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Abstract

Irradiation induced microstructural changes in k€709 austenitic stainless steel were investigated
under 1 MeV Kr ion irradiations at room temperat(Ra), 300, 400, 500 and 600°C to different doses.
The irradiation-induced defects and the stabilifypeecipitates were characterized with transmission
electron microscopy (TEM). Frank dislocation loapsre observed in all the irradiated samples, aad th
loop sizes were much larger at 600°C than thosewatr temperatures. “Raft” defect structures, fodme
through self-alignment of small dislocation loopgre also observed in all irradiated samples,Qyl
precipitates were amorphorized under irradiation®® and 300°C, but remained to be crystalline at
400°C and above. MX precipitates were stable uirdadiations at RT up to 20 dpa, and at temperature
below 600°C to 3 dpa. At 600°C, some MX precipgatgere observed to dissolve during in-situ
irradiation, suggesting possible precipitate inditgtat this irradiation temperature.

Keywords: NF709, austenitic stainless steel, in-situ ioadration, irradiation microstructure
1. Introduction

The development of sodium-cooled fast reactor (JER) poses significant challenges to the reactor
core structural materials, due to the anticipatkvaged service temperatures and high fast-neutron
fluence [3-5]. The candidate structural materiaks required to have an excellent corrosion resigtan
and irradiation tolerance. An adequate high tentpesacreep strength is also needed for those catedid
materials subjected to mechanical loading at higimperatures. NF709 steel, a 20Cr-25Ni-NbTiN
austenitic stainless steel, has been down selextedne of the SFR candidate materials for further
assessment based on its overall performance [GF @lloy was initially developed for the ultra-
supercritical power plants, and had shown an eswekreep strength as well as a satisfactory high-
temperature corrosion resistance [7,8]. NF709 stasla uniqgue compositional combination of C and N
together with Nb and Ti, which was specially tadidrto maintain the material’s desired propertiesr @
long term high temperature service through theipitation of MX type carbo-nitrides [9,10]. Compdre
with the extensive studies already conducted onNR&09 steel for its phase stability under thermal
aging [8,9,11] and corrosion resistance [12], reoon its irradiation response are limited to datd the
doses are often limited to a few displacementsapem (dpa) [13]. Long-term neutron-irradiation in a
SFR at high temperatures can accelerate the digsohf existing precipitates and possible nucteatf
new types of precipitates in the NF709 steel, winigty adversely affect its performance in a regdid}.
Therefore, it is highly desirable to further evatushe irradiation stability of the NF709 steelgrvat
accelerated irradiation conditions, such as thdri@aaliation.

In this study, the NF709 steel samples were inisitdiated using 1 MeV Kr ions at temperatures
ranging from room temperature (RT) up to 600°C. Thadiation induced defects and stability of the
preexisting precipitates were characterized. ThHeable was to provide a mechanistic understandimg
the microstructural evolutions and stability of grecipitates in the NF709 steel under ion irradies.



2. Experiment

The commercial grade NF709 steel was supplied &Nippon Steel & Sumitomo Metal Corp., and
the as-measured chemical composition is liste@ainle 1[13]. The as received material was hot-tolle
and then solution annealed at 1200°C for 20 minuii¢is a final grain size range of 20 - Bfn. The
transmission electron microscope (TEM) disk samplese prepared using a twin-jet electropolisher
(Struer§ TenuPol-5) with the electrolyte of 5 vol.% perafdcacid in methanol, cooled to around -40°C,
and the applied voltage was 27.5 V.

The in-situ ion irradiation experiments were conddc at the Intermediate-Voltage Electron
Microscope (IVEM)-Tandem facility at Argonne Natein_aboratory (ANL). The TEM specimens were
irradiated using 1 MeV Kr ions at a flux of 6Xt@ns/cni/s. The ion beam was at a fixed angle of ~30°
to the electron beam, and the samples were titt@drds the ion beam to set an incident angle afrato
15°. The ion irradiation dose was calculated usivggSRIM [15] (2013 version) with a quick Kinchin-
Pease model based method [16]. The calculated kdseprofile in depth is plotted in Fig.1. The
irradiation doses were estimated using the avettage through the sample thickness from 0 to ~150 nm

