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Background

Europe Spallation Source (ESS) Materials applied to PBW
Requirements :
1. Good radiation tolerance

/ 2. Good thermal conductivity

Thickness:
<1.25mm " §

| \ pFalll 3. Light atoms
i J;m:m oo Y \ 4. Good strength

Proton Beam Window (PBW)*: Al alloys:
1. Suffer from high-fluence protons (2 GeV) Al6061-T6 for ESS (5 MW)

2. Low scattering of proton beam (< 1%) AlMa. for SING (1.4 MW
3. Thickness less than 1.25 mm Js 0T QL ) Max. p-fluence:
*R. Vivanco, et al. IOP Conf. Series: Journal of Physics: Al5083 for MLF (1 MW) ﬁ/‘lgilgzg %/FZT:

Conf. Series 1021 (2018) 012065
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(= e Objective

Radiation-induced changes in Radiation-induced swelling
tensile properties of Al alloys* as a function of Fast fluence
wl Ty =328 K -
&5 ol Ttest =323 K
S . 6061-T6 ,
i N | 6061-T6
7 B (- p :
<5 o '
&7 5052-0 > | /
R obtmiT = - o |
€< | 4oAl 2 Z 1100-0 7~ /*5052-O
L= .. 5052 7p Al |
= S . B061-T6
D S -
D -

*Performance of Aluminum in Research Reactors, K. Farrel, Oak Ridge

Objective: Microstructures of Al6061-T6 after neutron or proton irradiation?

Seite 4




RRRRRRRRRRRRRRRRRRRR

(=) Content

1. Material & irradiation conditions
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ES Material:Al6061-T6

Chemical wt.%  Si Fe Cu Mn Mg Cr Zn Ti Al
Composition Max. 0.8 0.7 04 015 12 035 025 0.15 Bal.
Thermal treatments Possible second phases* Averaged grain size: ~10.4 um
‘ SSSS: Supersatge solid solution ‘ Grain |
Heat treatment ‘ Mg, Si, Cu atomic enriched clusters ‘ morphOIOgy
at 530 °C L
GP-zones (Pre-p°):
@ e.g. Mg;Sig, AlsSig, AIMg,Sig
Water quenching s
p,Q’,8, L, C,QP,QC
B’ e.g. MgsSi,, AlsSis, AIMg,Sig
@ Q’: MgyAl;Si,Cu, . General g
Aging at 158 — 177 °C iyl microstructures = &
for 8 — 18 hours B (Mg,48D. Q" | 4
L

*Acta Materialia 132 (2017) 209-221.




Irradiation conditions
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Microstructures before irradiation: big precipitates
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«(==)= Microstructures before irradiation: Needle-shaped

Pole (011) Pole (001)

/1 (011) plane

Needle-shaped
precipitates / Al <001> /

[200] [200]

vV
a-

[020] JPtaas \\ B>’: Mg, Al, Si compounds

Number denity: (.7 + 0.) x 10> m-3
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SETje Microstructures after irradiation: general view

pole 110 g =[-11-1] pole 110 g =[-11-1 g220

. -
N - 9200

l\.il ‘1\
A . " 22 T As-lrrad i ‘ ——

Perfect type: ¥2<110>
Faulted frank type: 1/3<111>

g200

i

Irrad +ann.
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Microstructures after irradiation: loops & precipitates

g/Bvectors | 1/2[110] | 1/2[-110] | 1/2[011] | 1/2[01-1] | 1/2[101] | 1/2[-101]
[11-1] 2 0 0 2 0 )
[-2 0 0] -2 2 0 0 ) 2
[-11-1] 0 2 0 -2 0

o

pole 011 g = 11-1 pole 011 g=-200

pole 011 g=-11-1
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“(~=1)-  Microstructures after irradiation: faulted frank loops

G11) 1/3[11-1] 13[1-11]

Z=(011), '€

B vectors:
1/3[111]
1/3[1 1 -1]
1/3[1 -1 -1]
1/3[1-11]

As-
irrad.
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Microstructures after irradiation: bubbles inside grain

Under focus ~ -640 nm

~2.6x10% m3

Frequency, %

(1% Ao.f)mn
1

00 04 08 1.2 1.6 2.0 2.4 2.8 32 3.6 40 44 48
Diameters of He bubbles, nm

Under focus ~ -750 nm

50 nm

25+0.5nm .VQ
~1.7%x108m3

00 04 08 1.2 1.6 2.0 24 28 3.2 36 40 44 48
Diameters of He bubbles, nm
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Microstructures after irradiation: bubbles at GBS

35
B Bubbles at grain boundary
30+ Il Bubbics inside grain
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o+—1HUuNE l L
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sl ORI "S&. :

: —()5 nm

I Bubbles at grain boundary
30 Il Bubbles inside grain
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Diameter of He bubbles, nm
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Tensile test results

350

300

250

200

150

100

50

Eng. Stress, MPa

Unirradiated
Irradiated

N —

o
——

o

152°c 147°C

& 103 st

Obvious loss of ductility
but very small hardening!

