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Objectives of my PhD Project

1. Utilise atom probe tomography and nanoindentation to study the
microstructure of T91 steel in both unirradiated and irradiated
conditions.

2. To understand the nucleation, evolution, and effect of Mn-Ni-Si

ppts that are formed by neutron irradiation between 326-377 oC
of T91 steel.



1. ASTM Grade 91 steel A213 (Tube 91; T91)
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Application: Nuclear Fuel Cladding

UNIVERSITY OF

OXFORD

T91 is a candidate for fuel cladding, duct/wrapper and structural material for
sodium-cooled and lead-cooled fast fission reactors
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ASTM A213 T91
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ﬁg:[b Designation: A 213/A 213M - 06a Jeed In USDOENE standards
| Il,

L |
INTERNATIONAL

Standard Specification for
Seamless Ferritic and Austenitic Alloy-Steel Boiler,
Superheater, and Heat-Exchanger Tubes'

This standard is issued under the fixed designation A 213/A 213M; the number immediately following the designation indicates the year
of original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval.
A superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

Tube = diameter 3.2 mm<d <127 mm
thickness 0.4 mm<t< 12.7 mm

Fuel cladding tubes ~ 10 mm diameter; 0.5 mm thick
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T91 Ferritic-Martensitic Steel
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Embrittlement of T91 Ferritic-Martensitic Steel

UNIVERSITY OF

OXFORD

XLow Temp (50-300C)
150 T A Medium Temp (300-450C)
Qs L XX @ High Temp (450-600C)
= i X T91 (Mod 9Cr-1Mo)
= 100
e % 1000
i 75 + © <5dpa (O conventional alloys
E ) A O  5-20dpa g ok =ﬂgr(:/|NAcf;lf;¥ISI)HT9M
= 50 + ‘ L — 800+ .90cur]gs;1C)r llzc:gmg) M
= 0 () 20-50dpa
T 7 F82H EUROFERS7
25 + = >50d
.. 6004 O e V/ Other RAFMs
0 | | , | | |! | | o] W ocr B LAL2LC LA12TalC ete.
f f 1 I ! L f <] B JLF-1 Il OPTIFER
0 5 10 15 20 25 30 35 40 = M 12¢r B ORNL-9Cr
) ad 400 -
Neutron Dose (dpa) £
& g
1000 @
=¥ Unirradiated -sg 200
900 T A A 10 dpa EBR-II T ]
=]
- 4 ® 23 dpa EBR-II |
= 800 A P 0
= 7004 @ T91 (Mod 9Cr-1Mo)
£ 20— 77— 77—
ﬁ 600 + 100 200 300 400 500 600 700 800
% s00 1 Irradiation temperature ( °C)
—
100 L X\"\‘——‘ Cabet et al. INM 523 2019 510
300 f f f |
350 400 450 500 550 600

Irradiation Temperature (°C)

Page 8
T.P. Davis, ‘ONR-RRR-088: Review of the Iron-Based Materials Applicable for the Fuel age

and Core of Future Sodium Fast Reactors (SFR)’. Office for Nuclear Regulation, 2018



Neutron Irradiation of T91 in ATR

Steel

74 /7 |
, 4 Nuclear S
C D NISU i soes

Project: Characterization of the
Microstructures and Mechanical
Properties of Advanced Structural Alloys
for Radiation Service: A Comprehensive
Library of ATR Irradiated Alloys and
Specimen

Temp(OC) Dose (dpa) Flux (n-cm=2-s1)

R AN S
;\:’ b w3, "*' @
il 5‘ \?« | -
R Ny
(‘ & »

Advanced Test Reactor
Idaho National Laboratory

UNIVERSITY OF

OXFORD




First: How does Atom probe work?

« Sharp needle sample; tip radius 50-100nm; 50K temp; high vacuum

* Apply an electric field (2000-10,000V); the field is concentrated at the sharp tip to
~40 V/nm.

* Produces field evaporation at the tip of the needle when a short additional
voltage or laser pulse is applied.