The specimen numbers and associated irradiatiodittmms are listed in Table 2. Five specimens
(#1-5) were irradiated to ~3 dpa at room tempeeaf{®T), 300, 400, 500 and 600°C, respectively, and
one additional specimen (#1') was irradiated up2€ dpa at RT. After irradiation, the specimens
irradiated at 400, 500, and 600°C were cleanedjusia Gatafi PIPS Il sample cleaning system with low
energy € 3 kV) Ar ions at low angles (x 6°). The post-iri@ibn characterizations were performed on a
Philips® CM30T TEM and a FEl Tecnai F20 TEM, both operated at 200 kV. The diffion patterns
presented in this paper are inverted in black ahnidevior a better clarity.

Table 1. Chemical composition (Wt.%) of NF709 steel.

Cr Ni Mo Mn Nb Cu Si N C Ti P B S Fe

20.t 25.7 1.5z 0.7¢ 0.3z 0.36t 0.4z 0.11 0.07¢ 0.03: 0.01¢ 0.001< 0.0000: Bal.

Table 2. List of samples and ion irradiation conditions.
Specime Temperatur Fluence (x1Cions/cn®) Dose (dpe
#1&1 RT 18.7£ & 12¢ ~3&2C
#2 300°C 18.7¢ ~ 3
#3 400°C 18.7¢ ~ 3
#4 500°C 17.¢ ~ 3
#5 600°C 18.7¢ ~ 3
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Fig.1. Dose rate profile in the NF709 steel irradiatechgsi MeV Kr ions, calculated using the SRIM 2013mwi
the Kinchin-Pease model based method.

3. Results
3.1 Characterization of Radiation Induced Defect Sttwes

3.1.1 In-situ observation of defect evolution

Fig.2 shows the in-situ observation of the defecti@ion vs. irradiation dose at room temperature.
The weak-beam dark-field (WBDF) images were takea aondition of §, 3g) usingg{200} near the
<011> zone axis. Under the room temperature irtimdhia the irradiation mainly introduced small
dislocation loops below 1 dpa, while at 3 dpa ayvah straight or curly dislocation line segmentait®
[17,18]) started to evolve as a result of the lodpractions (discussed in 4.2).

Fig.2. (a-e) WBDF images soi the defect evolutionsinggemental doses in the NF709 steel
sample irradiated at RT.

3.1.2 Frank dislocation loops

The irradiation induced Frank dislocation loops evelnaracterized with the rel-rod dark field (RRDF)
imaging technique [19]. In this method, the saniplited to excite thg{311} near the <011> zone axis,
and the rel-rod streak between the {111} and {2@0fraction spots is used for dark field imaginga€
of the four edge-on Frank loop variants is visialel appear as bright rodlets in the dark field iesag
Frank loops were observed in the samples irradiated five temperatures to 3 dpa. The RRDF images
and the corresponding size distributions of theo$oare shown in Fig.3 (a) and (b), respectivelhe T
evolution of the mean loop size (diameter) as &tfan of the irradiation temperature is plotted-ig.3
(c). The mean loop size increased from ~10 nm @ as the irradiation temperature increased from
500°C to 600°C, which is significant.
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Fig.3. (a.1) - (a.5) RRDF images of Frank loops associatitk diffraction patterns for the samples
irradiated to 3 dpa at five different temperatufesl) — (b.5) corresponding size distribution dggams.

(c) Plot of the mean size of Frank dislocation ®ag. the irradiation temperature, where the dvesr
shows the standard deviation of the loop sizeidigion.

