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Abstract

This work addresses damage mechanisms at high tatapeof a hot extruded 14Cr oxide dispersiomsfiteened
steel rod, in particular, anisotropy induced bystt®ng morphological and crystallographic textlwader uniaxial
tension, intergranular damage and unstable frachareased with test temperature; they appearech reasier
along the rod axis than perpendicular to it. Crigapture of smooth specimens involved crack iniiatfrom the
side surfaces and intergranular crack propagaticcympanied by intergranular damage.

In order to get rid of fracture surface oxidatignthe air environment, a methodology promoting knagcleation
from inside the specimen was built. From tensilé areep tests on notched specimens the fractutiation
location and fracture stability were first mappedaafunction of test temperature, maximal strésitdity and
loading direction. Then, for the first time to thethors’ knowledge, interrupted tests on notchedile and creep
specimens, followed by low-temperature fracturevedld revealing fracture surfaces formed at highpesature,
but unconnected to the external environment. Inéengjar fracture and grain boundary grooving wesidenced
there, together with strong chemical reactivityhat surface of internal cavities during damage bgwaent at high
temperature.
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1. Introduction

In future sodium-cooled fast-breeder nuclear reactiong-term stability of fuel claddings, even High
temperature, is required to insure fuel containmaiuring use and maintenance. Candidate claddingriakst
should withstand a temperature ranging from 40000°C, and a neutron dose up to 200 displacementatpm
leading to 120 to 150 bars of internal pressurthatend of life of the fuel pins due to fission gaproduction
[Yvon and Carré, 2009].

Oxide dispersion strengthened (ODS) steels faleic&bom powder metallurgy are currently being cdestd
for these applications. Two chromium contents, ngn@wt% and 14wt%, have been considered; theyewspely
lead to a recrystallised martensite and to a fidiyitic microstructure with higher resistance twrosive products
used in fuel disposal procedures. Their developmdmbugh powder metallurgy manufacturing, their
microstructure and current properties have beerposhensively reviewed recently ([Ukai et al., 20@dette,
2018)), so that only essential features are regartehe following. Their body centered cubic magnsures good
resistance to irradiation induced swelling [A. Alaeet al., 2004]. Their resistance to high tempeeatiscoplastic
flow [A. Alamo et al., 2004] is reached by introdug a high density of fine (Y,Ti,O) precipitatesa-few
nanometers in size — that mainly form during heatihthe mechanically-alloyed powders prior to cditstion
(e.g. [Li et al., 2017]). These precipitates argy\sable even at high temperature and under atiadi [e.g. Klueh
et al. 2005, Sakasegawa et al., 2009]. The chemidtithese nano-oxides, as determined from trarsams
electron microscopy or from atom probe tomographgy vary with the Y/Ti ratio and precipitate sizehereas
their crystal structure is most often consistenthwhat of Y,Ti,O; pyrochlore (e.g. [Klimiankou et al., 2004],
[Ribis et al., 2012], [Zhong et al., 2014]). Theaherency with the matrix may control the high stgice against
recrystallisation, which leads to a stable graincttire up to more than 1000°C [Zhong et al., 2014]

Currently developed extruded ferritic 14Cr ODS ktggesent a bimodal matrix microstructure, withigh
proportion of submicron grains (e.g., [Dadé et 2016]). This microstructure results from partibharmal grain
growth during the heating stage applied to mecladgialloyed powders (e.g. [Boulnat et al., 201[Sallez et al.,
2015]), with strong interaction between the natofgrecipitates and the matrix evolution (e.g. [Aboet al.,
2014]). The contribution of various microstructufedtures such as fine grain size, high dislocatiensity, high
density of nanosized precipitates to the room teatpes strength has been recently reassessed [@natlal.,
2017].

As for high temperature strength, the high densiitgrain boundaries allows a good creep resistander high
stresses but several studies reported intergrafrateure of ODS steels, after tensile or creefstastemperatures
higher than 400°C [Steckmeyer et al., 2010] andchipat 600-650°C ([Wilshire and Lieu, 2004], [Steakyer et
al. 2012], [Yurechko et al., 2014]). Fracture agd oxidation, however, prevents from fine analg$ithe fracture
mechanisms. Submicronic particles have been oldéngide cavities revealed in polished cross-sastidhey
that could be either grains or new phases creatadgicavity development. Nevertheless, one caeastly rule
out possible surface preparation artefacts. Indéengar damage in ODS steels is therefore not fullyerstood.

The anisotropy in high-temperature mechanical ptagse of ferritic ODS steels has mostly been regmbifor
tensile tests at 650°C [Ukai et al., 1993, 1] [R&009] [Steckmeyer, 2012]. These studies mentioeasier
intergranular fracture along the direction of elategl grains than perpendicular to it. The deperalefductile
fracture toughness on the distribution and stresgtig efficiency of precipitates has also beenstigated up to
550°C [Stradil et al., 2017]. Nevertheless, botghkiiemperature fracture mechanisms and anisotropystl
scarcely documented in literature, especially fiamep tests. Only a few studies reported intergeandamage
linked to the so-called “bamboo” grain structur&@lilet al., 1993, 2], and intergranular damage kbgveent in an
18Cr extruded ODS ferritic steel plate [Ratti, 2D09

The aim of this work was to improve current undamging of intergranular damage development in ar14C
ferritic ODS steel and of the conditions necessaryrigger it, in terms of mechanical loading cdiatis and of
material anisotropy. To this aim, it was thoughtessary to reveal damage cavities, unexposed to- hig
temperature environment, without any metallograppreparation procedure. This was achieved by low-
temperature fracture of notched specimens congiiriternal cracks that had initiated and propagatedigh
temperature.



