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Abstract

Irradiation induced microstructural changes in the NF709 austenitic stainless steel were investigated
under 1 MeV Kr ion irradiations at room temperature (RT), 300, 400, 500 and 600°C to different doses.
The irradiation-induced defects and the stability of precipitates were characterized with transmission
electron microscopy (TEM). Frank dislocation loops were observed in all the irradiated samples, and the
loop sizes were much larger at 600°C than those at lower temperatures. “Raft” defect structures, formed
through self-alignment of small dislocation loops, were also observed in all irradiated samples. M»3Cs
precipitates were amorphorized under irradiations at RT and 300°C, but remained to be crystalline at 400°C
and above. MX precipitates were stable under irradiations at RT up to 20 dpa, and at temperatures below
600°C to 3 dpa. At 600°C, two MX precipitates were observed to dissolve during in-situ irradiation,
suggesting possible precipitate instability at this irradiation temperature.
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1. Introduction

The development of sodium-cooled fast reactor (SFR) [1,2] poses significant challenges to the reactor
core structural materials, due to the anticipated elevated service temperatures and high fast-neutron fluence
[3-5]. The candidate structural materials are required to have an excellent corrosion resistance and
irradiation tolerance. An adequate high temperature creep strength is also needed for those candidate
materials subjected to mechanical loading at high temperatures. NF709 steel, a 20Cr-25Ni-NbTiN
austenitic stainless steel, has been down selected as one of the SFR candidate materials for further
assessment based on its overall performance [6]. This alloy was initially developed for the ultra-
supercritical power plants, and had shown an excellent creep strength as well as a satisfactory high-
temperature corrosion resistance [7,8]. NF709 steel has a unique compositional combination of C and N
together with Nb and Ti, which was specially tailored to maintain the material’s desired properties over a
long term high temperature service through the precipitation of MX type carbo-nitrides [9,10]. Compared
with the extensive studies already conducted on the NF709 steel for its phase stability under thermal aging
[8,9,11] and corrosion resistance [12], reports on its irradiation response are limited to date and the doses
are often limited to a few displacements per atom (dpa) [13]. Long-term neutron-irradiation in a SFR at
high temperatures can accelerate the dissolution of existing precipitates and possible nucleation of new
types of precipitates in the NF709 steel, which may adversely affect its performance in a reactor [14].
Therefore, it is highly desirable to further evaluate the irradiation stability of the NF709 steel, even at
accelerated irradiation conditions, such as the ion-irradiation.

In this study, the NF709 steel samples were in-situ irradiated using 1 MeV Kr ions at temperatures
ranging from room temperature (RT) up to 600°C. The irradiation induced defects and stability of the
preexisting precipitates were characterized. The objective was to provide a mechanistic understanding on
the microstructural evolutions and stability of the precipitates in the NF709 steel under ion irradiations.



2. Experiment

The commercial grade NF709 steel was supplied by the Nippon Steel & Sumitomo Metal Corp., and
the as-measured chemical composition is listed in Table 1[13]. The as received material was hot-rolled and
then solution annealed at 1200°C for 20 minutes with a final grain size range of 20 - 50 um. The
transmission electron microscope (TEM) disk samples were prepared using a twin-jet electropolisher
(Struers® TenuPol-5) with the electrolyte of 5 vol.% perchloric acid in methanol, cooled to around -40°C,
and the applied voltage was 27.5 V.

The in-situ ion irradiation experiments were conducted at the Intermediate-Voltage Electron
Microscope (IVEM)-Tandem facility at Argonne National Laboratory (ANL). The TEM specimens were
irradiated using 1 MeV Kr ions at a flux of 6x10"' ions/cm?/s. The ion beam was at a fixed angle of ~30°
to the electron beam, and the samples were tilted towards the ion beam to set an incident angle of around
15°. The ion irradiation dose was calculated using the SRIM [15] (2013 version) with a quick Kinchin-
Pease model based method [16]. The calculated dose rate profile in depth is plotted in Fig.1. The irradiation
doses were estimated using the average dose through the sample thickness from 0 to ~150 nm.