3.1.3 The “raft” dislocation structures

As shown in Fig.4, the “raft” dislocation structar€‘rafts”) were observed at all five irradiation
temperatures. They appear as parallel line segmants separated by defect free regions. The line
segments are slightly curled, and they are spad#d avseparation ranging from ~20 nm in the RT
irradiated specimen to ~60 nm in the 400°C irratlaspecimen. It's noted that the TEM observed
separation is dependent upon the specimen orientatid volume that contains the “rafts”. As shown i
Fig.5, the contrasts of the “rafts” were well preisel in the 400°C irradiated sample using the cétia
of g{111}, however, disappeared when usigff00}. Instead, isolated Frank dislocation looperes
visible (Fig.5 (d)). There are two most commonlysetved Burger's vectors for irradiation induced
dislocation defects in austenitic steddsa/3<111> ancb=a/2<011> [14,20,21]. In the current case, the
possibility ofb=a/3<111> is unlikely, since tha/3<111> dislocations are predicted to be visibldam
the g{200} viewing vector (§.b|>0 [22,23]), while they are actually invisible. Hrafts” in this sample
are thus suggested to have a Burger’s vectbeaf2<011>, however, more rigorous tests on dislogatio
contrast are needed to draw a conclusive statemanshown in Fig.5, the “rafts” also appear to be
parallel to the <200> crystallographic directiondaheir density increases with the specimen tkaskn
The inner details of the “rafts” were further claesized using the WBDF imaging technique, as shown
in Fig.6. The zoomed-up insets show that the legnents are composed of discrete bright dots, which
are suspected to be the same as the fine-dot deeters in the vicinity of the “rafts”. Howevat's



noted that such “beading” contrasts can also berabd for perfect or partial dislocations in crilste
materials under particular imaging conditions [22].

200 nm

Fig.4. Th “rafts obse"rveo-IA in samples irradiated at s firradiation temperatures: (a) and (e) dark
field (DF) images of the samples irradiated at R# &00°C, respectively. (b), (c) and (d) Brightdie
(BF) images of the samples irradiated at 300°C;y@0hd 500°C, respectively. .



3 g{200p ——— g
A Apm,y 9 g0

Fig.5. BF images of dlslbcétion structufes observed in40@°C/3 dpa irradiated sample at near the
<011> zone axis with diffraction conditions: (&) at @, 3g) with g{111}; and (c), (d) atd, 2g) with
g{200}. (b) and (d) are taken from areas highlighitedlashed line squares in (a) and (c), respegtivel

Fig.6. WBDF image of the “rafts” observed in the 500°Cf#adrradiated sample, using a diffraction
condition of €, 59), g{111} at near the <011> zone axis. Three blow-ugets show the inner details of
the “raft” structures.

3.2 Stability of Precipitates under Irradiation

3.2.1 Pre-existing precipitates



Two types of pre-existing precipitate were ideetifin the unirradiated NF709 steel: MX (M: Nb, Ti,
X: C, N) and Cr rich MsCs[10]. This result is consistent with the findingported by Knowles [24] and
Powell [25] about the precipitation behavior basadhe stabilization ratio (wt.% Nb / wt.% (C+N}) i
20Cr-25Ni steels. As shown in Fig.7, the intragrilpCe precipitates have a cuboidal or polyhedron
shape with sizes ranging from 100 to 500 nm, aedythin boundary MCs precipitates present as rodlets
with a diameter of around 50 nm. SomesB4 precipitates are in a cube-on-cube orientatioaticiship
with the austenitey] matrix (Fig.7 (a)). The energy-dispersive X-ragDX) spectrum shows Cr
enrichment in the selected ,Ms precipitates. The MX precipitates have globulaapgs with two
different sizes (Fig.7 (c)): the discrete largetigies (100 - 200 nm in diameter) and the more elgns
scattered small particles (~50 nm in diameterpeetvely. Some of the small MX precipitates seaith
a lath shaped zone across the grain boundariesshwimight be due to the association of MX
precipitations with twins or stacking faults [26]Under certain imaging conditions, the small MX
precipitates display a “butterfly-like” contrasttivitwo lobes and a central line of no contrast.{F{g)).
This contrast is normally observed for coherenbedephase particles [22,23], suggesting that the MX
precipitates have a coherent interface with théemite matrix. The EDX spectra shows enrichmeri tof
in some MX precipitates (Fig.7 (f)), and enrichmasft Nb and Ti in the others, and no distinct
morphology differences can be identified betweamthAs shown in Fig.7, the diffraction patternairo
the MpsCg and the MX precipitates are free of extra ringbao patterns.
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Fig.7. Characterizations of the NCs and MX precipitates in unirradiated NF709 stea). DF image
and DPs (inset) of MCs precipitates at a grain boundary. (b) BF image B (inset) of a MCs
precipitate in the austenite matrix. (c) EDX spectrfrom the M3iCs precipitate in (b). (d) and (e) BF
images of fine dispersed small MX precipitate andistrete large MX particle, respectively. (f) EDX

spectrum from the large MX precipitates in.(d)

