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Disclaimer

This presentation [report] was prepared as an account of work
sponsored by an agency of the U.S. Government. Neither the U.S.
Government nor any agency thereof, nor any of their employees,
makes any warranty, expressed or implied, or assumes any legal
liability or responsibility for any third party’s use, or the results of
such use, of any information, apparatus, product, or process
disclosed in this presentation [report], or represents that its use by
such third party would not infringe privately owned rights. The
views expressed in this paper are not necessarily those of the U.S.

Nuclear Regulatory Commission.
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Background
« CASS alloys, ASME SA-351 grades, are

used in various reactor components at
primary pressure boundaries and reactor
core internals

— Crucial for functionality, safety, and reliability

* A dual-phase microstructure of y-
austenite and o-ferrite:
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* Ferrite fraction depends on:
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_ ComPOSition Atype elbow T\‘PICALWES'HNGHOUSEPLANTCONFIG:RAjnN ype elbow
_ Cooling rate ... Heavy Component replacement, IAEA, 2008
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Delta Ferrite ...
« The good:

— Help prevent “hot cracking”

— Provide a strengthening mechanisms for solidification
microstructure

— Improve the resistance to sensitization and SCC

* The bad:

— Unstable when exposed to elevated temperatures

 Formation of Cr-rich o’ phase through spinodal
decomposition

* Precipitation and growth of carbides and G-phase
— Deteriorated properties ... Embrittlement

Objective — to understand the thermally induced
embrittlement behavior in CASS alloys
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Material
» A CF8 static casting with 23% ferrite

Composition (wt. %)
Delta ferrite

23% 0.64 1.07 0.021 0.014 0.31 2046 8.08 0.062 0.063

 Thermal aging at 400°C for 10,000 hr
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Tests and Specimens
« CGR test — 1/4T-CT with side grooves

- 1500 =

— Tested in low-DO high-purity water: DO<10 | "%, e
ppb, Conductivity 0.07 uS/cm. o o i

~ ~1800 psig, ~315°C, Flow rate: 20-30 ml/min | o]

— Pre-crack in environment for enhanced é R [ =
cracking 00

— SCC CGRs measured with and without
periodical partial unloading

 J-R curve test — 1/4T-CT
— Use a SCC starter crack.

Mechanical

Fatigue \;

Increase Load Ratio g
and Rise Time

— Very slow displacement rate, ~0.43 mm/s.

’
Environmental
Effect

« Microstructural characterizations — 3 mm dis

Crack Growth Rate in Water, Log Scale

— TEM observation before and after aging
— Atom Probe Tomography (APT) — FIBed from
ferrite in TEM disk
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Tensile test with in-situ WAXS

 Tensile test:

— Flat tensile specimen with a gauge dimension of 7.6x1.5x0.8 mm
— In air atmosphere at room temperature | o .

— Strain rate: 0.5-1 x104 s S TE L TE
- Wide-angle X-ray scattering (WAXS) o O S o
— High-energy X-ray: ~72-123 keV e /| ow || LT

— Large beam size and sample rotation (£30° o - ol
T'v:pssd PLACES 0.0815332 DIA THRU

— Scan the whole gauge length continously
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Engineering stress (MPa)

750
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250

Tensile Test Results

B CF8, ~23% ferrite

at ~315°C, 1x103 s1 7

Flow stress:
{ Unaged — 286 MPa
{1 Aged - 333 MPa

0.4
Engineering strain

Thermal aging increases the strength and reduces

Flle s X

the ductility of CF8.
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J-R Curve Test Results
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The energy release rate for propagating crack is
much lower for the aged sample.
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TEM Microstructure - Austenite

e s
W o
‘ o :

"Carbide ¥

0.5 pm

Before aging After aging

No visible change in austenite before and after
thermal aging
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TEM Microstructure - Ferrite

Before aging After aging

A high density of G-phase precipitates after thermal
aging can be observed.
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APT Result on NiSi Clusters
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APT Result on o/o’ decomposition

80k —
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~——— CF8 aged 400°C/10kh |-

70k -

60k |
S0k f

Count

40k | Soild lines: observations |

' Dash lines: LBM model
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Thermal aging at 400°C induces phase
separation of o/o.’.
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Phase-Specific Strains (1)
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Engineering stress (MPa)
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Both G-phase

precipitates and o/o’
separation contribute to
the hardening resulting

from thermal aging.
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Load Partitionin
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* Load carried by ferrite and austenite continues to evolve during
deformation.

* Incompatible strain between austenite and ferrite may be a
critical factor in prompting embrittlement.
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Conclusion

Significant embrittlement can be observed in CF8 with 23%
ferrite after thermal aging at 400°C for 10,000 hr.

The microstructure of austenite phase was unaffected by
thermal aging. G-phase precipitates and o/o’ phase
separation were observed in ferrite.

In-situ straining tests showed much higher lattice strains in
aged ferrite, and the observed phase-specific hardening can
account for the overall increase in flow stress of the aged
sample.

The differences in lattice strains between ferrite and austenite
were much higher in the aged than unaged samples,
suggesting a higher degree of incompatible strain between
ferrite and austenite is responsible for the observed thermal-
aging embrittlement.
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