2. Material

The investigated material was a Fe-14Cr-1W-0.38¥Q0; (wt. %) ODS ferritic steel produced by powder
metallurgy, starting from pre-alloyed 14Cr steéH Jand Y.O; powders to set the chemical composition. The ratio
between yttrium, oxygen and titanium contents weisfrdm a previous optimization work, in order tet @ fine
distribution of stable nano-precipitates at the ehthe whole processing cycle [Ukai et al., 20fChauhan et al.,
2017], [Odette, 2018]. High energy ball-milling wésllowed by hot extrusion at 1150°C and by a l1l+hou
annealing treatment at 1050°C, leading to a 17-rramelter rod [JL Boutard et al., 2014].

The chemical composition shown in Table 1 was deted from a cylinder ap12x23 mni taken at the center
of this ODS rod. Carbon, excess oxygen and nitrogemnly originated from the mechanical alloying and
consolidation process. Other residuals resulten fitomization of the pre-alloy steel powders.

Table 1. Chemical composition of the investigat&bGteel (wt. %).

Fe Cr W Ti Y C @) N Al Mn Ni Si S P
bal. 13.94 0.95 0.29 0.22 0.025 0.12 0.014 0.010 310. 0.21 0.27 0.004 0.004

As expected for a hot extruded 14Cr ODS steel [UKaal., 1993, 2], the microstructure showed grains

elongated along the extrusion direction and stahdkactron backscatter diffraction (EBSD) analy$ggh voltage

15 kV, 50 nm in step size) revealed a strafftber texture, i.e., <110> crystal axes closehi® éxtrusion direction
(i.e., the rod axis) (Fig. 1). Perpendicularly lte £xtrusion direction, the grains were equiaxetithair equivalent
circle diameter ranged from 200 nm up to 3 um, &itimean value of 1.1 um. Along the extrusion dio&c(from
observation in planes containing both the axiadéation, AD, and the radial direction, RD of the ydlde major
axis of the grains ranged from 200 nm to 20 pmhaitnean value of 7.6 um. Coarse, elongated gwithshigh
internal misorientations were found together witaier, more equiaxed grains, often with crystéémation off
the dominanti-fiber texture component.

[AD]

001

Figure 1. Schematic 3D representation of the anggnt in grain structure and of crystal orientatiofthe rod
axis (AD) in the crystal frame, from (real) EBSDpuaf the as-received ODS steel rod. The <ld@iber is
represented by green-colored grains.



3. Experimental procedures

3.1. Viscoplastic flow and fracture behavior

Isothermal tensile tests were performed in laboyadir from room temperature up to 850°C. Flat ileng-T)
specimens of 1.5 0.75 mmz2 gauge section with a 6 mm gauge lengkent along both AD and RD were pulled at
prescribed elongation rate okZ0*s". The load was monitored using a 5 kN cell and témperature was
monitored using two thermocouples, placed on batis eof the specimen. A multi-section radiation ao® was
used, with a thermal gradient lower than 5°C. Tkrlastrain in the gauge part was derived from |¢diae
displacement measurements, corrected by takingahigibution of load lines and grip systems intoamt.

Constant load creep tests were performed at 65@°6nwoth specimens. Along AD (resp. RD), cylindrica
specimens of 4 mm (resp. 2 mm) gauge diameter @rfcte8p. 2.54) mm gauge length were used. Befaréetts,
the side surface of the specimens was ground dovgnaide 600 SiC papers to minimize any machininigided
artefacts. The load was gradually applied througlead weight mechanism with lever arms, at a |l@pdate of 3
to 5 MPa & under monitoring with a 2 kN load cell.

In order to obtain intergranular fracture surfagaexposed to the external environment, it was sacggi) to
initiate the crack far from any side surface amddiinterrupt the test during (stable) crack @gation, so that the
effect of specimen geometry on these two phenorhedato be investigated first. To this aim, rounchdiehed
tensile (NT) specimens were used for dedicatedléeasd creep tests. Tensile tests on NT specitiiestallowed
readily determining the critical macroscopic comais necessary for intergranular damage througkdaced
number of tests and simple observations at the gsacpic scale. The geometry of single notched N&Cispens
was chosen in order to allow machining them alooidp lRD and AD. The diameter of these specimens2uas
at notch root and 5 mm away from the notched rediovo notch radii were used. The most severe orer(in,
NTO4 specimens) yielded high hydrostatic tensiase&lto the specimen axis; this should promote grawular
microcrack nucleation away from the notch root. Té¢ss severe notch root radius (0.8 mm, NT08 spatsinwas
used to promote stable intergranular cracking andlibw interrupting tests before the crack reachay free
surface. The values of the stress triaxiality réibhydrostatic stress to von Mises equivalergssty at the center
of NT specimens were estimated at the end of lgadising a finite element method together with @ast3M
software [Cast3m]; an elastic constitutive assuomptiielded values be close to 0.7 and 1.2 for N&G8 NT04
specimens, respectively. Machining such acute dhest in this hard material appeared difficult, legdo actual
notch radii of 0.%0.1 mm for NT04 and 1#0.2 for NTO8 specimens, respectively. Consequetitlg, stress
triaxiality ratio was calculated for each specinaenording to its actually measured notch geometry.

