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ABSTRACT

Based on the good experiences gained by using spedimens
made of ferritic RPV materials, the Master Curvacfure
toughness approach was applied to determine thetufea
mechanical properties of oxide dispersion strengge(ODS-)
materials. A ferritic ODS-alloy (Fe-14Cr-1W-Ti,®;) has been
produced through the powder metallurgical produciath via
hot extrusion and hot isostatic pressing (HIP).i®jzed oxide
dispersion strengthened (ODS)-alloys have a pronipbtential
to meet the foreseen requirements of componentistime Gen
IV power plants due to their high creep strengtd awelling
resistance under irradiation at elevated operatienaperatures.
The fracture toughness was characterized with @iRT C(T)
specimens in different material orientations (R-L-R) in the
ductile-brittle and upper shelf region in the uradiated state,
accounting especially for the ODS-material’s anisoy as one
key effect of manufacturing. Despite all tests weegformed in
orientation required by ASTM standards E 1921 arftBEO not
all validity criteria (e.g. height of yield stretgtevenness of the
crack, admissible K during testing or admissiblabkt crack
growth) were met by the ODS-material: consequeatlyalid Ty
value and a standard-compliant Master Curve couwt e

David T. Hoelzer, ORNL
Oak Ridge, TN 37831, USA
Tel.: +1 865 574-5096
hoelzerd@ornl.gov

Marta Serrano, CIEMAT
28040 Madrid, Spain
Tel: +34 91 3466030

Marta.Serrano@ciemat.es

Yann de Carlan, CEA
91191 Gif Sur Yvette CEDEX,
France
Tel.: +33 1 69 08 6175
Yann.DeCarlan@cea.fr

Pascal Diano, AREVA NP
SAS
Lyon Cedex 6, France
Tel.: + 33472 74 8778
Pascal.Diano@areva.com

Andreas Seubert, AREVA
GmbH
91052 Erlangen, Germany
Tel.: +49 9131 900-95196
Andreas.Seubert@areva.com

determined for the ODS-material in the transitioegion
especially in the respective R-L orientation, aldoe to a
comparably low fracture toughness over the wholaliated
temperature range. Promising fracture toughnespepties
were obtained in the crack growth direction perpeuidr to the
prior main deformation (extrusion) direction, wheréq value

of 196 MPam at T=22°C was measured. Within the ductile
regime, only a d = g technical initiation toughness value
could be calculated and at T=22°C, a comparablyelay of
137kJ/nf is obtained for specimens with crack growth digct
perpendicular to the extrusion direction, while émtrusion
direction the toughness is again low.

In addition two further ODS-materials (14YWT and P00O0)
were tested and compared to the alloys above. Non-
conformances of ODS relating to the material rezagnts in
ASTM standards E1921 and E1820 were finally deteeted
explained.
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American Society of Mechanical Engineers
American Society for testing and Materials
Compact Tension (Specimen)

Hot isostatic pressing

Hot extrusion

Hot rolling

Heat treatment

Internal Conical Mandrel (test)

parameter: the difference in work per unit
difference in crack area at a fixed value of
displacement or, where appropriate, at a fixed
value of force

Ductile crack initiation toughness [kFm
Technical initiation toughness [kJmunder the
respective loading a crack extension of 0.2mm
through tearing occurs

Ductile crack initiation toughness [kFhunless
all validity criteria are fulfilled. If all critea are
fulfilled Jobecomes,d

Static fracture toughness [MPa
(ASTM E1921)

Static fracture toughness [MPRa], normalized on
standard specimen thickness

Equivalent value [MPan] of the median toughness
for a multi-temperature data set

Static fracture toughness [MPa], normalized on
standard specimen thickness (1T, 25.4 mm);
calculated on the respectivg\alue

Limit value of fracture toughness [MPa]
Specimen orientation for cylindrical sections:
specimen axis axial and crack propagation
direction radial to main direction of forming,
according ASTM E399

Mechanical alloying

Oxide dispersion strengthened

Oak Ridge National Laboratory

Powder to Ball Ratio

Tensile strength [MPa]

Yield strength [MPa]