The specimen numbers and associated irradiation conditions are listed in Table 2. Five specimens (#1-
5) were irradiated to ~3 dpa at room temperature (RT), 300, 400, 500 and 600°C, respectively, and one
additional specimen (#1”) was irradiated up to 20 dpa at RT. After irradiation, the specimens irradiated at
400, 500, and 600°C were cleaned using the Gatan® PIPS II sample cleaning system with low energy (< 3
kV) Ar ions at low angles (£ 6°). The post-irradiation characterizations were performed on a Philips®
CM30T TEM and a FEI® Tecnai F20 TEM, both operated at 200 kV. The diffraction patterns presented in
this paper are inverted in black and white for a better clarity.

Table 1. Chemical composition (Wt.%) of NF709 steel.
Ct Ni Mo Mn Nb Cu Si N C Ti P B S Fe
20. 25, 1.5 07 03 036 04 01 007 0.03 0.01 0.001 0.0000 Bal
5 7 2 6 2 5 2 1 6 3 6 4 1
Table 2. List of samples and ion irradiation conditions.
Specimen Temperature Fluence (x10'*ions/cm?) Dose (dpa)
#1&1° RT 18.75 & 125 ~3&20
#2 300°C 18.75 ~3
#3 400°C 18.75 ~3
#4 500°C 17.6 ~3
#5 600°C 18.75 ~3
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Fig.1. Dose rate profile in the NF709 steel irradiated using 1 MeV Kr ions, calculated using the SRIM 2013 with
the Kinchin-Pease model based method.

3. Results
3.1 Characterization of Radiation Induced Defect Structures

3.1.1 In-situ observation of defect evolution

Fig.2 shows the in-situ observation of the defect evolution vs. irradiation dose at room temperature.
The weak-beam dark-field (WBDF) images were taken at a condition of (g, 3g) using g{200} near the <011>
zone axis. Under the room temperature irradiation, the irradiation mainly introduced small dislocation loops
below 1 dpa, while at 3 dpa or above, straight or curly dislocation line segments (“raft” [17,18]) started to
evolve as a result of the loop interactions (discussed in 4.2).
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Fig.2. (a-e) WBDF images showing the defect evolutions vs incremental doses in the NF709 steel sample
irradiated at RT.

3.1.2  Frank dislocation loops

The irradiation induced Frank dislocation loops were characterized with the rel-rod dark field (RRDF)
imaging technique [19]. In this method, the sample is tilted to excite the g{311} near the <011> zone axis,
and the rel-rod streak showing at between the {111} and {200} diffraction spots is used for dark field
imaging. One of the four edge-on Frank loop variants is visible and appear as bright rodlets in the dark field
images. Frank loops were observed in the samples irradiated at all five temperatures to 3 dpa. The RRDF
images and the corresponding size distributions of the loops are shown in Fig.3 (a) and (b), respectively.
The evolution of the mean loop size (diameter) as a function of the irradiation temperature is plotted in
Fig.3 (c). The mean loop size increased from ~10 nm to ~30 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 associated with diffraction patterns for the samples
irradiated to 3 dpa at five different temperatures. (b.1) — (b.5) corresponding size distribution histograms.

(c) Plot of the mean size of Frank dislocation loops vs. the irradiation temperature, where the error bar
shows the standard deviation of the loop size distribution.