In order to simplify test interruption right beformstable specimen fracture, double notched te(BiNT)
specimens were also designed, with the same gepmetept for a higher total length. The minimumtaice
between the two (identical) notches that avoidedhaeical interaction between them was computedntord and
thus, the total specimen length (22 mm) preventerh ftaking these specimens along RD. ConsequeDiiyf,
specimens were tested along AD only. To allow mifgting tests in a similar manner along RD, a dpegrip was
then designed to allow testing two RD-oriented l&mmens in series, i.e., end-to-end (thereaftaredaEnd-to-
end Notched Tensile specimens, ENT). After inteingphigh-temperature tensile or creep tests bgtdire of one
notch, the specimen half (or the second NT spetimease of ENT) containing the unbroken notch pated
up to fracture either inside a liquid nitrogen bathat room temperature to trigger either cleavapeluctile
fracture from unexposed microcracks formed at béghperature.

3.2. Observation of damage development and frachgehanisms

Fracture surfaces were first observed with a bitawamagnifier (BM), in order to investigate localughness
and surface color, which respectively depend orireieture mechanism and oxidation state (througiosure time
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to air). As confirmed with scanning electron miaoge (SEM) observations, the brighter parts of ftaeture
surfaces were strongly oxidized, indicating stalsigbcritical) propagation of the crack; less oxédizand tilted
(slant) regions resulted from final ductile fraetur

Fracture mechanisms were then identified with fiefdission gun SEMs (FEG-SEMs); a ZEISS DSM982
Gemini and a FEI Nova NanoSEM 450 were used whigh voltage of 5 to 20 kV and a working distan& ¢o
20 mm according to magnification and spatial resaturequired. Fracture surfaces were mostly oleskin the
secondary electron imaging mode. Damage mecham&res investigated in polished longitudinal crosstisas
of broken specimens after a colloidal silica finishing both secondary and backscattered eleatraging modes.
In order to facilitate observations close to fraetsurfaces, some specimens were nickel platedrébdifeing
sectioned.

To investigate the size of grains under ductiletfree surfaces, EBSD mapping was performed usiadehAX
TSL OIM software, with a magnification of 5000, &ngle of 70°, a working distance of 8 to 18 manyoltage
of 15 kV, and a hexagonal grid of 50 nm in steg.skcquired data were cleaned up by grain dilatdth the
following parameters: minimal grain disorientati®hand minimal grain size of 9 pixels.

4. Results

4.1. Mechanical behavior of smooth specimens

Uniaxial tension behavior

Flat tension specimens exhibited a yield stressaatehsile strength by 50 MPa lower when testedgakD
than when tested along RD (Fig. 2a). Ratti explhisigch yield stress anisotropy by the microstradtanisotropy
[Ratti 2009]. FT specimens also presented a lowetility along RD than along AD, with a fractureoebation by
50 to 70% lower and a reduction of area at frachye60 to 70% lower. The observed anisotropy irsiten
properties agreed with results reported by [Mc@liktet al. 2009], [Garcia-Junceda et al., 2012] [&telckmeyer,
2012].

A maximum in the elongation vs. temperature cured®ady known for 14Cr ODS steels [Praud et 8122,
was observed around 600°C for tensile tests aldbgbit not along RD. The reduction of area at frextvas low
(around 20%) for tests along RD and rather indegendf the test temperature (Fig. 2b).

(a) - - YS-AD - -©- YS-RD (b) = 8= Final elongation - AD —G— Final elongation - RD
—&8&—TS-AD —@—TS-RD —&— Area reduction - AD  —@— Area reduction - RD
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Figure 2. Evolution of (a) yield stress (YS) anastke strength (TS)
and (b) fracture elongation and reduction of areihviesting temperature. Inset: specimen geometry.



Creep behavior

For applied stresses lower than 300 MPa, the seatested along AD showed a time to rupture 19edgi
higher than those tested along RD (Fig. 3a), yét wifracture elongation 2 to 10 times lower. Thesailts are in
agreement with those reported by Ratti for an 18IS ferritic steel rectangular bar [Ratti, 2009). the
investigated range of stress levels, creep testsyalhD evidenced a long primary creep stage wigeeondary
creep stage (strain rate lower than®hd) and abrupt rupture right after the onset of aeyticreep, as already
reported concerning low stress creep tests on Q&8ss(e.g. [Wilshire and Lieu, 2004][Yurechko &t 2014]).
Creep tests along RD led to a short primary creages no steady-state stage but a high amountahsh the
tertiary stage, that is usually representativeigh Istress creep tests of extruded ODS steels @@npRatti, 2009]
[Steckmeyer, 2012] (in the present case, 350 MPa).

The Monkman-Grant plot of Fig. 3b revealed that &l RD specimens exhibiting the same minimum strain
rate presented significantly different creep lifeds, also suggesting anisotropy in deformation anfilacture

mechanism.
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Figure 3. Creep tests results at 650°C on smoogeispens. (a) Creep curves under 270 MPa; (b) Momkma
Grant plot and (c) Norton-like strain rate vs.ests plot.

