRs)
« High LBE flow velocity (v = 10-20 m/s)
« LBE[O] = 10 mass%
e Low fast neutron d(_)\se (< 1dpa)

Impeller Rotor
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Gen-1V LFR Fuel Cladding Materials

> Gen-IV LFR Fuel Clad Requirements:
* Liquid metal corrosion resistance at T > 450°C
Neutron” radllatlob tolerance (dosegg; > 35 dpa)
: ion for effective” }t rem'l

Dda

LBE dissolution
attack

% Not actual MYRRHA pump impeller design!
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Why MAX Phases for MYRRHA & Gen-IV LFRs?

» MAX Phases: unique combination of physical, chemical, mechanical properties,

e.g., LMC resistance, machinability, damage tolerance, irradiation tolerance, ...

5 !. : ‘ol'/ _ "‘ oy o ° . )
.14 , Ti;SIC, ,

(M.W. Barsoum & M. Radovic,
Annu. Rev. Mater. Res. 41
= (2011) 195-227)

Ti;SiC,: 650°C, 3000 h, m—— -
[O] =~ 10-% mass%, static LBE | (@) Irradiation tolerance

Damage tolerance

———

(A. Heinzel et al., Journal of Nuclear
Materials 392 (2009) 255-258)

Machinability

(M.W. Barsoum & M. Radovic,
Annu. Rev. Mater. Res. 41 (2011) 195-227) © (KR Whittle et al,, Acta Materialia 58 (2010) 4362-4368) © V7 scr-cn



MAX (M,,;AX,) Phases: Elemental Preselection
n=1,23 0999
o | X
Oz O: O octahedra
i %Pﬁ% = >® | | Alayer
3 4 oxygen :T:&n = -
4|8 K r vl OLP O
11 12 18 : i C
Na | Mg Ar : p : X
i Kk ’ : ‘ octahedra
K | Ca Kr ; L
Rb | Sr Xe O _ O
S 312 413 |4 % '@ | | Alaver
Cs|Ba Rn : ' ' : y
Fr | Ra|* x| Lr| Rf | Db | Sg Uun|UUU|Uub RS X
[223) [226] [262] [261] [262) [266] [271) [7.21 [277) E OI ’:. E Octahe d ra
% Large (thermal) neutron cross-section - ¢¥-90
% Long-lived isotope 14C Laminated crystal structure
_+_Alloying elements in commercial clads (zircaloys/15-15Ti stainless steels)

» System of interest: Zr-Al-C and solid solutions thereof (+Nb, Ti, Cr, Sn, ...)
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MAX Phase R&D: Approach, Challenges, Achievements

Step 2
Screening mechanical
tests in air on MAX-
phase candidate MAX-phase candidate
materials materials

Step 4
Screening mechanical
tests in LBE on MAX-
phase candidate
materials

ok
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STEP 1 Synthesis: Zr-Al-C System

» Discovery (synthesis) of MAX phases in the Zr-Al-C system!
» Synthesis facilitated by the use of finer starting powders (ZrH,, Al & C)
» Production of phase-pure Zr-based MAX phases proved challenging

Zr;AlIC, Zr,AlC

Space group P6s/mmc (194) Space group P6;/mmc (194)
a (A) 3.33308(6) a (A) 3.3237(2)
c (A) 19.9507(3) c (A) 14.5705(4)
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STEP 1

Zr-Al-C System Challenge: Phase Purity

Starting ratio:  Zr:Al:.C =51.0:159:33.1
Phase Weight%
Zr,AIC, 59(1)

ZrC 35(1)

Zr:Al:C =50:20: 30

Phase Weight%
Zr,AlC 67(1)

ZrC 33(1)

> Phase punty minimises dlfferences in swelling, corrosion behawour etc.
» Synthesis of (M,M").,,(AA)X, solid solutions to increase phase purity!

10

© 2017 SCK<CEN




> Be A pased aterial contained © % A Q %
d 21E 20 ¢ O O O OI110 O O O 0J0 ang A -
allo O A-eleme A A .
| 7.Nb = 90:10  PLAE [ EEEERTI
(Zr.Nb)C

(ZeNB)(ALSIC




STEP 1 Oxidation Resistance: (Zr,Ti)-Al-C SS

» Investigation of Ti solubility in Zr,,,AlC, by reactive hot pressing
= Solid solubility over the entire compositional range for both 211 & 312
= Atomic ordering in both 312 & 413 stackings: Ti on M, site & Zr on My site
= Non phase-pure MAX phase ceramics (Zr,Al;, ZrAl;, (Zr,Ti)C)

~ 33° &7 100 nm higher
qﬂ_j 3.3 -.~\‘! | 20.4

© 3.25 N .