3.1.3  The “raft” dislocation structures

As shown in Fig.4, the “raft” dislocation structures (“rafts”) were observed at all five irradiation
temperatures. They appear as parallel line segments, and separated by defect free regions. The line segments
are slightly curled, and they are spaced with a separation ranging from ~20 nm in the RT irradiated specimen
to ~60 nm in the 400°C irradiated specimen. It’s noted that the TEM observed separation is dependent upon
the specimen orientation and volume that contains the “rafts”. As shown in Fig.5, the contrasts of the “rafts”
were well presented in the 400°C irradiated sample using the reflection of g{111}, however, disappeared
when using g{200}. Instead, isolated Frank dislocation loops were visible (Fig.5 (d)). There are two most
commonly observed Burger’s vectors for irradiation induced dislocation defects in austenitic steels:
b=a/3<111> and b=a/2<011> [14,20,21]. In the current case, the possibility of b=a/3<111> is unlikely,
since the a/3<111> dislocations are predicted to be visible under the g{200} viewing vector (|g.b[>0
[22,23]), while they are actually invisible. The “rafts” in this sample are thus suggested to have a Burger’s
vector of b=a/2<011>, however, more rigorous tests on dislocation contrast are needed to draw a conclusive
statement. As shown in Fig.5, the “rafts” also appear to be parallel to the <200> crystallographic direction,
and their density increases with the specimen thickness. The inner details of the “rafts” were further
characterized using the WBDF imaging technique, as shown in Fig.6. The zoomed-up insets show that the
line segments are composed of discrete bright dots, which are suspected to be the same as the fine-dot defect



clusters in the vicinity of the “rafts”. However, it’s noted that such “beading” contrasts can also be observed
for perfect or partial dislocations in crystalline materials under particular imaging conditions [22].
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Fig.4. The “rafts” observed 1ﬂ samples irradiated at all five irradiation temperatures: (a) and (e) dark field
(DF) images of the samples irradiated at RT and 600°C, respectively. (b), (c) and (d) Bright field (BF)
images of the samples irradiated at 300°C, 400°C and 500°C, respectively. .
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Fig.5. BF images of dislocation structures observed in the 400°C/3 dpa irradiated sample at near the <011>
zone axis with diffraction conditions: (a), (b) at (g,3g) with g{111}; and (c), (d) at (g,2g) with g{200}. (b)
and (d) are taken from areas highlighted in dashed line squares in (a) and (c), respectively.

Fig.6. WBDF image of the “rafts” observed in the 500°C/3 dpa irradiated sample, using a diffraction
condition of (g,5g), g{111} at near the <011> zone axis. Three blow-up insets 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 identified in the unirradiated NF709 steel: MX (M: Nb, Ti,
X: C, N) and Cr rich M23Cs [10]. This result is consistent with the findings reported by Knowles [24] and
Powell [25] about the precipitation behavior based on the stabilization ratio (wt.% Nb / wt.% (C+N)) in
20Cr-25Ni steels. As shown in Fig.7, the intragrain M»;Cs precipitates have a cuboidal or polyhedron shape
with sizes ranging from 100 to 500 nm, and the grain boundary M»3Cs precipitates present as rodlets with a
diameter of around 50 nm. Some M»3Cs¢ precipitates are in a cube-on-cube orientation relationship with the
austenite (y) matrix (Fig.7 (a)). The energy-dispersive X-ray (EDX) spectrum shows Cr enrichment in the
selected M»3Cs precipitates. The MX precipitates have globular shapes with two different sizes (Fig.7 (c)):
the discrete large particles (100 - 200 nm in diameter) and the more densely scattered small particles (~50
nm in diameter), respectively. Some of the small MX precipitates scatter in a lath shaped zone across the
grain boundaries, which might 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” contrast with
two lobes and a central line of no contrast (Fig.7 (c)). This contrast is normally observed for coherent
second-phase particles [22,23], suggesting that the MX precipitates have a coherent interface with the
austenite matrix. The EDX spectra shows enrichment of Nb in some MX precipitates (Fig.7 (f)), and
enrichment of Nb and Ti in the others, and no distinct morphology differences can be identified between
them. As shown in Fig.7, the diffraction patterns from the M23Cs and the MX precipitates are free of extra
rings or halo patterns.
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Fig.7. Characterizations of the M»3;Cs and MX precipitates in unirradiated NF709 steel: (a) DF image and
DPs (inset) of M23Cs precipitates at a grain boundary. (b) BF image and DP (inset) of a M23Cs precipitate
in the austenite matrix. (c) EDX spectrum from the M23;C¢ precipitate in (b). (d) and (e) BF images of fine
dispersed small MX precipitate and a discrete large MX particle, respectively. (f) EDX spectrum from the

large MX precipitates in (d).