As already observed from tensile tests, the matshaws lower strength and lower ductility along Rian
along AD. The apparent Norton power-law exponent65 determined along AD (typically owing to hitgvels
of internal stresses) agreed with reported resultierritic ODS steels tested along their main gédion/extrusion
forming direction [Ratti, 2009; Steckmeyer, 2012jong RD, the apparent Norton exponent was muctetcand
evolved fromn = 10 for lower applied stresses (~200 MPa) up 030 for higher applied stresses (> 250 MPa).
The differences in power-law exponent along AD &1 might be due to anisotropic levels of internaésses
owing to the material processing route. Their glighdsigh values could be due to interactions betweislocations
and nanometer-sized precipitates, as discusseRdsldr et al., 1992] for nanometer-sized-partitterggthened

aluminum alloys.



4.2. Fracture mechanisms of smooth specimens

Fracture under uniaxial tension

Fracture surfaces of FT specimens tested at 652Ghown in Fig. 4. These fracture surfaces ardasino
those reported in literature [Steckmeyer, 2012k $hecimen tested along AD showed a globally dyjatihiform
fracture surface, composed of dimples with paridleside them (Fig. 4b). Particles were rather weparated
from each other. Because of their size — a few redslof nanometers — these particles could eithepXides
formed in the laboratory air after fracture, or feragrains of the material (see Fig. 1). Yet, fr&EM imaging,
they seem to be good electronic conductors, sodbald indeed indicate that ductile fracture waggered by
some critical amount of intergranular damage depraeknt. The fracture surface of FT specimens pwlledg RD
showed both elongated facets and smaller ones4€jgwhich might again be linked to intergrandtarcture.

Fracture surfaces of FT specimens pulled along Rigraperatures above 500°C also showed long sifips
larger dimples parallel to AD — up to a few dozeisrometers in width — which could be up to a fewdireds of
micrometers in length (Fig. 4d). These strips calkb be spotted on specimens tested along ADughréarge
equiaxed dimples of a few dozen micrometers intwitliside those dimples, no particle was seen letvegrain
boundary facets could be observed. To the authargiwledge, these strips had not been reportednyepéen
literature. Observations on cross sections (Fiy.rdecaled that they were formed in regions ofdangyains that
originated from abnormal grain growth right befbie extrusion (e.g. [Sallez et al., 2015]).

e S ST 3 -

(@) i ?’.’ 4
i - i

Partial EBSD map
Coarse grain [AD] 11

Large dimple

Figure 4. (a) Global view of fracture surfaces d@ And RD FT specimens, pulled at 650°C4.T* s*,
(b) enlarged view of the fracture surface of the #g@cimen, (c) and (d) enlarged views of the fracsurface of
the RD specimen. (e) cross section under large lésnpith superimposed partial EBSD map (color code:
orientation of AD in the crystal frame)
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Figure 5. High-magnification views of the fractumerface of FT specimens pulled along AD, &t J* s”,
at (a) 25°C, (b) 400°C, (c) 650°C and (d) 850°C

Detailed views of fracture surfaces of FT specimpaked along AD revealed an increase in the nunaber
particles found inside the dimples with increasthg test temperature (Fig. 5). At 850°C, dimplesaat
disappeared and particles covered the whole fracurface (Fig. 5d). These observations suggesirtr@asing
the test temperature could promote both intergearddmage and surface oxidation after fracture.

Cross-section SEM observations (Fig. 6) showed razba intergranular damage, with micrometric or sub-

micrometric cavities together with larger cavitibat probably originated from coalescence of smaltees. This
confirmed that the particles visible on fracturefaces were indeed grains revealed by intergrarfoiaoro)cracks.
In FT specimens, intergranular damage appeareddr600°C, and fracture looked completely intergfantor
temperatures higher than 800°C. These results agtldéhe density increase of particles observedhenfracture
surfaces (Fig. 5), further suggesting that thesiches were actually grains. The damaged grainndaties
appeared randomly oriented; together with thedfgiearance of fracture surfaces (Fig. 5c), this esm confirm
the grain boundary sliding mechanism suggested femrsile tests at 10s* by [Ukai et al 1993, 1].

In specimens tested along AD, intergranular mi@okrpropagation was actually stopped, then follolwgd
ductile tearing (dimples in Fig. 5b). In speciméested along RD, intergranular crack propagatiah@alescence
appeared easier, as shown by the absence of récemples in fracture surfaces (Fig. 4c) and loy lower
amount of intergranular damage visible in crosgi@es. In fact, the individual size of intergranulegions of
fracture surfaces (a few micrometers in width buaeeding across the full sample thickness) was ntader for
these specimens than the size of intergranularoeriacks (~1 pm) found inside dimples in specimarie@ along
AD. When tested along RD, the higher tendency teeldg large intergranular cracks could not be camspted by
the higher ductility of large coarser-grained regiolevidenced by coarse-dimpled strips) and ledoteer
macroscopic ductility (Fig. 2b).



Figure 6. SEM observations of cross sections o§dcimens pulled at 650°C axI0* s*
along (a) AD and (b) RD.

Creep fracture mechanisms

The macroscopic fracture behavior in creep waslairnm that in uniaxial tension. Typical fractungrfaces of
cylindrical smooth specimens after creep testshosvn in Fig. 7.

