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Introduction/Background

O Structural materials for advanced reactors, designed for high thermal and economic efficiencies, will be
exposed to high temperatures (300—-700°C) and high-dose (>10 dpa) neutron radiation damage. This
exposure leads to significant degradation of their mechanical, corrosion, and physical properties.

O The design of the core structure and selection of materials for a high-performance reactor will require the
development of comprehensive evaluation techniques and a robust materials property database.

O Ensuring the prevention of failure in critical reactor components during operation is a fundamental
requirement for assessing nuclear energy system safety. Therefore, accurately evaluating the fracture
resistance of structural materials under service conditions is one of the pivotal steps in the safety

assessment process.

O While information regarding the high-temperature fracture resistance (J-R)
curve of key materials will be essential for successful component design,
very limited data on high-temperature fracture toughness have been
generated for the new or advanced structural materials.

O Aimed to assess the fracture testing and calculation method using 3-
mm thick miniature bend bar specimen, the MBS-1 design which was
standardized for HFIR irradiation, to characterize the fracture
resistance of high-temperature reactor materials before and after
irradiation.
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Background: Fracture Toughness from Miniature SEB Specimens
(Byun et al. ASTM-STP 2014, JNM 2016)
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Introduction/lssues & Resolutions

U Qualification of advanced (high-temperature) reactor materials
requires high-temperature fracture testing after high-dose irradiation.

0 Fundamental issues: fracture testing in higher-ductility region may be
harder to comply with the strain constraint (size) requirement of valid
fracture toughness testing, and miniaturization may be limited.

Calibration Ruler  Line | l
KR A
mm 0076 01

Ocm 1 2 3 4

mwmm\mnw (L L

1|4141\W@ il

0.5T compact 4mm compact 1.65mm bend

O Fracture toughness testing in high-temperature, high-dose condition
requires signification simplification in testing practices:

* Miniaturization of testing and specimen

. - - Miniature Bend-bar Specimen
Removal of clip (displacement) gage attachment — (14.8 x 4.5 x 3 mm & 2 DGs)

« Testing in monotonic load-displacement mode N

« Simplest grip design for hotcell manipulator.

S

O Irradiation capsule design has been standardized for
the routine use of miniaturized bend-bar specimens in
HFIR irradiation experiments to qualify advanced

nuclear materials. MBS-1 three-point bend fracture

specimen design (top) and HFIR

Rabbit Capsule GENBEN-2
Champlin et al. ORNL/TM-2023/3037
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Objective: Fracture Testing & Evaluation Method using MBS Design

With Long History but Lately Simplified for Hotcell and High-T Testing
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Curve Normalization Method: J&K Calculation Process
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TEST SET UP for MBS-1 Sample & Standardized HFIR Rabbit Capsule GENBEN-2

o Three-point or single-edge bend (TPB or
SEB) loading mode HFIR Rabbit Capsule

GENBEN-2
o 148 mMmMLXx4.5mmW x3 mm B with 2 x
15%B side groove (MBS-1 design)

o 6 specimens in a rabbit capsule

o Simplified testing method and J-R curve
calculation procedure were established.

o All specialized for high dose irradiation,
handling in hotcell, and testing at high
and low temperatures.

o Out of cell setup lately done and being
used.

System being set
for IMET hotcell

RESOURCES
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Result of Fracture Toughness Testing using MBS Design
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FE Simulation: Fracture specimen model
Material : ODS-AM-316H-RT

= Fracture Specimen type: MBS with and without oo | N

(2 x 15%) side grooves g \
= Subjected to three-point bending (TPB) o[t
= Specimen dimension:14.8mm x 4.5mm 1 s
= Specimen thickness: Tmm, 3mm, 4mm