 If we know when the ions leave the tip then their time-of-flight can be related to
their mass-to-charge ratio:

: 2
mass t
ey (e
charge flight distance

Detector Event Histogram
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As Received T91 Steel
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T91 Steel: As-Recelved Characterisation
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T91 Steel: As-Recelved Characterisation
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2.14 dpa 326 °C T91 Steel
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T91: 2.14 dpa 320C: Mn-Ni-Si cluster formation

25 nm
[ ]
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Cr Si Ni Mn Cu P

Segregation of Si, Mn, Ni, P and Cu

1) Cu forms clusters

2) P forms clusters

3) Sisegregates to P and Cu clusters

4) Ni segregates to Si and Cu clusters

5) Mn segregates to Si, Ni and Cu clusters

6) Mn-Ni-Si clusters appear to form adjacent
to Cu clusters

7) P and Si segregation to dislocations

Partially forming ‘G-Phase’ Mn-Ni-Si ppts



T91: 2.14 dpa 320C: Mn-Ni-Si cluster
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25 nm
[ ]

S| Mn-Ni-Siclusters | Mn CuP

Cu clusters

Dislocations decorated by P and Si



T91: 2.2 dpa 320C Mn-Ni-Si clusters
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T91: 2.2 dpa 320C Bonus
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T91 8.8 dpa 370 °C
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T91: 8.8 dpa; 370C — Mn-Ni-Si clusters
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Evolution of the microstructure
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Microstructure Evolution of Irradiated T91 Steel

UNIVERSITY OF

OXFORD

CrSiNiCuP Mn-Ni-Si

Possible
alpha’

Dislocations decorated by P and Si
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What does the atom probe data tell us about irradiation of T91 steel?
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. Embrittlement (increase in yield stress)
is shown below 400 °C. G-Phase ppts —c Unirradiated
inhibit  dislocation  motion,  which 900 + A A 10 dpa EBR-II

1000

contributes majorly to the embrittlement = 200 | ® 23 dpa EBR-II
of T91 steel below 400 °C (as shown in = 2 191 (Mod 9Ce1M
figure to the left [3]). g 70t (Mod 9Cr-1Mo)

2 600 1

2

ﬁ

. Observed Mn-Ni-Si clusters at 2.14 dpa .
and grew in size, volume fraction, 00T x\_l\*__‘
average diameter and average volume. 400 +

However, decreased in number density

_ 300 : ! ! |
but this measurement could be affected 350 400 450 500 550 600
by localised features in atom probe Irradiation Temperature (°C)

datasets. No alpha prime observed. o P S o s (SE e et e, 5015

. Future work: nanoidentation and prior austenite grain boundary analysis of neutron
irradiated T91 steel

. Overall this research provides an insight into the microstructural evolution of neutron

irradiated T91 steel and provides a better understanding of the degradation of nuclear
reactor core materials.
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Challenge for structural materials
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Overview of the temperature regimes against expected
displacement damage of various current and future reactors [1].
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Helium production in advanced steels in fission, fusion and
neutron experiments [2].

[1] Zinkle, S. J., & Busby, J. T. (2009) Mater. Today, 12(11), 12-19.
[2] Zinkle, S. J., & Snead, L. L. (2014) Annu. Rev. Mater. Res, 44, 241-67.



Austenitic Stainless Steels
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304 and 316 austenitic stainless steel grades are the work horse material in the
nuclear industry however...
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Mn-Ni-Si cluster evolution vs dose
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Mn-Si-Ni ppts in T91 controlled by G-phase thermodynamics, RIS, dislocation enhanced heterogeneous nucleation sites. Model
produced by using CALPHAD, Lattice monte carlo and cluster dynamics.
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J.-H. Ke, H. Ke, G. R. Odette, and D. Morgan, ‘Cluster dynamics modeling of Mn-Ni-Si precipitates in ferritic-martensitic steel under irradiation’, Journal of Nuclear Materials, vol. 498, pp. 83—
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Microstructure Evolution of Irradiated T91 Steel
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lon Irradiation between 0.1 to 4.0 dpa
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® Ni
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P/Si clusters
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P/Si/Ni clusters
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Nanohardness and Mn-Ni-Si clusters
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