Reduced activated ferritic (steels)

Specimen orientation: Specimen axis radial and
crack propagation direction axial to main
direction of forming, according to ASTM E399
Post Irradiation Examination

Reactor pressure vessel

Small Specimen Test Technology

Temperature

Reference Temperature [°C], related to the
temperature on the Master Curve at which the
K;=100MPam

Reference Temperature [°C], related to the
temperature on the Master Curve at which the
K;=100MPam, unless all validity requirements
are fulfilled. If all criteria are fulfilled 3o

becomes J

Width [mm]

-plastic

INTRODUCTION

An environmental friendly carbon neutral future mgye
scenario could involve modern Generation IV or ef@ision
power plants. An important requirement for this Wobe the
availability of suitable structural materials fagh performance
components within the heart of such installatioike Ifuel
claddings or first wall plates. The materials muste a set of
properties, which would be high temperature sttenttermal
and irradiation creep strength, resistance agéio#t) swelling
and any structural deformation, resistance to tadia
hardening / embrittlement especially during harglimior and
after service [1]. This requires reasonable lewdl¢fracture)
toughness as well. Advanced ODS materials are ara@rgup
of candidate materials, which might be able toilfuthese
demands. Due to this reason, many research institutare
working on the design and characterization of agiogr ODS-
alloys [1] - [5]. However, there are still drawbaci case of
e.g. RAF-ODS steels, such as anisotropic materigpenties,
(especially after hot extrusion), followed by a Idvacture
toughness in ,weaker* material orientations anddowverall
workability [6]. In this context “RAF” stands forReduced
Activated Ferritic” and means a ferritic steel with optimized
chemical composition exhibiting a lower degree ofivation
when used in a radioactive environment which isaatiegeous
in terms of a final deposit after operation of thecording
component.

An additional point of interest is the Small SpeeimTest
Technique (SST), which came more into focus in rbeent
years [7]. The application of SST, especially foalaation of
irradiated materials, offers several advantageh sschandling
and treatment of smaller material amounts with fepersonal
during irradiation campaigns, PIE and final storfigle Round
robin activities for evaluation of the Master Curapproach
using miniature C(T) specimens have shown, thatllsma
specimens of e.g. 4x10x10 mm dimension are suitable
produce valid § reference temperatures, however, in case of
RPV materials, e.g. for the Japanese SQV2A [8D}.[1

This publication addresses this ongoing topic hyneating the
advanced material class of ODS alloys with the &Bproach.
Mechanical-technological investigations with a fecwon
fracture toughness were performed upon four ODSerizds
obtained from different institutions. In additiametapplicability
of the current ASTM standards E 1921 and E 1820 in
combination with ODS has been cross checked.

MATERIALS AND SPECIMENS

Within this study four ODS materials are being eatdd. At
first a RAF-ODS-material was produced by the powder
metallurgical route by mechanical alloying of a @Okre-
alloyed Fe-14Cr-1W-0.3Mn-0.3Si-0.25Ti steel powdand
0.25% nanosized )05 + TiH, powder by the external supplier
Zoz GmbH within the large scale CM100b mill. Thellimg
balls used in the process were made of 100Cr6. riitleng






Prior to testing all 0.2T C(T) specimens were fagigpre-cracked
through a high frequency vibration load in such aywthat the
crack had an average final length gf&mm (+ 0,5mm) leading
to a ratio of 0,5 (x 0,05) between the specimeidihv\W and g
The crack propagation was hereby visually contdollEor the
0.2T C(T) specimens tested according to the stand&TM E
1921-13 3 specimens of S1 R-L and 2 specimens dfli§atly
exceeded the admissible stress intensity facttiieaend of pre-
cracking [14]. For the 0.2T C(T) specimens testecbeding to
the standard ASTM E 1820-11 the maximum loagl. o be
kept during pre-cracking procedure was never exag¢ib].