= Employs hexahedral linear dominated finite
element mesh

= 3D solid model was created within SolidWorks
2022 environment

700

Experimental data

Stress

300
200

100

Strain
Load-Displacement curves for
ODS-AM-316H-RT

Finite Element mesh

MBS without

MBS with Model Thickness Elements Nodes
side-groove Bo Wi Un-Notched-1 | 1mm 20,036 26,022
side-groove
under TPB Un-Notched-3 | 3mm 55,135 68,222
under TPB Un-Notched-4 | 4mm 74,041 90,918
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Mode-I| Stress Fields at Crack Tip: Thinness Effect

S, Mises 5,511
(Avg: 755;?3 . {Avg: 75%) S, 522 5,533
+6.613e+ +1.55%e+03 {Avg: 75%} {Avg: 75%}
+6.062e+02
Mt 1368403 +%(1);3e+8% +1.009¢+03
20606402 Hlliet0s +9.17%e+ +8.937e+02
+4.409e+02 +7.936e402 +7.832e+02 +7.785e+02
+3.858e+02 +6.036e4+02 +6.484e+02 +6.63de+02
+3.307e+02 +4.126e+02 +5.137e+02 +5.483e+02
+2.756e+02 +2.216e+02 +3.789e+02 +4.331e+02
+2.205e+02 +3.055e+01 +2.441e+02 +3.180e+02
+1.654e+02 1.604e+02 +1.094e+02 +2.029e+02
+1.103e+02 3.515e+02 -2.538e+01 +8.775e+01
+5.525e+01 -5.425e+02 -1.601e+02 -2.738e+01
+1.544e-01 -71.335e+02 2.040e+02 -1.425e+02
-4.296e+02 -2.576e+02
-5.644e+02 -3.728e+02

1 mm thick A\

s, Mises 5 511
(Avg: 75%} Avg: 75%}) 5,822
+6.613e+02 +1.615e+03 (Avg: 75%)
+6.062e+02 +1.415e+03 +1.091e+03 S, 533
o e i 7 m
+4.960e+ + e+ :
e Hes 18067e107 111300103 James, M. A., and J. C.
+6.173e+ +5.2226+02
+3307e4+02 YiTRetes 13.322e402 +8.7726402
R +2183e+02 123766402 HI507et02 Newman Jr. EFM (2003)
12.20%e102 +1:878e+01 +0.530e-+01 10-goerl?
117040105 -1.807e+02 -4.609e+01 daSLels
155266401 -3:802e+02 -1.893e+02 + et
+1.710e-01 -5.797e+02 -3316e+02 +2.447e+02
7.7192e+02 -4.738e+02 +L182e402
-6.161e+02 §200et00
-2613e+02
-3.878e+02 Shear Lips
3 mm thick
s, Mises 5,533
{Avg: 75%) Avg:
16.613e+02 5 S11 5522 {vg: 75%)
{Avg: 75%) : +1137e+03
+6.0626+02 {Avg: 75%
9 +1000e+03
55116402 +1.617e+03
+5.511e+ +1417e+03 +1.091e+03 +8.803e+02
+4.960e+02 HA17er0d 10.486¢+02 75186+02
+4.409402 Helleris 15067e+07 +6.234e 40
+3.8586+02 Tifigerts 15.648e+02 +4:50+0?
+3307e+02 Ha18lets +5.298e+02 +3.560e+07
27566402 o dbetts 138006102 +2.381e+02
+2.205e+02 271026407 +2.390e+02 +1.007e+02
il ey
i3szreiol 1801e+02 18680102 Lt
e Fnrety EEin Foaeite Anderson T.L. (2005)
-1.190e402 61260402

(3 edition)

4 mm thick
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Mode-I Plastic Zone at Crack Tip: Assessment of High
Strain/Strain Constraint in MBS

= Mode-I high-stress field shape is
smaller in the specimen with side
grooves than the specimen without.

» Side-grooved specimen exhibits
additional spear—shaped high-stress
zone at edges but with low stress level.