4 6

Eng. strain g, %

10

¢ As-received:

— 2 2 2 2
O-yl - Jo-solute + O-gr'ain +aneed!e +Jdislocations

€ As-irradiated:

— 2 2 2 2 2 2
JyZ - \[Jsolute + Jgrain + Odistocations +alaops + O round + O bubbles

€ Irradiated+annealed:

— 2 2 2 2 2
Oyz = |Osolute + O-grain + Odislocations +Uneedls + Obubbles

4 Strengthening of barriers based on the Orowan model:
Ao = Moub(Nd)*3
N and d: the number density and mean diameter of the barriers, respectively.

As-received
@ 22 °C

As-received
@ 147 °C

As-irradiated
@ 152 °C

As-irradiated
@ 32 °C

Yield stress,
MPa

230

230

260 227
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(=1 Conclusions
Needle-shaped Small round Frank loops Perfect loops
Size, nm 22.1+10.3 6.0+1.2 X x
As-received _
Density, m3 (1.7 £ 0.8) x 10?2 (6.6 +4.5) x 102 X X
Size, nm 11.6+3.8 48+19 7.9+28nm 19.7 £ 8.6 nm
As-irradiated 21
Density, m3 ~4.3 x 102 ~9.6 x 10% e inS?’) <10 ~1.0 x 10?2
Size, nm 30.8+15.9 41+0.9 X 56 + 20
As-irradiated + .
annealing Density, m®  (25:0.1)x 102z (+2*0.7)x10%m i ~9.9x1019

Length distribution of
needle-shaped precipitates | l"“
” I 20 30 40 5

. m-As received
Irrad.+ ann.

arl
0 60 70 80 90
precips
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Thanks a lot for your attention!
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Discussion

As-received

Small round
precipitates

Moving dislocation
Climb or glide

Needle-
shaped

Large precipitates

precipitates

€  As-received:

As-irradiated

Small round
precipitates

Moving dislocation

Dislocation Climb or glide

loops

shaped
precipitates

He bubbles

Large
precipitates

a.

— 2 2 2 2
yl — Jo-solute + Ugrain +aneedle +O_dislocations

Irradiated + annealed

Small round
precipitates

Moving dislocation
Climb or glide

Needle-
shaped
precipitates

He bubbles

Large
precipitates

2
+ Opubbles

Ao = Moub(Nd)**

€ As-irradiated:
2 2 2 2 2
Osolute + Jyrain + Odistocations +Jloops + O round
4 Irradiated+annealed:
— 2 2 2 2 2
3~ ‘[O-soiute + Jgrain + Tdistocations +aneedls + O bubbles
€ Strengthening of barriers based on the Orowan model:

N and d: the number density and mean diameter of the barriers, respectively.
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Size distribution of needle-shaped precipitates

(011) plane

Frequency, %

20

L Frequency

[HEY
»
|

[EEN
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22.1+10.3 nm
(1.7 £ 0.8) x 102 m3

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Length of needle shaped precipitates, nm
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(=) Microstructures before irradiation

Pole 110

g = [1-11] 5
3g excited |

""i?’w"i g 7

r » ¥ i@ el
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(=) Al-alloys for PBW applications

Al-alloy: Al 6061-T6
Irradiation in STIP-7 (Target-10, 2013-14)

STIP-VII (Target-10) n-flu. 9.5x1025/m

27 @) 2

2 OCCOOOCO
CO @

2

Inconel 718 (for LANSCE, SNS)  p-flu.  1.6x10%*/m
Al alloys ( for ESS, SINQ, MLF)  pose  10.1 dpa
Ti-Al-V alloys He 455 appm

High Entropy Alloys (HEAS) H 1095 appm

T, 62°C
to be finalized

N

@

®

®

@
0a®,
(2

Cd

®

@

B 90000 de
[) o‘e‘c“ %e(t:g’:wmm this side)
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