Due to the very small specimen geometry a corredibovards
the loadline had to be made feigure 3 a), b) and c) specimens.
The calculated compliance was integrated in theeealuation
[16].

c)
Figure 3: 0.2T C(T) mini fracture toughness
specimen geometries used in the study: a)
with measuring edges, b), ¢) no edges

Table 2: 0.2T C(T) mini fracture toughness
specimen geometries used in the study: a)

with measuring edges, b), ¢) no edges

One part of the tests was performed in the britlestile
transition regime: for the tests with S1, S2 and&erials the
elasto-plastic test was performed using an Instype 5569
classl ball screw testing device, the suitabilityhe clip gage
was approved with DIN EN 1SO 9513 [17].

The temperature close to the specimens was meabyrégo
calibrated thermocouples. Following the ASTM E 1921
which served as an orientation in this study byingkinto
account its validity criteria, a Jr [MPa m] value in
dependence of test temperature was determined [14].

The materials tested in the transition regime w&te S2 and
S3. The chosen test temperatures for S1 and S2iwerspan
of -100°C T 125°C and in case of S3 in an area of -150°C
T 22°C.

A further part of the fracture toughness tests exasuted in the
ductile upper shelf regime as & tests following the standard
ASTM E 1820-11, to obtain firstly the ODS crack istsnce
curves with the final objective to calculate a exdjre J value,
in case the according validity criteria can be fi&{. For S1 5
specimens were tested in L-R at T=22°C and 3 tesie
performed in R-L orientation at 125°€or S2 6 tests were
performed at T=300°C and S4 was tested with 3 spEw at
0°C. Some of the higher test temperatures were ueed
calculate the respective ) value based on the measured J
data according to [14].

In order to calculate the characteristic fractungghness values
of the alloys, according tensile data (not mentibhere) were
used. In this context the tensile data obtainedHe S1 alloy
and subsequently applied for S1 fracture toughegatuation
was used for the S2 fracture toughness evaluat®orwell
because the material composition of S1 and S2eisdéme and
no direct S2 tensile data was available. In caseS®fthe
according tensile data were taken from an earkat ESM12)
with a similar composition as S3. In case of S4lakte tensile
information was applied.

TEST RESULTS

Figure 4 contains a comparison of the characteristjg;i§ and
Kjoam values obtained from the investigated ODS S1, 182 a
S3 materials. In case of S1, the SST techniquevatlothe
analyses of orientation effects on the fractureghmess
properties by testing 0.2T C(T) specimens in R-ld dnR
directions as shown iRigure 2. In the T-range between -100°C
T -50°C Ky lies in between 35.7 MPan and
54.9MPam for ODSO01 L-R. Then, after entering the sharp
transition regime 11 strongly increases up to 85.7MPa at
T=0°C and then up to a K of 196.2 MPam at T=22°C. For
S1 R-L Kyeumis a lot lower in between -100°CT -50°C, by
staying around 26 MPan. In contrast to the L-R orientation no
increase of K and Kgu) is detected up to T=125°C. The
highest value of the test series is 41 MiRaat T=50C. Kycqmn
of the S2 alloy exhibits at first a little highéevel then
obtained in the R-L direction of S1 which is 52.(P&m at






Despite these difficulties ayd of -40.5 °C was obtained for S3
E-R. A higher test amount of further specimenshia éllowable
range might further refine that result.

Due to the promising increase of S1 L-R & in the transition
regime it was decided to perform some more J-dés tas
T=22°C, normally conducted in the ductile upperlfshegime,
with an orientation on ASTM E 1820-11 [15]. In &ith, data
for S1 R-L at T=125°C, for S2 at 300°C and for $4Ta0°C
were available for comparison. The according J-@dagrdm is
shown inFigure 7.

Since the ASTM E 1820 validity criteria “admissilgable crack
growth” was not met for some specimens of all testeterials

DISCUSSION

The observed differences in the fracture toughiégbe ODS-
materials investigated can be principally attrildute the selected
manufacturing processes. For example hot extrusiam ferritic
ODS rod produces an elongated grain structure atetare in
extrusion direction as shown in earlier investigasi [1]. The
strong increase of S1 ;i) in L-R orientation within the
transition region, especially at T=22°C, resultonir this
anisotropy in the microstructure: a crack with &ragrowth
direction perpendicular to the extrusion directi@guires a lot
more energy to be propagated and in this contegh esrack

no final J. value could be calculated. However, in this casebifurcation (turning of the crack propagation planeextrusion

ASTM E 1820-11 allows a determination of @ & Jb.s
technical initiation toughness value as a fracttwaghness
measurement instead, representing the J-value atraak
extension of 0.2mm, calculated from several speciTat one
specific temperature through application of the tirggecimen
test technique.