< 3.2 @ e

= 3260 4 - 19.9

[ZrTi,AIC,] o~

IR REY " T

Tratuce parametet (A) of 312

Intensity

[110]-zone axi

Vv

Distance

(B. Tunca et G[., /I?Ofg. Chem. 56 (201 /) 3489-3498) 12 © 2017 SCK-CEN



STEP 1

Mechanical Properties: (Nb,Zr)-Al-C SS

0 200

400

T L) L) I L)
600 800 1000 1200

Temperature (°C)

L
1400 1600

MAXTHAL 312°

MAXTHAL 211°

o‘as’zrms)‘tAlca |

MAXTHAL 312°

13

Propert Nb,AIC . e
perty 4T3 - Nb4AIC3 p&aeniiy
p (g/cm’) 6.89 + 0.06 (98% py;,) \ LA %y
Grain size: GS. /GS... (um) 14+5/4+2 ; ,
T T T T T T T T T T T T 0.020
700+ m  Elastic properties (Nb_ . Zr ) AIC,
m  Elastic properties Nb,AIC,
600 Flexural strength (Nb_,..Zr ) AIC, - 0.015
m
500 o
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MAX Phase R&D: Approach, Challenges, Achievements

Step 2
Screening mechanical
tests in air on MAX-
phase candidate MAX-phase candidate
materials materials

Step 4
Screening mechanical
tests in LBE on MAX-
phase candidate
materials

ok
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LMC/Erosion: Test Setups

» Tests: MAX phases vs. 316L;
test conditions promoting
dissolution attack (500°C,
[O] < 10-° mass%, 1000-
3500 h, static LBE)

> Erosion Setup — CORELLA facility:
= Fast-flowing Pb/LBE (v > 10 m/s) &
= T &[O] (SCK*CEN oxygen sensor)
= Control [O] by using conditioning gases
» Tests: MAX phases & 316L stainless steel
(ref); relevant for MYRRHA (300°C) & Gen-
IV LFR (500°C) impellers (v > 8 m/s)

TCh: test chamber; CCh: conditioning chamber

* CORELLA: Corrosion Erosion Facility for Liquid Lead Alloy

15
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STEP 3 Compatibility with Static LBE (LMC)

» Aim: to assess MAX phase compatibility with static, oxygen-poor LBE:
= 500°C, 3500 h, [O] < 102 mass%; Maxthal 211® & 312%®, Nb,AIC, Nb,AIC;
= 500°C, 1000 h, [O] < 10-1° mass%; (Nb,Zr),AlC,, (Zr,Ti);AIC, & (Zr,Ti),AlC, Zr,AlC,,

Zr,AlC
@500°C
2 SA 316L steel
© CW: cold-worked
i S - CW 316L steel SA: solution-annealed
32
\ Depth of dissolution attack:
o 50-265 pm CW steel
9-125 um SA steel
52
(V)]
©
£ £ Depth of dissolution attack: [
S % 13-128 um CW steel '
= ‘\‘/’ 14-48 um SA steel
g |

CW 316L steel

© ZUL7 SCR*CEN



STEP 3 Compatibility with Static LBE (LMC)

A_A A N/ 1 PR | °1° . LA | P ® L= r— P [ W W ]

@(IT Ti;SiC,: 550/650/700°C, static LBE, 10000 h, [O] ~ 10-® mass% Ti,AlC: 650°C, static LBE,

- ;50°C 650°C 10000 h, [O] ~ 108 mass%

7 ~"?-'X|dat|orr of

" sec&wdary phas'es :

. LBE-affected
zone

20 um JE

(*A. Heinzel et Gl., J. Nucl Mater. 482 (2016) 114-123) 17 © 2017 SCK-CEN



STEP 3 LBE/Zr,AlC Interaction Mechanism (LMC)

» Observations:
= Pb/Bi atoms diffuse along.7 » © basal plane,
forming in situ Zr,(Al,P' \(@<‘ \\o° ' solution
= Superlattice refler*,&wes\ ((\Zo(\ P suggest
spontaneous ™ o oW (\s\“) ©O%n crystal lattice
= MAX ph;"\<@QQ et Cﬁo their initial shape
desr (W& € oo Wion (SEM & EBSD data)
= MAX Q‘OQ’L (Phs with mixed contrast show
aredu. ©'ai content where Pb/Bi increases

(TEM EDS data not shown here)

18 © 2017 SCK-CEN



Compatibility with Fast-Flowing LBE (Erosion)