The fracture surface of specimens loaded along &@aled a flat crack together with slant ductikritey, as
shown in Fig. 7a. Flat regions of the fracture atek were more oxidized than those of tension sy,
preventing from any observation at finer scale. Té®s oxidized slant regions showed ductile fractdrhe
oxidation state of the flat crack probably resulfesim long-time exposure to high-temperature aiggesting a
stable crack propagation stage, followed by unetdhktile fracture as soon as a critical stresnsity factor was
reached at the tip of the flat crack.

Specimens loaded along RD presented a globallybflatvery rough fracture surface (Fig. 7b). FromVSE
observations, the morphology of the central paftatfregions was similar to that observed aftestie tests along
the same direction. The upper and lower parts effitit region in Fig.7b were strongly oxidized, ygth some
appearance of intergranular fracture. The oxidasiae of these regions suggested that the crailatdd from
close to the side surfaces of the specimen. Thesksthen propagated, probably in a stable marmwceoss the
specimen, and then more quickly joined each otkading to almost completely flat fracture with ptittle slant
fracture at the end of the test.

(a)

Figure 7. Macroscopic view of typical fracture sagés of smooth specimens after creep (a) alonggabDge
diameter 4 mm, applied stress 350 MPa, minimumpcraee 9.410° s?, creep lifetime 417h), and (b) along RD
(gauge diameter 2 mm, applied stress 250 MPa, mimircreep rate 1.8.0% s?, creep lifetime 140 h). F: flat

fracture; S: slant fracture

Typical cross-sections of specimens respectiveiyetealong AD and RD, with a similar time to fraetda few
hundred hours), are shown in Fig. 8. Intergrandianage was present in both specimens under th&dttre
surface, yet with a larger number of cracks anergranular cavities in the specimen tested alonglAldg cracks
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parallel to the loading direction (AD) can be séerFig. 8a; they confirm a higher tendency to pggieon of
intergranular cracks along that direction. Crosgises of specimens tested along RD revealed a nmwehr
amount of damage (Fig. 8b). This could be due ¢oethsier coalescence of intergranular cavitiesgakid (here,
perpendicular to the loading direction) which letad earlier fracture, before any extensive develapnf
intergranular damage.

(a) A4 (b) *A

Figure 8. SEM observations of cross sections ofosimereep specimens tested at 650°C
(a) along AD under 350MPa (time to rupture 400 h)
and (b) along RD under 175 MPa (time to rupture 530

4.3. Macroscopic behavior and fracture mode of notchmecanens

The tensile behavior of notched specimens showexValution in the location of the stable crack amdlobal
fracture stability with testing temperature, spemingeometry and loading direction (Fig. 9). The imak load
also depended on the loading direction (Table Bg 3pecimen fracture stability was quantified byasuging the
time elapsed between the onset of load decreasen(ttw 95% of its maximal value) and complete specim
fracture; a critical value of 30 seconds was set faacture stability criterion.

The results on FT specimens were also reportedyirffbut the crack initiation location was difflcto analyze
on FT specimens pulled along RD (see e.g. Fig.@aly the fracture stability was thus reported ig. Bb. For FT
specimens pulled along AD, fracture initiated frtime center of the specimen at all temperaturesy éemall
cracks initiated from the side surfaces, they ditlpropagate enough to lead to final fracture.

(a) © AD-Stable-Bulk  AD-Unstable-Bulk (b) ® RD-Stable-Bulk © RD-Stable-Surface

m RD-Unstable-Bulk [ RD-Unstable-Surface
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Figure 9. Crack initiation location (from close tioe specimen side surface or from the bulk) antajlo
fracture stability during tensile tests, as a fuantof initial maximal stress triaxiality and tetstmperature along
(a) AD and (b) RD (for which crack initiation lo¢ah could not be determined in smooth specimerrs@sL

delineate the boundary between regions of unstafdiestable fracture behavior, respectively.

10



Table 2. Maximal load reached during tensile testd results of creep tests on notched specimesiS0aC. The
creep load has been normalized by the maximumleédosid of a NT specimen of the same geometry ailso

650°C
Loading Specimen Maximal load Normalized creep  Time to rupture Fracture initiation
direction geometry (Tensile test) (N) load (h) location
NTO04 80% 44 Bulk
AD DNTO04 1787 70% 180 Surface
DNTO04 60% 213 Surface
NTO8 70% 285 Bulk
AD DNTO08 1671 70% 442 Surface
NTO8 60% 2075 Surface
ENTO4 70% 3 Bulk
RD NT04 1461 60% 33 Surface
NTO08 70% 37 Bulk
RD ENTO8 1323 65% 72 Surface
NTO08 60% 62 Surface

B A-Bulk OA-Surface ® R-Bulk O R-Surface

=
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o
o

Stress triaxiality

I
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o
N}

0

50% 55% 60% 65% 70% 75% 80% 85% 90%
Applied load

Maximal tensile strength
Figure 10. Fracture initiation location as a funeti of maximal initial stress triaxiality
and of normalized applied load during creep tes$tsId specimens; the black (resp. grey) line schiealjt
delineates the boundary between fracture initiafimm the surface and from the bulk for AD (resp) RTypical
macrographs (insets) illustrate flat fracture (bltegions) connected to side surfaces

As expected, NTO8 specimens exhibited a stronggygmsity to stable crack propagation than NT04 ispts.
Results also indicate that the crack propagatiabilityy increased with the test temperature. Asl@vced by open
symbols in Fig. 9, tensile tests revealed a higledency of specimens to initiate cracks from #ierhl surfaces,
even on NT specimens, when tested along RD thanga®. Crack propagation in these specimens alsglaijed
a lower stability (a majority of square symbolgasind in Fig. 9b). In smooth tensile specimens, ahwunt of
intergranular damage increased with increasing ¢eatpre.

