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Introduction: lonirradiation as a surrogate for reactor irradiation

—> A successful simulation requires high similarities in both neutron-modified
microstructures and neutron-induced bulk properties with those caused by ion irradiation.

Neutron irradiation lon irradiation

Pros Cons Pros Cons

- Uniform damage layer =~ —inevitable radioactivity I 2little or no —limited volume
—>bulk tensile testing is - high cost | radioactivity for mechanical
feasible —long time needed to achieve | >fast and easy access testing

—closer to real reactor target dose | to experimental facility =~ = much higher
environment i >economic damage rate than

in the reactors
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Introduction: Nanoindentation background

* Indentation size effectsl11
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—>Nix-Gao fitting was used to extract bulk equivalent hardness (H,).
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H, (kgf/mm?)

Introduction: Nanoindentation background

Vickers hardness (Hv) vs. Nanoindentation
bulk equivalent hardness(H,)
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* Pileup/sink-in effects
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E
= _
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- Nix-Gao model [5] combined with pileup corrections
provide a quantitatively accurate way to predict the bulk
Vickers hardness in nano scale test volumes [6].
—>Hv=0.0945H, is used to covert the nanoindentation bulk
equivalent hardness into Vickers hardness
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Sample information
Damaged layer ~2.5um

9 MeV Fe3*, 3.42 MeV He?* 50 ‘ ‘ ‘ ‘
Ay _ 3+ 2+ - 140
Di:gl Irricélzét;on dpa  He appm Heldpa . HT9-16.6dpa, 9 MeV Fe3*, 3.42 Me\l/D :r: i _
S o
To1 445 166 72 43 g8 40 ~ 1=
520 16.6 72 4.3 =3 100 O
— . 7 o
HTo 445 72 309 43 SE a0 Helium 3
S g =,
2= S
— 2 L | >
BOR-60 2g » -
— ) S
Neutron Irradiation T(°C) dpa = o -S40 3
369 16 A 10¢
T91 o . 120
453 19 .. . Injected Iron
250 ) lon injection - -
HTg O - | o — = | ~ 0
453 19 0 500 1000 1500 2000 2500

Depth (nm)

- The total irradiation depth for 9MeV irradiation is about 2.5 um.
- The shallow damage layers inhibit the bulk mechanical testing methods such as tensile and
Vickers hardness tests.
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BERD Results: Nanoindentation testing on dual-ion irradiated samples

—->H?2 vs. 1/h curve for typical ion
—>the plastic zone generally expands 5-10 times the irradiated sample shows
indentation depth. inflection around 300 nm, which

infers the effect of un-irradiated
—>only data from first several hundreds of depth is available substrate layer.

to avoid substrate effect.
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Results: Nanoindentation and Vickers on T91 and HT9

Neutron irradiation:

340

—>The test protocol developed on thermally aged FeCr || el
alloys was used to extract nanoindentation bulk 0| ™ TE1-369°C-16dpa
. . . ® T91-453°C-19dpa
equivalent hardness. Since the pileup measurement on A HT9-450°C-32dpa .
. . — v HT9-453°C-19dpa
neutron samples is not available, the same amount of E a1
pileup effect was estimated with the ion irradiated 5
samples. = 2801 ideal
o H,=0.095H_
260
Dual ion irradiation: |
Sample  temperature dose H, (pileup pileup Hv=94.5H, Measured 2402400 j 26100 j 28100 ' 30'00 ' 32'00 ) 34'00 ) 3600
corrected) correction Hv H. (MP
°C dpa (GPa) (kgf/mm?2) (kgf/mm?) o (MPa)
o1 445 16.6 3.02 8% 286 ) —>Good agreement is achieved
control 2.55 12% 241 247 . . .
520 16.6 2.34 10% 221 between nanoindentation and Vickers
control 2.34 9% 221 235 : :
o aas it er " " J testln.g resul.ts after applying the
control 2.93 7% 277 - nanoindentation test protocol on
20 ee 2 o% 29 ] neutron irradiated samples.
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Results: Temp. shift to account for dose rate

- A temperature shift is needed to account for the dose rate difference between ion and neutron
irradiation.
—->The temperature shift seems to result in both a qualitative and quantitative match of the dislocation
loops, and seems to work well in the mechanical properties of neutron and dual ion irradiated samples.
Literature study This study
— T T T T : I T T ' : . 400
T,-T; 80 = dual ion (16.6 dpa) T91 A dual ion (Hv=0.0945H,)
~ | ", e BOR 60 + 60 °C(15-35 dpa) | ] ® neutron (measured)
£ 50+ \ 1 «—360-
_ KTY/(EP +EDInG2/G) & . e
1= KTy /(BT + EDIn(G2/Gy) 5407 18
= ' =~ 320
T 30 o' 4 2 {16dpa
. o 8_ ‘~ ® © 76°C e e
T,, T, : irradiation temperature. S \ £ 280 16.6dpa
] . 5 20 e . ® o~
G, , G,: irradiation dose rate. = n g
S i S 240- ocpn
E,™ : vacancy migration energy. 2 10- . ba
\l | ] 67°C  "~a1g.6dpa
E,f :vacancy formation energy. 0 . _ . T . 200 . . . . .
360 460 4:10 4é0 550 5é0 600 360 400 440 480 520 560
G. Was et al. 2018. Irradiation temperature (°C) Irradiation Temperature (°C)
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Results: Cavities in irradiated T91