3.2.2  Stability of the MX precipitates

As shown in Fig.8 (a), the in-situ observation of a MX precipitate under irradiation (Fig.8 (a)) shows
that this individual precipitate has a good stability against irradiation at RT up to 20dpa. The precipitate
remains to be crystalline through the irradiation and shows clear diffraction spots, as shown in Fig.8 (b).
The MX precipitates also remain crystalline to at least 3 dpa at other irradiation temperatures (300, 400,
500, and 600°C), as shown in the images of Fig.9 (a) — (d) and corresponding DPs. Fig.9 (c) reveals a high
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density of irradiation induced defects inside a MX particle irradiated at 500°C to 3 dpa. Another in-situ
observation shows that two MX precipitates started to dissolve when being irradiated at 600°C and finally
lost their contrasts at ~1.5 dpa, as shown in Fig.10. However, MX precipitates are found to be still existent
in the sample after the irradiation and remained to be crystalline, as shown in Fig.9 (d). These results suggest
that some of the MX precipitates may become unstable under irradiation at 600°C.
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Fig.8. In-situ observation of a MX precipitate under irradiation at RT: (a) a group of BF images with
incremental irradiation doses, and (b) corresponding DPs (diffraction spots from the MX precipitate are
marked with dashed line circles).
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Fig.9. BF and DF images of the MX precipitates in NF709 steel specimens irradiated to a dose of 3 dpa
at (a) 300°C, (b) 400°C, (c) 500°C, and (d) 600°C, respectively. The inset DPs show the diffraction spots
(highlighted in dashed line circles) from the crystalline MX precipitates (“M” stands for the MX phase).

Fig.10. In-situ observatlon of‘two MX prempltates dlssolvmg under ion 1rradlat10n at 600°C at doses of (a)
0 dpa, (b) 1 dpa and (c) 1.5 dpa.

3.2.3  Stability of the M23Cs precipitates



Examinations of the RT and 300°C irradiated samples indicate that the M»3;Cs precipitates become
amorphous after 3 dpa. As shown in Fig.11 (a), the amorphorized M23Cs precipitates are opaque with no
defects observed in these precipitates. In contrast, large numbers of defects were observed in the MX
precipitates and the surrounding austenite matrix (Fig.11 (a) and (d)). The amorphization of the M»3Cs is
evidenced by the diffuse diffraction rings in the DPs. As shown in Fig.11 (b) — (¢), the DPs from the M»3Cs
precipitate show diffuse rings together with diffraction spots while the DPs from the matrix or the MX
precipitates only show diffraction spots. The inset DF image in Fig.11(c) taken by selecting part of the ring
shows the precipitates enlightened, which confirms that the diffuse rings come from the M»3Cs precipitate.
Fig.11 (e) shows the amorphization of the grain boundary M»3Cs precipitates in the 300°C/3 dpa irradiated
sample as well. No diffraction spots belonging to the M»3Cs precipitate were observed in any of the DPs,
indicating that the M»3C¢ precipitates had become completely amorphous under the studied irradiation
conditions. The EDX results did not reveal any significant composition differences between the
amorphorized M23Cs precipitates and those in the unirradiated specimens. The M23;Cs precipitates were
found to remain crystalline in the samples irradiated at 400°C and above. As shown in Fig.12, there are no
diffuse diffraction rings appearing in the DPs from the 400°C/3 dpa or the 500°C/3 dpa irradiated samples.
Instead, discrete diffraction spots from the M»3Cs precipitates can be clearly identified.

In summary, the stabilities of the M»3Cs and MX precipitates under in-situ ion irradiations are concluded
in Table 3.