In order to induce slower strains and to triggderngranular damage for any specimen geometry, cesp
loading conditions were set to between 60 and 8Dflbeomaximal load achieved at 650°C in tensiontlier same
specimen geometry and loading direction (TabldJager prescribed load, fracture was necessariltabtes Thus,
the flat, strongly oxidized cracks were charactstithrough BM and SEM observations only in ordefotate
fracture initiation regions. The results are sunipeatin Fig. 10.

Creep tests showed that under lower applied loagldeand therefore, under lower strain rates eehe notch

root, crack nucleation could occur from the siddeme of NT specimens loaded along both AD and RD. (10).
As already observed in tensile tests, the developmwieintergranular damage close to the notch teen lead to
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crack initiation from the side surface of the spems. As the applied load decreased, the propetesitytiate a
stable, intergranular crack from the side surfdddiospecimens increased.

4.4. Fracture mechanisms of notched specimens

The fracture surfaces of NT tension and creep spaw revealed strong oxidation of flat surfacee (the
examples in Fig. 10) and signs of intergranular alzen similar to those observed in smooth specinfeoisshed
cross sections revealed a high amount of intergmamiamage cavities, as shown in Fig. 11 for NTpdcénens
tested at 650°C along both AD and RD. As for smaggihcimens, intergranular damage developed far more
extensively in specimens tested along AD (manytiesyifrequently aligned parallel to the loadingedtion) than
in specimens tested along RD (cavities or secondagks perpendicular to the loading direction)aig even
under high stress triaxiality conditions, intergrkam crack propagation appeared easier along AD dheng RD.

Nickel ‘
plating /\
(a) ‘\ &
Figure 11. SEM observations of cross section of N§fecimens tested in tension at 650°C along (apAdD
(b) RD. The white curves delimit the highly intengular damaged region close to the specimen cérder
regions with transgranular (ductile) damage or loveenounts of intergranular damage. Insets: (a) dethBSE
image of intergranular damage and (b) schematiend¢ unbroken NT specimen

A

4.5. Observation of cavities formed at high temperatuwenot exposed to the external air environment

Tensile and creep tests on DNT04 and DNTO08 spedrfalowed by cryogenic fracture led to brittle alage
fracture, with a few regions displaying intergraardike damage in the fracture surfaces. In fact,cteavage
initiation point was found at the high-temperatdeenaged regions. By using the size of these z@mear{d 2 pm,
Fig. 12a) and a penny-shape crack assumption, déixémal loads applied during pulling under liquidrogen lead
to estimate a local stress intensity factor of iye@r MPa.nt>. Such a value was too low to trigger crack
propagation from the small damaged areas themsadves at liquid nitrogen temperature. In addititthe size of
intergranular cavities was similar to that of manfythe cleavage facets, so that the high-temperadamaged
regions were difficult to detect on the cleavagectiure surfaces. Nevertheless, up to eight regia@s found in
each specimen.

Figure 12a presents one of such regions. All treses exhibited intergranular damage, together grivoved
grain boundaries and various types of particlesewasserved inside them, which could not stem fram a
metallographic preparation: a distribution of fiparticles — a few dozen nanometers in size — (E2fp), some
polyhedral, probably crystalline particles (Figc)},2and a very thin, fragmented layer on what cdiddhe surface
of the grains, i.e., grain boundaries exposed ®ititernal environment in the cavity (Fig. 12d).rtRkes in
Fig. 12b did not well conduct electrons in the SEd that they could possibly be oxides. As alrealolserved in
exposed fracture surfaces (e.g. Fig. 5c¢), graidsndt appear close to each other, as if extens&m ¢poundary
grooving would have occurred at high temperatusalamthe cavity.
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Figure 12. Typical cavity that developed at 650A@IDNT04 specimen during a tensile test alongwWithout
connection to the external environment. (a) globaW (cavity in dark, surrounding cleavage fractimebright),
and enlarged views of (b) homogeneous dispersifin@precipitates, (c) small polyhedral particigown from

the cavity surfaces and (d) fragmented layer orgtiaén boundary surface

In order to reveal a higher number of regions dadaag high temperature, DNT and ENT specimens alse
tested in creep (Table 2) in order to increase dandevelopment; the unbroken notch was then fradtiny
tension at room temperature. For these specimenglet ductile fracture initiated from high-temptena
damaged regions that were thus readily found indlte dimples. For such a fine-grained materials thi
methodology allowed easy observation of more numgemgions damaged at high temperature than the mor
classical methodology involving brittle failure kw temperature. As shown in Fig. 13, the revealegions
present the same morphology and population of ghestias those previously described, suggestingdémaiage
mechanisms were similar under tension ¢t07 s*) and creep, for the investigated range of creefirfie (up to
a few hundred hours).