Dual ion Neutron —

[0 DI T91 445 °C 16.6 dpa
I BOR60 T91 369 °C 16 dpa, |

4(BT91(BOR60) 366 °C 16dpa

(a)T91(D1) 445 °C 16.5dpa e
e ] DIT91520°C 16.6dpa | 3
T ] 77 |BOR60 T91 453 °C 19 dpa| ]
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Diameter (nm)
—Lower temperature generated a wider range of

cavity size for both dual-ion and neutron irradiation.

—->The void swelling matches well for dual ion and
neutron samples with a ~70 °C temperature shift.
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Results: Cavities in irradiated HT9

~_Dualion
| (a)HIO(DI) 445:°C 72dpa’
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—->No clear bimodal distribution was observed. At
higher temperatures, the cavities tended to be limited
to small sizes.

—>The void swelling matches well for dual ion at 520

°C and neutron samples at 453°C.
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Results: Dislocation loops in irradiated T91

T91(DI) 445 °C 16.6dpa T91(BOR60) 369 °C 16dpa

Loops were dominant by <100> type

-~ e L0 50 —— , ' , —
N4 — T91l ! ! ' = <100> dual-ion
g . e <100>BOR60 | |
~— | A 1/2<111> dual-ion i
2 o 16dpa . v 1/2<111> BORGO_
0 ~-s
g - - __h\—-h- T -
5 27 " "~ = 16.6dpa }
& 10 1 .
9 16dpa Y-~ ---- - 4 16.6dpa |
g | L L I R R R
6‘1000 T 1 - T 1 T 1 3
£ J16dpa - * 16.6dpa ]
‘:‘2100 -
< 3
%“ s 16.6dpa g
- Shifting the temperature of BOR 60 irradiated T91 about ~70 °C g " 16dpa T~ o 3
results in a quantitative match of dislocation loops (both <100> and 2 :
¥%<111> loops) with dual ion irradiated T91 sample. The slight § 1 t+——r——TTTT—T—T—
discrepancy may come from the non homogenous distribution of the 340 360 380 400 420 440 460 480 500
dislocation loops. Temperature (°C)
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Results: Dislocation loops in irradiated HT9

HT9(DI HT9(BOR60) 453 °C 19dpa

—>However, dislocation
loops were only observed
in dual ion irradiated
samples for HT9, in a very

low density.
Material Temperature Dose <100> loop 1/2<111> loop Dislocation line
°C dpa Average diameter Number density Average diameter Density Density
(nm) (x10%2'm-3) (nm) (x10%'m3) (x10%*m)
DI-HT9 445 72 343+13.1 1.6+0.3 - - 441039
520 16.6 10.4+2.4 0.5+0.1 31.0+11.3 0.40.1 42+ 11
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Results: Precipitates & Radiation Induced Segregation

- EDS mapping shows that Ni-rich clusters were only

observed in the ion irradiated region.

—>The Ni-rich clusters didn’t match well between dual ion
Beyond and neutron irradiation with a ~70 °C temperature shift.

irradiatiog

" HT9(DI) 445 °C 72dpa

Ni

T91(DI) 445 °C 16.6dpa T91(DI) 520 °C 16.6dpa

"HT9(DI) 520 °C 16.6dpa DI HT9 445 72

BOR60 HT9 450 32 \

DI HT9 520 16.6 N.A.*

BOR60 HT9 453 19

DI T91 445 16.6

Ni W B i i
HT9(BOR60) 450 °C 32dpa & { N | H7o(BOR60) 453 °C 19dpa J{ll "191(BOR60) 369 °C 16dpall To1(BOR60) 453 °C 19dpa

BOR60 T91 369 16

DIT91520 16.6

BOR60T91 453 19

*only counted Ni-clusters in the matrix [1] C. Zheng et al. (2020) 151845




Discussion: Mechanical properties

i

480

/. I L A R B

T91
‘ 4 ATR, Krumwiede (2018)
e e e 4 | A BOR-60, Krumwiede (2018)
— el * BOR-60, Zhong (2021)
£ > <« BOR-60, Zhong (2020)
£ 400+ - | m BOR-60, this study
5 * > m DI, this study
% 3604 e i SN - . R _ HTO
= A XY ® ATR, Krumwiede (2018)
© 390 | IENRNE 1 » BOR-60, Krumwiede (2018)
£ = v BOR-60, this study
% : “ 1 7 DI, this study
R s N A A A N N - SO SRS SO -
ﬁ / | © unirradiated T91
= ated unirradiated HT9
240
200 . .