- BVE

Fig.11. Amorphization of M23Cs precipitates in ion-irradiated NF709 steel. (a, b) BF images showing the
amorphous M»3Cs precipitates in the (a) RT/3 dpa, and (b) RT/20 dpa specimens. (¢ - ¢) BF images showing
the amophorized M»Cs precipitates in the 300°C/3 dpa specimen, (¢) shows the amorphorized grain-
boundary M»3Cs precipitates and associated DP on upper left, and DF image on lower right taken using the
diffuse ring in the DP.
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Fig.12. M»Cs recipitates in the NF709 speéimens irradiated at (a) 400°C and (b) 500°C. DPs of the
precipitates are shown on the lower right of each figure.

Table 3. Summary of the irradiation stabilites of the M»3;Cs and MX precipitates under the studied
irradiation conditions.

Irradiation conditions M23Cs MX

Intra-grain  Grain boundary Large Small

Un-irr N N N N

3 dpa/RT \ (amo) ? \ \

3 dpa/300°C \ (amo) v (amo) \ \

3 dpa/400°C \ \ \ \

3 dpa/500°C \ ? \ \

3 dpa/600°C \ ? \ (insta)

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

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

As shown in Fig.3, Frank dislocation loops were observed in NF709 samples irradiated at temperatures
from RT up to 600°C. Quantifications of the Frank loop sizes shows a well-defined irradiation temperature
dependence of the loop mean size at a common dose of 3 dpa, where the mean size slightly decreased from
RT to 500°C, but increased significantly from 500°C to 600°C. The significant increase in loop sizes from
500°C to 600°C might be due to a sharp transition of defect cluster evolution kinetics [27,28]. According
to Woo and Singh [27], the cascade damages under ion-irradiations introduces an unbalanced production
of point defects as well as the defect clusters, termed the “production bias”. The irradiation temperature can
affect the “production bias” through affecting the vacancy emission rates from vacancy clusters [27]. At
low irradiation temperatures, the loop growth is mainly determined by the differences in the sink strengths
of dislocations to interstitials and vacancies, known as the “dislocation bias”. At close to the peak swelling
rate temperature (~ 500°C [27]), the “production bias” becomes significant, which leaves large amounts of
self-interstitial clusters available to the growing dislocation loops and promotes the loop growth
significantly [28].

4.2 Formation of the “Rafts”
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Irradiation creates a large amounts of point defects and small defect clusters in metallic materials, which
further evolve into dislocation loops, dislocation network, voids etc.[20]. Besides the commonly observed
defect structures, unique irradiation-induced structures, such as the formation of ordered defect structures,
can be formed depending on the irradiated materials and irradiation conditions. Ordered defect structures,
e.g. the “raft” structure, are frequently observed in neutron-irradiated metals (Mo, W, Cu, Fe etc.
[17,18,29,30]), which appear as dislocation lines decorated with fine-dot shaped defect clusters/loops.
Brimhall et al. [18] showed that “rafts” are formed by prismatic glide and self-climb of dislocation loops at
intermediate temperatures (400-600°C) in neutron-irradiated Mo. Wen et al. [31] studied the “rafts” in
body-centered cubic (BCC) metals using kinetic Monte-Carlo simulations and suggested the formation can
be achieved by prismatic glide of glissile interstitial clusters and rotation of their Burger’s vectors under
the influence of internal strain fields. The periodic defect walls [32], or the ordered arrangements of
dislocation loops and cavities [33—35] are often observed in ion-irradiated pure metals, and was thought to
be formed in similar mechanisms, i.e. the defect clusters, loops or cavities align in certain crystal
orientations (e.g. <200> in Ni [33,35]) to minimize the elastic interaction energy.