= Material inside the plastic zone should Side-grooved specimen
be capable of carrying higher stresses
and narrower distribution for a high
strain constraint.

s Assessment-1: MBS specimen with
15% side groove at each side has a
well-confined stress/strain zone at
crack tip.

Specimen without side grooves
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Effect of Side Grooves on Equivalent (Von Mises) Stress

= Snapshots taken after yielding and max loads at ?A"N;S?fg‘;g N
. +b. e+
the crack tip. +5:5176402
: : +4:4006103
. Clea.rly defined and large Mode-I (plane strain) 135
plastic zone shape. 122056102
113036402
= Mode-| plastic zone shape is smaller in the side- Y 3335y
grooved specimen. },x
= Specimen without side grooves has varying stress Z
across the crack width near the crack tip (could Specimen without
produce shear lips/tunnelling) side grooves
» Side-grooved specimen has a constant stress ¢ Mises
across crack width (B) (Avg: 75%) oo
Crack R mtice 12233318%
o +4.40661 07
+3.856e+02
Slant fracture E%g%ggzﬁé
. . . . e
= The material inside the +1693e+0
plastic zone can carry higher 13320602

stresses, reducing the need

for stress redistribution.
James, M. A., and J. C. Newman Jr. EFM
(2003)

Specimen with side
grooves
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Effect of Side Grooves on Stress Components S$S11 & S22

= Stress cqntour plot for normal v .
stresses in 11 and 22 are
plotted for specimens with By s
and without side grooves.

= Stress concentration zone is
smaller in the side-grooved
specimen than in the flat
surface specimen. Y Specimen without side grooves

= S22 plot show a clearly ‘3‘}(
defined tension at the region -
closer to the crack tip and 5, 522

{Avg: 75%}
compression at the load edge 6511 10 5950 +02

2%
{Avg: 75%) +5136e+02
1.447e+03
of the crack surface over the T8 13873e405
. 18:8026102 %7145%615%1
-1 e
whole thickness (expected). 1ooaere? EREEIHD
11 ERTI
6520401 65676402
-4.435e+02 -8.030e+02
-6.326e+02
-8.217e+02

Specimen with side grooves
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Discussion: Limitations with MBS-1 Design and Testing Method

O Specimen Thickness
* Required 1 <= W/B <4 (B = thickness; W = specimen width); MBS-1 W(=4.5mm)/B(=3mm) = 1.5
« Satisfied with this requirement but the absolute value of B (3 mm) is small for soft materials.
» Resolution: Incorporated deep (total 30%) side grooves (ref. 25%).

» Materials with YS > ~ 300 MPa are expected to show no evidence of significant thickness
contraction: MBS-1 useful for FM steels, ODS steels, AM austenitic steels, AM ODS steels,
irradiated steels etc.

O Specimen Length

* Required S = 4W=x0.2W (S = pin support span; W =
specimen width)

. MBS-1 S(14.8mm)/W = 2.8

 J-integral value is correct in low-Aa region (initial crack
intension) but can become overestimated in high-Aa region.

« Needs to subtract the energy contribution from the rotation
(non-vertical loading) for later part of J-R curve.

S_QOAK RIDGE
Nat

ional Laboratory




Concluding Remarks

1)

2)

3)

4)

Drawing on extensive experience with subsize specimens and ongoing
efforts to integrate advanced testing methodologies, a robust irradiation and
fracture testing framework has been developed to qualify advanced nuclear
structural materials using miniaturized specimens.

An essential investigation has been conducted to establish a
foundational understanding of the deformation and fracture behavior
inherent in miniature bend-bar specimens.

Specifically, a comprehensive assessment of the advantages and limitations
of using miniature specimens to qualify high-temperature materials is
necessary. Achieving consensus through collaboration among research
communities and regulatory agencies is essential.