Figure 7: Fracture toughness J and d = Jy g data in
the upper shelf region of S1, S2, S4 ODS-

materials

The strength difference between the two investijdieR/R-L
orientations for S1 and in addition S2 becomes enwne
distinct: At T=22°C, a comparably very largg fbr S1 L-R of
137kJ/ni is observed together with a rather steep risée@fltda
curve. Despite the increased test temperature &23<C, where
a higher degree of ductility is normally expecté&gexhibits only
a comparably very low value of 11kJ/fior S1 R-L. In case of
S2, at a higher test temperature of T=300°C, thelréends even
more downwards with 8kJ/mThe slope of both J-da curves is
rather flat. Therefore the probability for unstablgttle fracture
is a lot larger for S1 R-L and S2 than for S1 L{Rthee tested
temperatures. The S4 Value of 55kJ/rtested at T=0°C, also a
lower test-temperature, lies in between the leveisthe other
materials. However since this S4 ODS-material bekawn a
more ductile way, it is assumed, that itslevels will be more
close to S1 L-R at higher test temperatures.

direction) might occur. On the contrary, when theck is
orientated in extrusion direction, it can easilywralong the
grain boundaries encountering a low material rasi# against
this propagation due to smaller grain boundary siameforces,
which leads finally to the measured lower fractigghness in R-
L orientation of S1. However, a larger number atdds required
to check for scattering effects. Since S2 does Imae a
predominant texture caused by manufacturing by Hides not
profit from a toughness increase. In the transitegime it shows
slightly larger K values at T=-50°C and T=0°C than S1 R-L
coming close to S1 L-R but already at 0°C the R levels are
not reached anymore, in fact at higher temperatBelsehaves in
a similar way to the low toughness regime of S1 .Rfhis
underlines again the need for further thermomedahmnieatment
(e.g. hot rolling) for hipped ODS materials, whighs not part of
this study.

The slightly better performance of S3 E-R compadoe81 L-R up
to T=-50°C might as well be a result of a more wj#ed
thermomechanical (hot rolling) process (e.g. a digtlegree of
deformation). However, it is observed, the matesitters quite
strongly in between -75°CT -50°C, which could be caused by
microstructural inhomogeneities in the final maériAnother
explanation, relating to other S3 heats and momittext of high
temperature fracture toughness, is given here @8ijigher alloy
purity, meaning a reduced content of N and O wibhwvelr
segregation levels on the grain boundaries leatingtronger
cohesion forces between the grains could signifigamprove
the fracture toughness. Exact comparable data¥dqa&d for S2)
are currently not available and it remains in goestwhether a
higher purity could improve the fracture toughne$sS1 in the
transition regime but this point could play a roléhe difference
between S1 L-R and S3 E-R at T=22°®& {11/ Koarn= ~105.6
MPa m) is quite striking, but here more tests at thisl also
higher temperatures are necessary to analyse thaviber in
detail.

The J-da tests reveal a similar behaviour: the towghness of
S1R-L and S2 as a consequence of the assumed pooduc
impacts on the microstructure is maintained up*800°C, since
no improvement of gJis detected. In this study S1 L-R shows a
high 4 (137kJ/M) at T=22°C but further test campaigns have to
reveal how it performs at operating fast reactanptemperatures
(T~550°C and beyond). The better ductility of S4eatly at



T=0°C might be a consequence of the hot rollindinégue used
during production as well.