The “raft” defect structure observed in our experiment is close in appearance to the observations by
Kaoumi et al. [36] and Hernandez-Mayoral et al.[37], where the line segments are longer and are more
regularly aligned than those reported in other literatures [17,18,29,30]. Kaoumi et al observed the “rafts”
(termed as “self-ordered defect structures”) during in-situ 1 MeV Kr ion irradiation of the
ferritic/martensitic alloys at 20K and 573K [36]. They are shown as parallel line segments with typical
separations of 20-50 nm and oriented along the <011> directions in a BCC matrix. The defect clusters that
form the “rafts” were observed to jump and move at an irradiation temperature as low as 20K. The
movement was attributed to the cascade interactions rather than thermal diffusions. Hernandez-Mayoral et
al. observed the “rafts” (termed as the “loop strings”) in high purity Fe thin foils irradiated with 150 keV
Fe" ions at RT [37]. Their analysis show that the “rafts” are composed of small a/2<111> loops, lining up
parallel to the projection of [110] direction in a BCC Fe matrix. The mobile a/2<111> loops form an
alignment structure, due to the elastic interactions and the reorientation of other loops joining the alignment.

In this study, the “rafts” are suggested to be self-alignments of irradiation induced small dislocation
loops, which is supported by the observation (Error! Reference source not found,) that the line segments

of'the “rafts” are composed of fine-dot defect clusters that are essentially small dislocation loops [19]. These
small loops are suggested to have a Burger’s vector of a/2<011> and are aligned along the <200> crystal
direction (Error! Reference source not found,), which is consistent with the descriptions by Kulcinski et

al. [35] for the orientation of loops in the ordered defect structure observed in FCC Ni. The formation
mechanism for the self-alignment of the small loops can be explained in the following process [36,37]: the
initial dislocation loops formed through cascade damages in the ion-irradiated austenitic steels are of
a/3<111> sessile characters [19], which change orientations to become glissile through mutual elastic
interactions, when the loop density is raised to a high level [31]. The glissile loops pin each other to form
line segments. Additional glissile loops will keep joining the line segment to form the “raft” structures.

4.3 Irradiation-induced Amorphization of M>3Cs Precipitates

The crystalline-to-amorphous (c-a) phase transition due to energetic particle irradiations at low
temperatures is frequently observed in many crystalline materials [38—40]. Specifically, the amorphization
of M23Cs precipitates was observed by Sencer et al. [38] in a modified 9Cr-1Mo ferritic/martensitic steel
irradiated with proton/neutron mixed spectra. The M»Cs precipitates lost crystallinity and formed diffuse
diffraction rings at a dose of 0.5 dpa. Dai et al. [40] also observed the amorphization of the M»Cs
precipitates in a martensitic steel (DIN 1.4926) irradiated with 800 MeV protons at temperatures from 50
to 230°C. The amorphization was not completed at 0.4 dpa and fully completed at 3.4 dpa [40]. In both
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cases, the compositions of the amorphorized M»3Cs precipitates were not significantly changed by the
irradiation, and irradiation temperature was critical for the occurance of amorphization. Sencer et al. also
showed that the MX precipitates were persistently stable, while the M»3Cs precipitates in the same
specimens became amorphous [38]. These results are all consistent with the observations in this study.

Two criteria for the amorphization of metal oxides from heavy-ion irradiations were proposed by
Naguib and Kelly [41], concerning the ratio of crystallization and melting temperatures and the type of
atomic bond. Lam et al. [42-44] proposed a generalized Lindemann melting criterion: the radiation
damages are treated as a mean vibration similar to the thermal vibration, and melting happens when the
sum of these two vibration terms exceeds a threshold value. It could be told from this theory that the
amorphorized materials experience a reduction in the shear modulus (“softening”) similar to the thermal
heating effect, which potentially affects the mechanical behavior of the material under irradiation. In this
study, the c-a transition of the M2 Cs precipitates can be explained with a critical damage criterion given
by Motta [45], described by the following equation:

D(t) = [R - A(T)] *t > Deritical

where D is the level of lattice disordering and it is a function of time #; R is the displacement rate; 4 is the
annealing rate for the irradiation induced disordering, which is a function of the irradiation temperature 7T:
A(T) = Y, a;Civexp (—E;/kT) (i: defect species; C: defect concentration; E: migration energy). The
damage yield D must be over a critical level D,,;¢icq; for the c-a transition to happen. It can be told that the
annealing rate (4) increases with increasing irradiation temperature (7). At a critical temperature T¢riticar
where R = A(T¢riticar), the rate of net disordering yield is zero, and the amorphization (D;y > D ritical)
will not take place. This mechanism explains the observation of an upper limit of amorphization
temperature, where the amorphization of M»3Cs precipitates was not observed at 400°C or above. The
critical temperature T,,i;icq; in the current ion-irradiation experiment is thus determined to be between 300
and 400°C. However, this value is dependent on the displacement rate R, and will be lower at lower
displacement rates, such as in a thermal-nuclear reactor. The amorphorized M23;Cs precipitate in the RT
irradiated sample remained stable up to 20 dpa, showing that the amorphorized phase is stable through
accumulating irradiation doses without converting back to the crystalline state. The amorphous phase
remains stable to a high irradiation dose over the crystalline phase possibly due to the relaxation of the
long-range order constraint by the c-a transition [45].

4.4 Irradiation Stability of the MX Precipitates

The precipitation of fine MX particles is critical for the NF709 steel to achieve and maintain its high
creep resistance at high temperatures. The fine MX precipitates serve as obstacles for pinning dislocation
motions under creep deformation and defect sinks under irradiations. Therefore, the irradiation stability of
the MX precipitates is one of the key factors for the final selection of NF709 as the reactor core structural
material in the Gen-IV reactors. Based on the observations in this study, the MX precipitates are stable and
remain crystalline structure under the 1 MeV Kr ion irradiations at RT up to 600°C and 3 dpa at least.
Considering the high dose rate effect from the heavy ion irradiation, it is anticipated that the MX precipitates
would maintain their integrity under a reactor core environment for even higher doses at these temperatures
(below 600°C). As our irradiation at 600°C suggested possible instability for some of the MX precipitates,
additional experiments are needed to get a complete picture of the irradiation induced instability of the MX
precipitates at even higher irradiation temperatures.

4.5 Heavy-ion Irradiation Simulation and the Thin-foil Influences
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The use of energetic heavy ions to simulate the cascade damages caused by neutron has shown to be
effective [46—48]. The ion-irradiation with in-situ TEM observations method is a valuable technique for
studying the irradiation damage mechanisms, which offers the capability of in-situ observation of defect
evolutions at well-controlled irradiation conditions [49,50]. The use of 1 MeV Kr ion irradiation was shown
to give a similar recoil spectrum for the primary knock-on atoms (PKAs) as the neutrons in a reactor [50].
One of the most common criticisms on this technique is the thin-foil effect, where the free surfaces of the
thin foil specimens can serve as defect sinks during irradiation [50], and they might introduce a defect
depleted zone near the surface [51]. In this study, the thin foil effect is not considered to have significant
impacts on the defect morphology, loop size and precipitate stability results, as these results are determined
mechanistically. In fact, no significant differences were identified among regions with different thicknesses
regarding these results. The irradiation dose rate used in this experiment is much higher than that in a
nuclear reactor, which inevitably affects the defect evolution and precipitate stability of materials in service
[47,52,53]. Nevertheless, this paper is focused on the mechanistic studies, additional efforts are required to
get an accurate simulation of the materials’ irradiation responses in a nuclear reactor.

5. Conclusions

NF709 steel specimens were in-situ irradiated using 1 MeV Kr ions at RT, 300, 400, 500, and 600 °C.
The irradiation induced defect structures and the stability of pre-existing precipitates were characterized
with TEM. The conclusions are:

» The Frank dislocation loops were quantified using the rel-rod dark field imaging method, and the loop
sizes increased significantly at 600°C as compared to those at lower temperatures.

= The “raft” structures were observed in the samples at all irradiation conditions, and they are suggested
to be composed of small dislocation loops aligned along the <200> crystal direction with a suggested

Burger’s vector of a/2<011>.
= The MxCs precipitates became amorphorized under irradiations at RT and 300°C, but remained

crystalline structure when irradiated at 400°C or above.

» The MX precipitates were stable under irradiations at RT to 500°C. Possible irradiation induced
dissolution was observed during the in-situ irradiation at 600°C.
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