Figure 13. Unexposed intergranular microcracks tbaveloped at 650°C in an ENT specimen creep tested
under a net stress (load divided by initial areanatch root) of 270 MPa (lifetime 72h) (a) intergrdar fracture
inside dimples that were created during final fraetat room temperature and (b) particles typicddynd in
intergranular microcracks
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5. Discussion

5.1. Anisotropy in fracture behavior

Whatever the specimen geometry, tensile and cestp showed shortest lifetime (or lowest ductilapd most
limited damage development when the material waddd along RD. In addition, specimens loaded aRBg
exhibited lowest strength and most extensive iméenglar cracking; whereas those loaded along ADwsldo
extensive coalescence of intergranular cavitieagatbe loading direction (see e.g. Figs 6a, 8a).lAltogether,
these results suggest that intergranular crackagaipon was much easier and more unstable alonth&Dalong
AD. Such anisotropy in crack propagation stabivigs already reported for a similar 14Cr ODS stgefFurnier
et al. on compact tension fracture toughness sgasrtested at 600°C [Fournier et al, 2012]. Simiézults were
obtained in fracture mechanics tests performednduthe present work and reported elsewhere [Salmon-
Legagneur, 2017]. As many small, equiaxed graingwacountered in the microstructure, the anisgtiograck
propagation could not be directly related to amggmt in grain boundary density. On the other hahd,presence
of coarser, highly elongated grains led to a hightensity ofcontinuouspaths of grain boundaries parallel to the
rod axis than perpendicular to it (Fig. 1). Moreegisely, when loaded along RD, a continuous patiyrain
boundaries perpendicular to the loading axis, micly the boundaries of coarser elongated grainddaeasily be
found, facilitating propagation of intergranularamicracks. Some of them, involving the boundarifeslangated,
coarser grains, are shown in Figs 4c and 13a (irasiurfaces) and in Fig. 8b (in cross-section)tl@mother hand,
elongated grains mainly constituted an obstacleintergranular propagation perpendicular to AD, &att
intergranular microcracks were more readily stopfse@ e.g. Figs 4b and 5c¢).

A possible consequence is that in this material ctieep lifetime of smooth specimens could be driwetheir
resistance to crack propagation, and not only stalvility in viscoplastic flow. Based on these tesua new
interpretation of the tertiary creep stage of sth@mecimens is proposed as follows.

In smooth creep specimens, the tertiary stage Wwaesa absent in tests along AD; however, stablekcra
propagation occurred as revealed by the heavilglizad flat fracture surfaces. Intergranular cragkiould even
have propagated at the very end of the secondagg sind during the very short tertiary stage, Yahg by ductile
fracture. The tertiary stage, in that case, woakeémble a fracture toughness test, yet with a wevof fracture
toughness even if final fracture was ductile. Agiowestimate by using a round bar model, a sentieldil crack
geometry fitted to the strongly oxidized, flat dta@ctually observed and a linear elastic assumptith Mode |
loading (as from [Murakami, 1987]) yielded a vahetween 19 and 34 MP&ffor the fracture toughness of the
various smooth creep specimens. This range of saisieclose to that determined using fracture mechan
specimens also at 650°C [Chaouadi et al., 2010].

When specimens were loaded along RD, the tertiaggpc stage involved significant elongation but shor
amounts of time (Fig. 3a). From fracture surfacseobations, intergranular cracking nucleated awopaggyated all
across the specimen in two steps: first, in a stathnner (as shown by strongly oxidized regionseclo side
surfaces, see comment to Fig. 7b), then, in a mastable manner, leading to less oxidized intergearfacets. As
such, at least a part of the quick tertiary stagddcstem from crack propagation; if so, crack rhoapening could
have contributed to the specimen elongation, int@ddto quick viscoplastic strain. In-situ strdield monitoring
would help better understanding of the competibetween deformation and cracking in the tertiaagstin that
case.

5.2 Toward a macroscopic criterion for intergranufeacture

The use of NT specimen geometry allows introducirggadient in loading conditions inside the speciniée
equivalent stress and strain rate are maximal dosthe notch root, whereas for very low amountsofch
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opening (as in the present work), the maximum jpadcstress and maximum stress triaxiality are tiedalose to
the specimen center, together with a very low istrate. In this material family, it has been shdhat a decrease
in tensile strain rate leads to an increase irgnémular damage development [Praud et al., 204Rich agrees
with the more extended damage development duriagpctests than in tensile tests, also noticed enptiesent
work. According to the loading rate of NT specimehsee cases could be encountered:

1. At very high strain rates and/or low test tempaegyall parts of the specimens would fail by dacti
tearing.

2. At intermediate loading rates and test temperatutes notch root would deform “too quickly” to
trigger intergranular damage, while the centralt pmould be deformed “sufficiently slowly” to
experience intergranular cavitation. The main damagchanism might therefore be intergranular in
the center of the specimen whereas the notch egpdom would present transgranular ductile damage.
This combination of mechanisms leads to crackatidn from the bulk of the specimen. This was the
case, in tensile tests, for all specimens testadgahD, and for notched specimens tested along RD a
temperatures up to 650°C (Fig. 9).

3. Atvery low loading rates (e.g., during creep of 8fecimens) or very high temperature, all parthef
specimen could be deformed “sufficiently slowly” dbat intergranular damage could develop
everywhere. The most severely loaded region woold Ine close to the notch root because of its higher
level of strain, so that intergranular cracking Wablie expected to start from there. This was tleeca
indeed, for tensile specimens tested along RD @tar@ 750°C (Fig. 9b). It was also the case in NT
creep specimens tested at the lowest load levedsTable 2 and Fig. 10).