It has to be stated, that “thick” materials haverb@vestigated in
this study. A later cladding tube as a “thin-watidmponent will
encounter more significant deformations through liagfion of
additional production steps like cold pilgering sdcold drawing
after hot extrusion (not done in this study) imerto obtain the
final dimension of the component. Therefore itgsuaned, that e.g.
a full S1 ODS-cladding might probably exhibit evdmgher
toughness levels, than determined in this invettigaOther very
recent test campaigns (ICM tests) done on realtiterODS-
claddings with a crack propagation in R-L orierdatireveal
fracture toughness values close to ~160MRaat room
temperature [19].

However, the increasing tendency of the fracturghmess for S1
L-R and S3 E-R in the transition regime allowed de¢ermination
of a Master Curve and an according, based on SST tests with
0.2T C(T) specimens, which on the contrary was not ldagor S1
R-L and S2 because the fracture toughness rembiinetiowever,
despite successful tests, several important vlidiiteria, as
summarized inTable 3 and Table 4, could not be met in the
transition and upper shelf regime. It has alsodcaldded that the
yield stress of optimized ODS alloys witR,§, 1000MPa at
T=22°C) [1] [18] is already too high compared te trange of
more “conventional” ferritic steels’ yield stresg@35 to 825 MPa)
covered by [14], which is further reason for thedn-conformance
to [14]. For now, these findings lead to invalidhgTor L
characteristic values.

For a valid B the test temperatures should be selected clogmto
at which Kimegreaches the 100 MPmn [14] . Despite it is not an
explicit demand of the ASTM E 1921-13, it is recoended that at
least some of tested specimens actually reach@BeMIPa m, in
order to have this as a stronger confirmation efdetermined J
value. If this is not the case, the uncertaintytted To value is
increased, which would result in the necessity dst ta higher
number of specimens to again reduce this unceytaiie Kimiy
was far from being reached during all tests, tlweeft is assumed,
that 100 MPam can be reached with 0.2T(CT) specimens. Wh
not considering the ASTM E 1921-13 vyield stressunements,
testing more specimens in this temperature ranggtngventually
lead to a more refined and “nearly validy, &t least for S1 L-R.
Nevertheless, the invalid results seem to be aematore of ODS
materials’ non-conformance to standards then of $®d the
application of 0.2T C(T) mini specimens in generdhis is
underlined by other investigations [8] - [10] wexalid and

Material | Ty [°C] validity criteria unmet*

- Tests out of Ty +/- 50°C range

- Yield stress exceeds 825 MPa

- 3x specimens slightly exceeded the admissible stress intensity

factor at pre-cracking

- No increase of fracture toughness

- Yield stress exceeds 825 MPa

- 2x specimens slightly exceeded the admissible stress intensity

factor at pre-cracking

- No increase of fracture toughness

- Yield stress exceeds 825 MPa

- Tests out of T, +/- 50°C range

- Maximum difference between initial crack length a, and crack

lengths ay; to agy exceeded

- Yield stress exceeds 825 MPa

*according to ASTM E 1921-13

Table 3: Tog and unmet validity criteria for the
investigated ODS-materials in the transition

regime according to ASTM E 1921-1314]

S1L-R

S1R-L

S2

S3 -40.5

Material [Test T [°C] | Jg - Jo.e. [KI/M 2] validity criteria unmet*
S1L-R 22 137 maximum of stable crack growth extended
S1R-L 125 1 !maxmju'm of stable crack growth extended,
insufficient number of tests
S2 300 8 maximum of stable crack growth extended
maximum of stable crack growth extended,
S4 0 55 . L
insufficient number of tests
* according to ASTM E 1820-11

Table 4: Jo and unmet validity criteria for the
investigated ODS-materials in the upper shelf

regime according to ASTM E 1820-1115]

In addition a future adaption of according standaiml
order to better cover the specific ODS high strermthavior
together with a standardization of ODS-productirie@sible)
will be a future task to provide the necessary attaristic
material properties by fully valid material tests &ddress
regulators and operators safety requests.

en
SUMMARY AND CONCLUSIONS

This study aims in connecting fracture toughness
investigations in the transition and upper shejime based on
mini 0.2T C(T) specimens with the class of higlesgth ODS
materials, being a candidate for future high terapee
applications in Fast Reactors or Fusion Power Blant this

consistent ¥ transition temperatures were determined for ferritcontext four ODS-materials were analyzed by medzni

RPV steels. Therefore mini-C(T) specimens seem cimétly
suitable to be applied for fracture toughness itigasons of
structural materials offering many advantages dafgcwhen
dealing with irradiated materials. Future test caigps will involve
more high temperature testing of ODS materialshim dperating
temperature regime of e.g. Fast Reactors.

testing and following conclusions can be made:

Fracture toughness tests of ODS with 0.2T C(T)
were successfully conducted up to 300°C.

