
Ex-situ and In-situ
Determination of a' Phase
Formation/Dissolution in
High-Cr Ferritic Alloys
Using Small-Angle Neutron
Scattering

Kevin G. Fieldl*, Kenneth C. Littrell1, and
Samuel A. Briggs2

10ak Ridge National Laboratory

2Sandia National Laboratories

*Corresponding author: fieldkg@ornl.gov

TMS 2018
March 13, 2018; Phoenix, AZ

ORNL is managed by UT-Battelle
for the US Department of Energy

Advanced Fuels Campaign

SAND2018-2786C



Oxidation of cladding is key towards core degradation
during a coolant-limited accident scenario
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Oxidation of cladding is key towards core degradation
during a coolant-limited accident scenario
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A large amount of FeCrAI samples have been irradiated
and/or tested over past 5 years...
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Mechanical properties can be linked to the microstructure

O

O

•
O

2Q,0 nm

600

500

400

300

1', 200

100

0

-100

-200

■ Measured

■ a induced
■ a 100 ) loop induced
■ a/2 111 ) loop induced
■ line dislocation induced

1 1
1
1
1

-300  Fe-10Cr-4.8A1 Fe-12Cr-4.4A1 Fe-15Cr-3.9A1 Fe-18Cr-2.9A1

• Dispersed barrier hardening model can be used to develop a simplified structure-pro
relationship:

Auy =Mpb(aa,Vpa, • da, + .c44011) + aa(loo) \Ipa(loo) .dc,(100) + acx,4011) D

0.04 0.05 0.31

• Even with an over-simplified model, the dominant hardening response
dependent due to the ce precipitation
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Nanoscale characterization techniques for a' precipitation

a': 2-10 nm spherical precipitates with
-80-90 wt.% Cr

Small-Angle Neutron Scattering

Non-destructive

In-situ/time resolved

Magnetic information

Large volume/good statistics

Limited sample preparation

- Flux limited

- No spatial information

- Indirect chemical/morphology
information

350 300 250 200 1 0 100
z (nm)

TEM/STEM/EFTEM

High spatial resolution

Can provide microstructure/

chemical relationships

Fast data collection

- Poor signal to noise
(EFTEM/EDS)

- Limited sample volume

- Destructive/time consuming

- Sample quality limited

50

Atom Probe Tomography

High spatial resolution

Direct determination of
chemical information

- Slow data collection

- Limited sample volume

- Destructive/time consuming

- Prone to aberration related
errors

- Sample quality limited



SANS Scattered Intensity:
Local Monodispersed Approximation1
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cin
(q) = p2 OW, R)2 S[q, RHS(RAN (R) dR + ACE' + C

\ 2

Contrast: AP2 — Wparticie Pmatrix )

Form factor (for spheres): OW, = 3110 [sin(qR) — qRcos(qR)]/(qR)3

Structure factor: S[q,RHS(R)] = [1+ 24nHsG(RHsq)/(RHsqi

Size distribution (Weibull density function): N(R) =

Low-q power-law: 4q-13

Background: c



SANS Scattered Intensity:
Contrast from Neutrons

1. Nuclear contrast:

Pn2 ucl = (Pnucl,particle Pnucl,matrix)2

2. Magnetic contrast:

Agag = (0mag,particle Pmag ,matrix)2

dd (q) = A192 -10°° (I)(q R)2

[AP-Lcl Agay sin2 a]

Can exploit magnetization
to extract composition
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Magnetic Shielded-SANS measurements:
Role of temperature and composition on a'

• Selected FeCrAI alloys irradiated in HFIR
to determine temperature, composition,
and microstructure trends

Capsule
ID

Number
Samples

Neutron Flux
(n/cm2s)

E > 0.1 MeV

Neutron Fluence
(n/cm2)

E > 0.1 MeV

Dose Rate
(dpa/s)

Dose
(dpa)

Irradiation
Temperature

(°C)

FCAT-01 45 1.10 x 1015 2.17x 1021 9.6x 10-7 1.9 194.5 ± 37.9

FCAT-02 45 1.04x 1015 2.05x 1021 9.1x 10-7 1.8 362.7 ± 21.2

FCAT-03 45 1.10x 1015 2.17x 1021 9.6x 10-7
.1 8

559.4 ± 28.1

Measurements performed at CG-2 general
purpose SANS beamline at HFIR

Data collected on broken tensile heads in
magnetic shielded SANS configuration
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Magnetic Shielded-SANS measurements:
Role of temperature and composition on a'
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Magnetic Shielded-SANS measurements:
Role of temperature and composition on a'
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• Increasing temp. increases mean radius and distribution \An

• Cr stronger than Al in control

• Microstructure (precipitates/grain size) play a role
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Magnetic Shielded-SANS measurements:
Role of temperature and composition on a'
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Magnetic Shielded-SANS measurements:
Role of temperature and composition on a'
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Practical Application of Post-Irradiation Annealing:
a' not a concern for elevated temperature accidents

• a' has strong dependencies on
composition, starting microstructure,
and operation temperature

r-
Normal Operation



rime resolved SANS measurements:
Post Irradiation Annealing of a'

Measurements performed at CG-2 general
purpose SANS beamline at HFIR

Data collected at 5 min. intervals on broken
tensile heads of Fe-15Cr-3.9A1 (wt.%)
irradiated to 1.8 dpa at 382°C

Annealing performed at 500°C, 525°C, and
575°C
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Time resolved SANS measurements:
Post Irradiation Annealing of a'

500°C 525°C

Increasing Temperature

• Collection of SANS curves show clear time-temp
on the "hump" which is indicative of a' precipitati
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Time resolved SANS measurements:
Post Irradiation Annealing of a'
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Time resolved SANS measurements:
Post Irradiation Annealing of a'
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Time resolved SANS measurements:
Post Irradiation Annealing of a'

• 500°C:
— Minor

dissolution
after 12 hrs

• 525°C:
— Nearly
complete
dissolution
after 12 hrs

• 575°C:
— Complete

dissolution
after 1 hrs
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Practical Application of Post-Irradiation Annealing:
a' not a concern for elevated temperature accidents
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Summary

• FeCrAI alloys are
considered for accident
tolerance

• SANS is efficient means to
detect and analyze the
detrimental a' in FeCrAI
alloys after irradiation

Ex-situ SANS showed
strong dependencies on a
large number of factors

In-situ SANS showed rapid
dissolution of a' during
accident scenarios
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