3.2.2 Stability of the MX precipitates

The in-situ observation of a MX precipitate undeadiation (Fig.8 (a)) shows that this individual
precipitate has a good stability against irradiatad RT up to 20dpa. The precipitate remains to be
crystalline through the irradiation and shows clddfraction spots, as shown in Fig.8 (b). The MX
precipitates also remain crystalline to at leadpa at other irradiation temperatures (300, 400, a6d
600°C), as shown in the images of Fig.9 (a) - () eorresponding DPs. Fig.9 (c) reveals a highitiens
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of irradiation induced defects inside a MX partigteadiated at 500°C to 3 dpa. Another in-situ
observation shows that two MX precipitates stattedissolve when being irradiated at 600°C andllfina
lost their contrasts at ~1.5 dpa, as shown in BigHowever, MX precipitates are found to be still
existent in the sample after the irradiation andai@ed to be crystalline, as shown in Fig.9 (d)eSéh
results suggest that some of the MX precipitateg lIegome unstable under irradiation at 600°C.

5 1/nm 10 1/nm 10 1/nm

10 dpa* 15 dpa
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Fig.8. In-situ observation of a MX precipitate under irittbn at RT: (a) a group of BF images with
incremental irradiation doses, and (b) correspandi®s (diffraction spots from the MX precipitate ar
marked with dashed line circles).
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Fig.9. BF and DF images of the MX precipitates in NF7(193IsBpeC|mens irradiated to a dose of 3 dpa
at (a) 300°C, (b) 400°C, (c) 500°C, and (d) 600%3pectively. The inset DPs show the diffractiontsp
(highlighted in dashed line circles) from the cajfite MX precipitates (“M” stands for the MX ph3se

Fig.10. In-situ observaf;on of two MX preC|p|tates dlssolglunder ion |rrad|at|on at 600°C at doses of (a)
0 dpa, (b) 1 dpa and (c) 1.5 dpa.

3.2.3 Stability of the M3sCq precipitates



Examinations of the RT and 300°C irradiated sampldiate that the MCs precipitates become
amorphous after 3 dpa. As shown in Fig.11 (a),amerphorized MkCs precipitates are opaque with no
defects observed in these precipitates. In contlaigge numbers of defects were observed in the MX
precipitates and the surrounding austenite maliig. {1 (a) and (d)). The amorphization of the;G4 is
evidenced by the diffuse diffraction rings in th®® As shown in Fig.11 (b) — (e), the DPs from the
MsCs precipitate show diffuse rings together with difftion spots while the DPs from the matrix or the
MX precipitates only show diffraction spots. Theeéh DF image in Fig.11(c) taken by selecting part o
the ring shows the precipitates enlightened, witiehfirms that the diffuse rings come from the;®}
precipitate. Fig.11 (e) shows the amorphizatiothef grain boundary BCs precipitates in the 300°C/3
dpa irradiated sample as well. No diffraction sgmtonging to the MCs precipitate were observed in
any of the DPs, indicating that the,i@s precipitates had become completely amorphous utiaer
studied irradiation conditions. The EDX results digk reveal any significant composition differences
between the amorphorized .M precipitates and those in the unirradiated spetimd&he M:Cs
precipitates were found to remain crystalline ia famples irradiated at 400°C and above. As shown i
Fig.12, there are no diffuse diffraction rings ageg in the DPs from the 400°C/3 dpa or the 508°C/
dpa irradiated samples. Instead, discrete diffbac8pots from the BCs precipitates can be clearly
identified.

In summary, the stabilities of the ,Mls and MX precipitates under in-situ ion irradiatioase
concluded in Table 3.