» Test relevant for Gen-IV LFR pump impellers:

o Materials: Zr;AIC,, Zr,AlC, (Nb,Zr),AlC; ground & milled, 316L steel ground (ref)
= Test: 500°C, ~1000 h, LBE with [O] < 1019 mass%, v ~ 8 m/s

» Results: Zr,AlC & Zr;AlC, broke during removal; profilometry & SEM
revealed max erosion damages in 316L steel, min damages in (Nb,Zr),AlC;

Zr,AlC Zr;AIC, (Nb,Zr),AlC; (Nb,Zr),AIC,
(ZrC)

(ZrC) Ground Milled

Milled
Surface State

Before CORELLA Testing

- Ground
Surface State

316L
Ground

Zr,AIC Zr,AIC, (Nb,Zr),AIC; (Nb,Zr),AlC,

(ZrC) Ground

(ZrC)

Milled

. i"' i 3 .

After CORELLA Testing*

316L
Ground

* LBE removal: hot oil & etching by 1:1:1 H,0,/C,H;OH/CH;COOH 19
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STEP 3 Compatibility with Fast-Flowing LBE (Erosion)

316L steel 20 pm

20 © 2017 SCK<CEN




MAX Phase R&D: Approach, Challenges, Achievements

Step 2 Step 3 Step 4
Screening mechanical Screening liquid metal Screening mechanical
tests in air on MAX- corrosion / erosion tests on tests in LBE on MAX-
phase candidate MAX-phase candidate phase candidate

materials materials materials
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11474 STEP 4

Mechanical Properties (Air/Ar+H, vs. LBE)

» Aim: assess whether the exposure of MAX phases to liquid LBE affects their

mechanical properties (flexural strength, fracture toughness)

» Example of materials degradation observed in ferritic/martensitic steels in

contact with LBE: liquid metal embrittlement (LME)

700

600

wu
(=]
[=]

B
o
=}

stress (MPa)

200

~ Brittle 350°C

o fracture

0.00 0.05 0.10

[ SRS

(*Cour

strain (-)

~ 500 pm

tesy: G. Coen & S. Gavrilov)

N

e=—Ar+5%H2
| BE

0.15
v

22

Oxygen sensor
(Bi/Bi,0;)

Gas Inlet

(Ar/Ar+H,)
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114474 STEP 4 4PB Strength (Air/Ar+H, vs. LBE)

» Evaluation of four point-bending strength (o,pg) in LIMETS-4

» O,pg IS given as an average of 5 tests per material and condition
o Materials: Maxthal 211® and (Nby g5, Zr15),AIC,
o Test Conditions & Methodology:
= room temperature (RT) in air (T monitored by thermocouple)
= 350°C in Ar-5 vol% H, (T monitored by thermocouple)
= 350°C* in LBE with [O] < 1019 mass% (T & [O] monitored — oxygen sensor)
= Specimen pre-exposure: 48 hours under 20 MPa in test environment

» Results: no environmental degradation of MAX phase flexural strength!

Maxthal 211°® (Nb, g5, Zr, 15),AIC;
Test Condition o,pg (MPa) o,pg (MPa)
RT in air 204 + 17 426 + 30
350°C in Ar-5% H, 197 £ 10 418 £ 60
350°C in LBE with [O] < 1019 mass% 214 +13 414 + 56

* 350°C: most severe LME in ferritic/martensitic steels 23 © 2017 SCK-CEN



MAX Phase R&D: Approach, Challenges, Achievements

Step 2 Step 3 Step 4
Screening mechanical Screening liquid metal Screening mechanical
tests in air on MAX- corrosion / erosion tests on tests in LBE on MAX-
phase candidate MAX-phase candidate phase candidate

materials materials materials
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STEP 5 lon Irradiation of (Nbggs,Zrg15),AlC;

Microscope and lon Accelerator for Materials Investigations (MIAMI-1) Facility

k

JEOL JEM-2000FX

Electron acceleratlon

80 to 200 kV
voltage
Ion acceleration 1t 100 kV
voltage
Ion species Most ions from H* to W+
Electron/ion beam o
30
angle
Up to 1.5x101* ions cm=2 s71
Ion flux

for 6 keV He* (for example)
Temperature (100 to 380 K) or (RT to 1570 K)

Gatan ES500W &

Image capture Gatan Orius SC200 (4 MP)

e University of
EPSRC r&mgna s HUDDERSFIELD

2 5 © 2017 SCK-CEN




STEP 5 lon Irradiation of (Nbggs,Zrg15),AlC;