Several validity criteria of ASTM E 1820-11 and
1921-13 could not be met, but this seems to be
more a matter of ODS materials’ hon-conformance
than of SST based on 0.2T C(T) tests.



Despite final invalid §o and 4 data were obtained,

have shown.

R and S3 E-R.
The alloy S3 E-R exhibits slightly higherd&n

0°C, while S1 L-R exhibits a very high,lgr) of

regime S1 L-R shows a highy bf 137kJ/m at
T=22°C with S4 exhibiting a o) of 55kJ/ni at

KIT (Mr. Lindau). The ODS material S3 was providéeg

mini C(T) specimens are principally suitable for ORNL (Dr. Hoelzer) and S4 by CIEMAT (Dr. SerranBgyond

valid T, determination and to be used in fracture this activity the S1, S2 materials were mechanjcalloyed in

toughness analyses as other studies on ferritic RP\VZoz GmbH, hot extruded in CEA (Dr. Sornin) and fagpin

AREVA SAS Technical Center France (Dr. Cedat). Trheture

Master Curves were successfully obtained for S1 L-toughness tests were performed in AREVA GmbH Tegaini
Center Germany (Mr. Schendzielorz, Mr. Seubert).theak all

main contributors/ partners, especially AREVA NPSAFR

levels than S1 L-R in the transition region up to Project (Mr. Diano, Mr. Hamy) and AREVA GmbH (Drisglt,

Mr. Hein) for their continued cooperation and suppof

196.2 MPam at 22°C; also in the upper shelf AREVAs ODS activities, making this overall studpgsible on
a global scale.

T=0°C; the highest fracture toughness was obtainedREFERENCES
for hot extruded ODS-material specimens with a [

crack growth direction perpendicular to
extrusion direction.

The alloys S1 R-L and S2 exhibit low fracture

the

toughness levels over the whole tested temperature

regime; therefore no characteristiggTand MC
could be obtained.

The anisotropic fracture toughness properties of S1
L-R/R-L in general as well as the good overall

(2]

performance of S1 L-R, S3 E-R and the lower 3]

toughness levels of S1 R-L and S2

in the

investigated temperature regimes are attributed to

the different applied production paths, respecivel

to hot extrusion and hot rolling as well as to the

alloys’ impurity levels (N,O).

Execution of a full thin walled cladding

manufacture might lead to even higher (fracture)
e.g. a S1-ODS-cladding

toughness levels for

(4]

through increased deformations introduced by 5]

additional production steps (e.g. cold pilgering);

very recent ICM tests on other ferritic ODS-

claddings already prove this assumption with R-L

fracture toughness levels of ~160MPa at room
temperature.

Based on the promising results and experiencesnelltan this
study the SST approach will be systematically cardd: next
steps will address higher temperature regimes (G50°T
800°C). The study will include different ODS-alldypes and
RPV materials. Later on an inclusion of irradiatedterials as
well as tests on real cladding tubes might rounéseh
characterization efforts.