. 0.2pm i

Fig.11. Amorphization of M3sCs precipitates in ion-irradiated NF709 steel. (aBB)images showing the
amorphous MECs precipitates in the (a) RT/3 dpa, and (b) RT/2@ dpecimens. (c - €) BF images
showing the amophorized NCs precipitates in the 300°C/3 dpa specimen, (e) shine amorphorized
grain-boundary M:Cs precipitates and associated DP on upper left,ndmage on lower right taken
using the diffuse ring in the DP.
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Fig.12. M»:Cq precipitates in the NF709 specimens irradiate(apt400°C and (b) 500°C. DPs of the
precipitates are shown on the lower right of eagtiré.

Table 3. Summary of the irradiation stabilites of thed and MX precipitates under the studied
irradiation conditions.
Irradiation condition M3Cq MX
Intra-grair Grain boundar Large Smal
Un-irr N N N N
3 dpa/R” V(@mo 7 \ \
3 dpa/300° V(@mo  (amo \ V
3 dpa/400° \ \ \ \
3 dpa/500° \ ? \ \
3 dpa/600°( v ? \ (instg)

\ - exist; x - does not exist; ? - unknown or notaswed; (amo) - amorphization observed; (insta) —
instability observed.

4. Discussion
4.1 Evolution of Frank Loop Sizes with Irradiation Tesngture

As shown in Fig.3, Frank dislocation loops were esied in NF709 samples irradiated at
temperatures from RT up to 600°C. Quantificatioristie Frank loop sizes shows a well-defined
irradiation temperature dependence of the loop ns&mmat a common dose of 3 dpa, where the mean
size slightly decreased from RT to 500°C, but imsesl significantly from 500°C to 600°C. The
significant increase in loop sizes from 500°C tO®D might be due to a sharp transition of defeastelr
evolution kinetics [27,28]. According to Woo andh@l [27], the cascade damages under ion-irradtion
introduces an unbalanced production of point defeaxs well as the defect clusters, termed the
“production bias”. The irradiation temperature caifect the “production bias” through affecting the
vacancy emission rates from vacancy clusters [&7]ow irradiation temperatures, the loop growth is
mainly determined by the differences in the sinlergjths of dislocations to interstitials and vadas\c
known as the “dislocation bias”. At close to thealpeswelling rate temperature (~ 50(27]), the
“production bias” becomes significant, which lealeagie amounts of self-interstitial clusters avaligato
the growing dislocation loops and promotes the lgapvth significantly [28].

4.2 Formation of the “Rafts”
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Irradiation creates a large amounts of point defactd small defect clusters in metallic materials,
which further evolve into dislocation loops, disiion network, voids etc.[20]. Besides the commonly
observed defect structures, unique irradiation-tedustructures, such as the formation of orderéectie
structures, can be formed depending on the irrediataterials and irradiation conditions. Orderefg@cte
structures, e.g. the “raft” structure, are freqlyeobserved in neutron-irradiated metals (Mo, W, €Ea
etc. [17,18,29,30]), which appear as dislocatinadidecorated with fine-dot shaped defect clusbers.
Brimhall et al. [18] showed that “rafts” are formbg prismatic glide and self-climb of dislocatiarops
at intermediate temperatures (400-600°C) in netitradiated Mo. Wen et al. [31] studied the “rafts”
body-centered cubic (BCC) metals using kinetic Me@arlo simulations and suggested the formation
can be achieved by prismatic glide of glissile ristiial clusters and rotation of their Burger'sct@s
under the influence of internal strain fields. egiodic defect walls [32], or the ordered arrangeta of
dislocation loops and cavities [33—35] are oftemestsed in ion-irradiated pure metals, and are thbtay
be formed in similar mechanisms, i.e. the defecstelrs, loops or cavities align in certain crystal
orientations (e.g. <200> in Ni [33,35]) to minimittee elastic interaction energy.