The application of this miniaturized fracture testing and evaluation has
commenced in multiple DOE-NE and industry NE programs.
Publications detailing the outcomes of this effort will follow.
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Effect of Side Grooves on Stress Component S33

= The specimen without side grooves exhibits plane strain 7
condition near the crack tip on the crack surface: Stress at +1.130e+03
the crack tip of the specimen without side grooves would ﬁ%ﬁgfgg

. . . . . . e
pr.oduc.e shear Ilps while the specimen with side grooves +4.977e+02
will maintain straight crack front. Tﬁz:‘é‘ééee%%zz

-0. e+

The stress on the crack surface and the near the crack tip %E‘%'ggﬁé
of the side-grooved specimen is constant on the crack |
surface (plane stress): (i) Low-stress triaxiality zone is Specimen
removed. (ii) Side-grooved specimen will maintain straight without side
crack front. grooves

= Side-grooved specimen has no compression on the initial 6. 533
crack surface. (Avg: 15%) oo

ingularities: | | B oo
= No lateral S|ngular|t|e§, Crack will not grow more rapidly +0.932e+02
at the outer edges. This shows that the side grooves are 130026105
+2.491e+02
not too deep Haeres
-8.429e+01
-1.954e+02
-3.065e+02
-4.176e+02

Specimen
with side
grooves

Anderson T.L. (2005)
(3 edition)
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2024 NSUF Research Scope for MBS-1 TPB Design

Aims to assess the fracture testing and calculation method using 3-mm thick miniature bend
bar specimen, the MBS-1 design which was standardized for HFIR irradiation, to characterize
the fracture resistance of high-temperature reactor materials before and after irradiation.

O Experimental assessment of the high-temperature fracture testing method using the MBS-1 design
and validity check for the fracture testing and J-R curve calculation methodology:

RT and HT fracture toughness testing will be carried out for selected materials including additively manufactured (AM) 316L/316H steels,
their oxide dispersion strengthened (ODS) material versions, and ferritic-martensitic (FM) steels. Fracture resistance (J-R) curves will be
constructed and their dependences on materials and test temperatures and validity of fracture toughness values will be evaluated.

Q Finite Element Analysis (FEA) on the deformation and cracking behavior of the miniature bend bar
specimen (includes investigation of size effect):

The detailed distribution of the three-dimensional stress and strain in the cracking specimens will be calculated, from which more
information on characteristic parameters, including local stress states, stress and strain concentrations near the side grooves, evolution
of strain constraint at crack tip with crack extension and with increasing test temperature, will be evaluated for assessing the specimen’s
deformation and cracking behavior and thus validity of fracture toughness testing methodology.

O Comparative study on the effects of specimen type and volume (to be integrated for publication):

Fracture toughness data will be compared with the data from other types of specimens such as the disk compact tension (DCT) specimen
and rectangular compact tension (CT) specimen. Existing fracture toughness data from these types of specimens will be collected and
compared with the data from the miniature bend bar specimen. In particular, the effect of relatively small crack extension limit with the
bend bar will be elucidated by comparing with the data for the DCT and CT specimens.



	Slide 1: Miniaturized Fracture Toughness Testing Technology for Irradiated Materials
	Slide 2: Introduction/Background 
	Slide 3: Background: Fracture Toughness from Miniature SEB Specimens (Byun et al. ASTM-STP 2014, JNM 2016)
	Slide 4: Introduction/Issues & Resolutions
	Slide 5
	Slide 6: Curve Normalization Method: J&K Calculation Process 
	Slide 7: Curve Normalization Method for J-R Curve Construction
	Slide 8: TEST SET UP for MBS-1 Sample & Standardized HFIR Rabbit Capsule GENBEN-2
	Slide 9: Result of Fracture Toughness Testing using MBS Design
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15: Discussion: Limitations with MBS-1 Design and Testing Method
	Slide 16: Concluding Remarks
	Slide 17
	Slide 18
	Slide 19: 2024 NSUF Research Scope for MBS-1 TPB Design