360
Irradiation Temperature (°C)

400 440 480

520

560

—>A rapid decrease of
hardness occurred in 420-
460°C region, however
the irradiation induced
hardening is minor at
higher temperatures. This
means the comparable
results in the previous
slide at this relatively high
temperature region only
come from the
insignificant irradiation
hardening.
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Discussion: Strengthening model  **]

1 1 strong (voids
] and large ppts)
Dispersed barrier hardening(DBH): Ac = aMubVNd o '
T 038 1
Ao ----the change in yield strength, §
M ----Taylor factor (3.06 for equiaxed BCC polycrystalline metals) ;-'3 0.6 1
a----obstacle strength factor &
b ----Burgers vector (a/2<111> in current study where a=0.248 nm) § 04 1 m*;‘:“m‘;';:;)
d ----defect diameter
N---- is the defect number density. 0.2 . s (i
| - & Gamma'(y) bubbles/loops)
iCalculate each of the strengthening contribution 0 12 : . S ——
1 10
Hardening contribution in this study: Size (d, nm)
e Pure Fe: o, sample Tercn:p. [Lose Disl. |(;0p$ Ni-rtich Carbides - Cavit:jes
. ° pa <100> 1/2<111>  ppts. <2nm >2nm
* SOIL,It,e SOIU,tlon' Oss DI-T91 445 16.6 0.50 0.33 - 0.74 0.21 0.72
e Cavities (diameter<2nm and >2nm): o, 520  16.6 i i i 0.76 0.17 0.40
* Carbides: 6 ,rpiges DI-HT9 445 72 0.64 . 048 091 013 1
e Ni/Si-clusters (large diameter): o; 520 166 0.40 0.58 0.99 0.13
e Dislocation 100ps: Gy, N-T91 369 16  0.63 0.36 0.38 0.91 0.12 0.65
e Dislocation lines: oy, 453 19 i i ) 0.74 j )
. N-HT9 450 32 - - 0.67 0.83 0.19 0.43
* Grain boundary: ogg 453 19 : : 0.69 1 0.22 0.42
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Discussion: Microstructure vs. mechanical properties

1400 —_— , ,
O T91-445°C-16.6dpa
O T91-520°C-16.6dpa :
e H | A HT9-445°C-72dpa : !
A proper superposition method is needed! 0] © Mroscratme . A |
o | ‘
> B T91-369°C-16dpa
. .. . - ® T91-453°C-19dpa ! !
Obstacle with similar strengthening: root-sum-square é 10004 a HT9450°C_32J;3 | j ]
superposition 9 v HT9-453°C-19dpa T A ‘
Obstacle with different strengthening: linear 2 | T J 7 J | |
superposition o 8004 A 1
o
E
oy = \/G,%e + 0% +0%, + STV AR S SR S S S — — .
B ) ) ) 5 , 5 ] | | open: dual ion
Jccarbides * Gline T ONi T 6<100> T O1/2<111> TOc>2 TOgp solid: neutron
400 ——
400 600 800 1000 1200 1400

o, (converted from nanoindentation, MPa)

- The good quantitative agreement between the nanoindentation-tested mechanical properties
and microstructure-predicted bulk properties indicates that nanoindentation can accurately
predict bulk mechanical strength (within ~10% accuracy) in nano scale volumes.
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Discussion: Microstructure vs. mechanical properties

[ cavities > 2nm
[ lgrain boundary

100 = 1/2<111>loop
L L <100>loop . . . .
The reit of the Ni cluster —> This comparison provides another perspective

carbides

contrlbutlon comes | cavities < 2nm of the problem of using a simplistic 70 °C

from dislocation "”es ] | [P oovaton hardenaing temperature shift for the neutron vs. ion

irradiation conditions.

90

80

- The corresponding neutron and ion irradiation
pairs of hardening data did not share the
similar percentage of the individual
strengthening contribution, which is a
reflection of their inconsistent microstructures
especially for HT9 alloys.

hardening contribution (%)
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Conclusions

lon irradiation as a surrogate of neutron irradiation

(1) Nanoindentation with pileup correction is important and effective for obtaining
quantitatively accurate bulk equivalent hardness values for ion and neutron irradiated
materials.

(2) The temperature shift theory works generally well for the cavities and dislocation loops
observed in T91 following ion and neutron irradiations, but it is not suitable for the
match of precipitates. Especially for the HT9 material, both dislocation loop and
precipitate evolution didn’t follow the calculated temperature shift.

(3) The comparable nanoindentation results from dual-ion and neutron irradiated T91 and
HT9 at elevated temperatures (>450 °C) may be largely due to the minimal irradiation
hardening at elevated temperatures. The discrepancy in the microstructures indicates
that more complex modeling should be used to link ion vs neutron irradiation
microstructures and hardening.
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