ACKNOWLEDGMENTS

We thank all partners who contributed to this effor
various manners: parts of the results in this stwdye obtained
within an IAEA CRP-T11006 on ODS. In this contexpart of
the mini fracture toughness 0.2T C(T) specimensweachined
by HZDR Rossendorf (Dr. Altstadt, Dr. Viehrig) wigupport of

(6]

[7]

(8]

Rouffié, A.L., Wident, P., Ziolek, L. et al., flnence of
process parameters and microstructure on the feactu
mechanisms of ODS steels, Journal of Nuclear Materi
433 (2013) 108 — 115

Eiselt, C.C., Klimenkov, M., R. Lindau, Mdslang.,
Characteristic results and prospects oft he 13Cf-1W
0.3Ti-0.3Y,05; ODS steel, Journal of Nuclear Materials
386-388 (2009) 525 — 528

McClintock D.A., Hoelzer, D.T., Sokolov, M.A,,
Nanstad, R.K., Mechanical properties of neutron
irradiated nanostructured ferritic alloy 14YWT, doal

of Nuclear Materials 386-388 (2009) 307 — 311

de Carlan, Y., Bechade, J.-L., Dubuisson, PglgtCEA
developments of new ferritic ODS alloys for nuclear
applications, Journal of Nuclear Materials 386 -8 38
(2009) 430 - 432

Byun, T.S., Yoon, J.H., Hoelzer, D.T., Lee, Y.& al.,
Process development for 9Cr nanostructured ferritic
alloy (NFA) with high fracture toughness, Journdl o
Nuclear Materials 449 (2014) 290 — 299

Chaouadi, R., Ramesh, M., Gavrilov, S., Effettmack
length-to-width ratio on crack resistance of highQDS
steels at high temperature for fuel cladding apgidr,
Journal of Nuclear Materials 442 (2013) 425 — 433

Sokolov, M., Nanstad, R., Use of small speciméurs
fracture toughness characterization of fracturgoess
of irradiated materials, SMIRT-22 Transactions Bioh
Il, San Francisco, California, USA, August 18-2813

Yamamoto, M., Kimura, A., Miura, N. et al., Auand
robin program of Master Curve evaluation using
miniature C(T) specimens: first round robin test on
uniform specimens of Reactor Pressure Vessel Materi
Proceedings of the ASME 2012 PVP, July 15-19, 2012,
Toronto, Ontario, Canada.



(9]

(10]

(11]

(12]

(13]

Yamamoto, M., Miura, N. et al., A round robinggram [14]
of Master Curve evaluation using miniature C(T)
specimens ¥ report: fracture toughness comparison in
specified loading rate condition-, Proceedings bé t [15]
ASME 2013 PVP, July 14-18, 2013, Paris, France
Yamamoto, M., Kimura, A., Miura, N. et al., Aund [16]

robin program of Master Curve evaluation using atimie
C(T) specimens 3 report: comparison of ¢T under
various selections of temperature conditions-, edings
of the ASME 2014 PVP, July 20-24, 2014, Anaheim, [17]
California, USA

McClintock, D.A., Sokolov, M.A., Hoelzer, D.T.,
Nanstad, R.K., Mechanical properties of irradia@dS-
Eurofer and nanocluster strengthened 14YWT, Jowhal
Nuclear Materials 392 (2009) 353 - 359

McClintock, D.A., Hoelzer, D.T., Sokolov, M.A,,
Nanstad, R.K., Mechanical properties of neutron
irradiated nanostructured ferritic alloy 14YWT, doai of
Nuclear Materials 386 - 388 (2009) 307 - 311

(18]

(19]

Garcia-Juceda, A., Rodriguez, D., Serrano, Ikfluencia
del Envejecimiento en las Propriades Mecéanicasirde
acero ODS, XlII Congreso Nacional de Materiales-
IBEROMAT, Alicante, 38' May - June, 2012, 4 p.

Standard Test Method for Determination of Refere
Temperature J, for Ferritic Steels in the Transition
Range ASTM E 1921-13

Standard Test Method for Measurement of Fractur
Toughness ASTM E 1820-11

Saxena, A., Hudak, S.J., Review and Extensidn o
Compliance Information Crack Growth Specimens,
International Journal of Fracture, Vol.14, No.5{8®

DIN EN ISO 9513, Metallic materials — Calibrati of
extensometer used in uniaxial testing, May 2013

D.T. Hoelzer, et al., Influence of processingthe
microstructure and mechanical properties of 14YWT,
Journalof Nuclear Materials (2015)
http://dx.doi.org/10.1016/j.jnucmat.2015.12.011

Carlan, Y.de, private communication, 29.02.16