In order to set a more quantitative criterion toe transition from case 1 to case 2, a prelimifiaite element
calculation was performed with the Cast3M softw@ast3m], using a Blackburn flow rule [Blackbur®72] and
a Von Mises criterion, with constitutive parametadjusted on creep results of smooth specimensnisal
Legagneur, 2017]. A creep test on the NT04 geometrgler a net stress of 325 MPa (normalized lo@&o)7along
RD was simulated. At the notch root, the estimateain rate decreased from1D* s* down to %10° s* whereas
the estimated strain rate in the center of theispgEtremained stable, around1D® s*. The specimen failed from
the center (Table 2), indicating that a strain ratelx10° s® could be a reasonable order of magnitude for
triggering intergranular damage at least when pgllin tension along RD. On the other hand, teriei¢s at this
strain rate led to intergranular fracture, showihgt stress triaxiality should not be consideredhd#st-order
parameter in a criterion of intergranular crackteyelopment for this material. The higher stresssitigity of
viscoplastic flow along AD could extend the load &brain rate) range corresponding to case 2 tovagder
values for these specimens, the contrast in ste#nbetween specimen center and notch root b&iogger. This
was indeed the case both in tensile tests (irotiafiom the bulk whatever the temperature, Fig.&&) in creep
tests (higher critical load to shift toward fracunmitiation close to the surface, Fig. 10).

On the other hand, as shear stress and straicagatentration at the notch root increase with desing the
specimen notch radius, NTO4 specimens could hdee/ed crack nucleation in the bulk of the matedaivn to
lower load levels than NTO08, whereas experimentaults exhibited the opposite tendency. Grain banpnd
cavitation was thus not promoted by high tressigidy only. This phenomenon suggests that a mimmamount
of strain be required to generate intergranular atgen For the sharper notch, the maximal triaxidliside the
specimen was higher and the equivalent shear stressower close to the specimen axis. As a coresexgy and
owing to the high stress dependency of viscopldktie (Fig. 3), the amount of strain close to tleeamen axis
was expected to be much lower at specimen ceitaright be not high enough to induce damage devetop.
This was indeed the case: long-lasting creep téstable 2 clearly met case 3.

As a whole, tensile and creep tests performed onsidcimens allowed determining a combination of
macroscopic conditions — maximal stress triaxialigmperature, applied load during creep test -esssry for
fracture initiation from the bulk and stable crapkopagation in the studied material. The straire réand
corresponding amount of strain) and test temperattgem to be the primary parameters affecting this
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phenomenon, whereas stress triaxiality itself qidyys a minor role. Moreover, the methodology deped in this
work could be extended to other materials thatl@kbnstable fracture at high temperature.

5.3. Interactions between grain boundaries andrivaé(cavity) environment in intergranular cavitati

The presence of grain boundary grooving in cavitie®aled after interrupted tests might be attetdither to
very small intergranular voids that had coalescéth ¥hese cavities, or to displacement of atoms usome
chemical forces (including surface tension) atléripjunctions between the cavities and adjacentngralhe
presence of non-metallic particles, formed in theitees but without connection to the external emwinent,
reveala high chemical reactivity of the (internal) fra@faces freshly created by grain boundary cavitatwith
respect to the chemical species that desorbedhiatoavity under high uniaxial tension. It also gesgjs that grain
boundary grooving could involve redistribution dbms along the boundaries. The particle size aodtilon did
not allow their chemical analysis; neverthelesgesx carbon, nitrogen or even oxygen solute ateges Table 1)
in the ferritic matrix could have promoted formatiof such non-metallic particles.

On the other hand, the presence of particles dnd dn the surfaces of intergranular microcracksnev
unexposed to the external environment, preventaa finer analysis of the damage mechanism in OR8Ist
namely, of the microstructure very close to damag@ih boundaries. In fact, at least the dislocastvucture had
probably been modified by chemical reactions inva\solute atoms during void initiation and growth.

As a consequence, chemical interactions insidecaiéies, as well as corresponding atomic fluxesughbe
further investigated and taken into account in @B g the damage development mechanisms: oneotamodel
high-temperature grain boundary cavitation in thegerial without considering internal chemical teats.

6. Conclusions

Tensile and creep tests on smooth and round notshecdmens of a 14Cr ferritic ODS steel rod, ad a®l
detailed analysis after fracture or after intereaptests, led to the following results:

+ Intergranular damage was promoted by high tempergabove 500°C), low strain rate (<16 along the
radial direction at 650°C), and required a minimamount of viscoplastic strain.

e The strength, ductility and creep lifetime were mlmwver under loading along the radial directioarttunder
loading along the extrusion direction; this wasdid to easier propagation of intergranular crackiloymg the
elongated grains formed during the extrusion praces

e Using notched specimens made it possible to mayufie initiation locus and fracture stability aguaction
of temperature, loading direction and notch geoynddy using this methodology together with double
notched specimens, tensile and creep tests coufddreupted just before final fracture of one rotc

« For the first time to the authors’ knowledge, thisrk revealed intergranular microcracks obtainedhigh

temperature with no connection to the external remvhent and no specimen metallographic preparation.

Microcrack surfaces were covered with non-metgiidicles and exhibited grain boundary grooving.
» Strong chemical interactions between cavity walsyrounding grain boundaries and internal cavity
environment cannot be ruled out from the damageldement mechanism.
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