The “raft” defect structure observed in our expeanimis close in appearance to the observations by
Kaoumi et al. [36] and Hernandez-Mayoral et al.[3¥here the line segments are longer and are more
regularly aligned than those reported in otherdiigres [17,18,29,30]. Kaoumi et al observed tiafts”
(termed the “self-ordered defect structures”) wmigriin-situ 1 MeV Kr ion irradiation of the
ferritic/martensitic alloys at 20K and 573K [36]hdy are shown as parallel line segments with typica
separations of 20-50 nm and oriented along the x@ifections in a BCC matrix. The defect clusters
that form the “rafts” were observed to jump and ma¥ an irradiation temperature as low as 20K. The
movement was attributed to the cascade interactathsr than thermal diffusions. Hernandez-Mayetal
al. observed the “rafts” (termed the “loop stringsi’ high purity Fe thin foils irradiated with 13@V F&
ions at RT [37]. Their analysis show that the ‘safare composed of smalf2<111> loops, lining up
parallel to the projection of [110] direction inBECC Fe matrix. The mobile/2<111> loops form an
alignment structure, due to the elastic interactiamd the reorientation of other loops joining the
alignment.

In this study, the “rafts” are suggested to be-akffnments of irradiation induced small dislocatio
loops, which is supported by the observation (Figtét the line segments of the “rafts” could be
composed of fine-dot defect clusters that are déisdignsmall dislocation loops [19]. These smalbjs
are suggested to have a Burger's vectoa/@ak011> and are aligned along the <200> crystadction
(Fig.5), which is consistent with the descriptidnysKulcinski et al. [35] for the orientation of Ips in the
ordered defect structure observed in FCC Ni. Then&ion mechanism for the self-alignment of the
small loops can be explained in the following psscE86,37]: the initial dislocation loops formedahgh
cascade damages in the ion-irradiated austenglsstare ofa/3<111> sessile characters [19], which
change orientations to become glissile through alwglastic interactions, when the loop densityaised
to a high level [31]. The glissile loops pin eathay to form line segments. Additional glissile pscand
defect clusters will keep joining the line segmienform the “raft” structures.

4.3 Irradiation-induced Amorphization of MCs Precipitates

The crystalline-to-amorphous (c-a) phase transitime to energetic particle irradiations at low
temperatures is frequently observed in many ciyséal materials [38—40].  Specifically, the
amorphization of MiCg precipitates was observed by Sencer et al. [38h imodified 9Cr-1Mo
ferritic/martensitic steel irradiated with protoalriron mixed spectra. The ,MC¢ precipitates lost
crystallinity and formed diffuse diffraction ringg a dose of 0.5 dpa. Dai et al. [40] also obsethed
amorphization of the MCs precipitates in a martensitic steel (DIN 1.492@8xdiated with 800 MeV
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protons at temperatures from 50 to 230°C. The ahipaion was not completed at 0.4 dpa and fully
completed at 3.4 dpa [40]. In both cases, the caitipns of the amorphorized MCs precipitates were
not significantly changed by the irradiation, anddiation temperature was critical for the occocee of
amorphization. Sencer et al. also showed that the gvkcipitates were persistently stable, while the
M23Cs precipitates in the same specimens became amajB8l1 These results are all consistent with
the observations in this study.

Two criteria for the amorphization of metal oxidesm heavy-ion irradiations were proposed by
Naguib and Kelly [41], concerning the ratio of dglization and melting temperatures and the type o
atomic bond. Lam et al. [42-44] proposed a germzdliLindemann melting criterion: the radiation
damages are treated as a mean vibration simildretthermal vibration, and melting happens when the
sum of these two vibration terms exceeds a thrdshalue. It could be told from this theory that the
amorphorized materials experience a reduction énstiear modulus (“softening”) similar to the therma
heating effect, which potentially affects the metdbal behavior of the material under irradiatiom this
study, the c-a transition of the,MCs precipitates can be explained with a critical dgeneriterion given
by Motta [45], described by the following equation:

D(t) = [R — A(D)] - t > Deriticar
whereD is the level of lattice disordering and it is adtion of timet; R is the displacement rat4;is the
annealing rate for the irradiation induced disaragrwhich is a function of the irradiation tempena T:
A(T) = Y a;Civiexp(—E;/kT) (i: defect speciesC: defect concentratiorE: migration energy). The
damage yield must be over a critical lev®,.,;;;.,; for the c-a transition to happen. It can be tolat t
the annealing rate Aj increases with increasing irradiation temperaty#®. At a critical
temperaturel iticar WhereR = A(Tqriticar) » the rate of net disordering yield is zero, ana th
amorphization B; > D.,itica) Will Not take place. This mechanism explains dhservation of an upper
limit of amorphization temperature, where the arharation of My;Cs precipitates was not observed at
400°C or above. The critical temperatdig;s;.q; in the current ion-irradiation experiment is thus
determined to be between 300 and 400°C. Howevisryvtiue is dependent on the displacementRate
and will be lower at lower displacement rates, sashin a thermal-neutron reactor. The amorphorized
Mo3sCe precipitate in the RT irradiated sample remainéable up to 20 dpa, showing that the
amorphorized phase is stable through accumulatiragliation doses without converting back to the
crystalline state. The amorphous phase remainedtala high irradiation dose over the crystaligiase
possibly due to the relaxation of the long-rang#eorconstraint by the c-a transition [45].

4.4 Irradiation Stability of the MX Precipitates

The precipitation of fine MX patrticles is critickdr the NF709 steel to achieve and maintain it$1hig
creep resistance at high temperatures. The finepk&Xipitates serve as obstacles for pinning ditimca
motions under creep deformation and defect sinkieuimradiations. Therefore, the irradiation stigpibf
the MX precipitates is one of the key factors foe tapplication of NF709 steel as the reactor core
structural material. Based on the observationdis $tudy, the MX precipitates are stable and ramai
crystalline structure under the 1 MeV Kr ion irraibns at RT up to 600°C and 3 dpa at least.
Considering the high dose rate effect from the heawn irradiation, it is anticipated that the MX
precipitates would maintain their integrity undeeactor core environment for even higher doséisese
temperatures (below 600°C). As our irradiation @€ suggested possible instability for some of the
MX precipitates, additional experiments are neeledet a complete picture of the irradiation indiice
instability of the MX precipitates at even higheadiation temperatures.

45 Heavy-ion Irradiation Simulation and the Thin-fbifluences
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The use of energetic heavy ions to simulate theatkssdamages caused by neutron has shown to be
effective [46—48]. The ion-irradiation with in-sifLEM observations method is a valuable technique fo
studying the irradiation damage mechanisms, whitdrothe capability of in-situ observation of deife
evolutions at well-controlled irradiation condit®f49,50]. The use of 1 MeV Kr ion irradiation was
shown to give a similar recoil spectrum for thenmry knock-on atoms (PKAs) as the neutrons in a
reactor [50]. One of the most common issues fa thchnique is the thin-foil effect, where the free
surfaces of the thin foil specimens can serve dsctiesinks during irradiation [50], and they might
introduce a defect depleted zone near the surtilde Ih this study, the thin foil effect is not cidered
to have significant impacts on the defect morphgldgop size and precipitate stability results tfeesse
results are determined mechanistically. In factsigmificant differences were identified among oeg
with different thicknesses regarding these resdlte irradiation dose rate used in this experimgnt
much higher than that in a nuclear reactor, whigvitably affects the defect evolution and preaigit
stability of materials in service [47,52,53]. Netvwless, this paper is focused on the mechanistities,
additional efforts are required to get an accusateulation of the materials’ irradiation responges
nuclear reactor.

5. Conclusions

NF709 steel specimens were in-situ irradiated usiMeV Kr ions at RT, 300, 400, 500, and 600 °C.
The irradiation induced defect structures and thbility of pre-existing precipitates were charaizied
with TEM. The conclusions are:

» The Frank dislocation loops were quantified ustmgyriel-rod dark field imaging method, and the loop
sizes increased significantly at 600°C as compréldose at lower temperatures.
= The “raft” defect structures were observed in tamgles at all irradiation conditions, and they are

suggested to be composed of small dislocation lafigeed along the <200> crystal direction with a

suggested Burger’s vector aR<011>.

» The MxCs precipitates became amorphorized under irradistianRT and 300°C, but remained
crystalline structure when irradiated at 400°C luo\ee.

= The MX precipitates were stable under irradiatiansRT to 500°C. Possible irradiation induced
dissolution was observed during the in-situ irridiaat 600°C.
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