» Irradiation with 6 keV He"; ion flux: 10** ions-cm=2-s71
» Electron beam energy: 200 keV; electron beam: off during ion irradiation

20°C 350°C 600°C
MAX Phase Secondary MAX Phase ~ ~S€Ondary — niaX Phase S ET
Phases* Phases* Phases*
|
g5
T g
o 90
~ | -
/ g (0008)
3l /
c 2|
s 3l \
3"2 WDenuded zone | ¢ N 0T
‘1(' g
o

(*D. Tallman et al, J. Nucl Mater. 468 (2016) 1-13) 26 *Al;Nb (7 wt%) & Al,O5 (2-3 wt%) ——




Conclusions

» Exploring the potential of MAX phases for specific applications (fuel clads,
impellers) in Gen-IV LFRs & MYRRHA entails the following challenges:

.. Strict control of processing to produce phase-pure materials with a tailored
microstructure that meet the targeted property requirements (strength,
fracture toughness, fatigue lifetime) of the end application

. Assess the compatibility of produced materials with the heavy liquid metal
coolant (Pb, LBE) under variable exposure conditions (T, [O], flow velocity) —
study liquid metal corrosion/erosion behavior of candidate materials

lil. Measure key mechanical properties (strength, fracture toughness) of produced
materials both in air/inert and heavy liquid metal media to assess possible
susceptibility to environment-assisted material degradation effects (e.g., LME)

Iv. Assess the radiation tolerance of the optimized materials by designing and
executing neutron irradiation campaigns that can validate the materials in an
industrially-relevant environment (TRL 5). Ion/proton irradiation — when used in
the right way — will help to accelerate development of radiation-tolerant MAX
phase materials prior to their ultimate validation in neutrons

27 © 2017 SCK-CEN
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MAX Phase Synthesis in the (Zr,M)-Al-C System

» Aim: synthesize (Zr;_,M,),AlC solid solutions to increase MAX phase content

» Prior attempts reported in literature:
= Reiffenstein et al.? & Naguib et al?: M = Nb — successful for x = 0.6 & 0.8 resp.

= Horlait et al3: M = Ti, Cr and Mo — unsuccessful
312" 211 (ZrM)C
|
1
I

: (Z Fo.or M 0.1) ZAI C W -
. i W N Y A : _I.l_

i —v— Y Yoo
W‘.\—/\——M\“\—-—w ﬁb

cr | ‘312’ formation with Ti, Hf, Nb, W

Mo !| ‘211’ formation with Nb, Ta %

Relative Intensity'” (a.u.)
3
/

\\W_JL No MAX phase: V, Cr, Mo htd
P :
[ . : W

! L " | ! 183,84
2 Theta (°) 5 10 15 20 25 30 35 40 45
1 Monatsh. Chem. 97 (1966) 1427; 2 Mater. Res. Lett. 2 (2014) 233-240; 3 Mater. Res. Lett. 4 (2016) 137-144 29 © 2017 SCK-CEN




MAX Phase Synthesis in the Zr-(Al,A)-C System

» Aim: synthesize Zr,(Al,_,,A,)C solid solutions to increase MAX phase content
» Prior attempts reported in literature:
= Horlait et al2?: A = Sn, Pb, Sb & Bi — successful for x = 0.8, 0.65, 0.7 & 0.58 resp.

= Horlait et all: A = S and As — unsuccessful i
'312" 211’

I - i
I s | ‘312’ formation with Si and In J\UJLLM
i""‘é‘ ‘211’ formation with Sn and Pb

Relative Intensity”2 (a.u.)

o I . ' '
2 Theta (°) 19 15 20 25 30 35 40 45
1 Mater. Res. Lett. 4 (2016) 137-144 ; 2 Scientific Reports 6 (2016) 18829 30 © 2017 SCK-CEN



(IT M CORELLA Test Results

» Tests relevant for MYRRHA pump impeller:
o Materials: Maxthal 211® & 312®, 316L stainless steel ground & polished

= st test: 300°C, 500 h, LBE with [O] < 108 mass%, v~ 8 m/s
= 2nd test: 300°C, 500 h, LBE with [O] = 10-® — 10> mass%, v~ 8 m/s
= 3rd test: 300°C, 1000 h, LBE with [O] = 107 mass%, v ~ 8 m/s
» Results: no clear evidence of erosion damage; possible local damages in
316L steel and Maxthal 211® — difficult interpretation o

After 1000 h After 2000 h

SPECIMENS AFTER 2ND TEST
316L steel

Side:
316L

Maxthal 211® & 312®
| ground

7 N
polished ground
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