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Abstract: Ion irradiation is a promising tool to emulate neutron-irradiation effects on reactor pressure
vessel (RPV) steels, especially in the situation of limited availability of suitable neutron-irradiated
material. This approach requires the consideration of ion-neutron transferability issues, which are
addressed in the present study by comparing the effect of ions with neutron-irradiation effects
reported for the same materials. The first part of the study covers a comprehensive characterization,
based on dedicated electron microscopy techniques, of the selected unirradiated RPV materials,
namely a base metal and a weld. The results obtained for the grain size, dislocation density, and
precipitates are put in context in terms of hardening contributions and sink strength. The second part
is focused on the depth-dependent characterization of the dislocation loops formed in ion-irradiated
samples. This work is based on scanning transmission electron microscopy applied to cross-sectional
samples prepared by the focused ion beam technique. A band-like arrangement of loops is observed
in the depth range close to the peak of injected interstitials. Two levels of displacement damage, 0.1
and 1 dpa (displacements per atom), as well as post-irradiation annealed conditions, are included for
both RPV materials. Compared with neutron irradiation, ion irradiation creates a similar average size
but a higher number density of loops presumably due to the higher dose rate during ion irradiation.

Keywords: reactor pressure vessel steels; microstructural characterization; ion irradiation; transmission
electron microscope; dislocation loop

1. Introduction

From the perspective of safety and reliability, the reactor pressure vessel (RPV) is a
critical component in a nuclear fission reactor. It is specifically designed to withstand the
temperatures, pressures, and radiation levels present in nuclear reactors. In Western pres-
surized water reactors, the operating temperature is approximately 290 °C, the operating
pressure is up to 15.5 MPa and the neutron fluence is up to 102 m~2 (E > 1 MeV) for 40-year
full-time operation [1]. To some extent, embrittlement is an unavoidable consequence of
neutron irradiation [2-6].

Although the microstructure of neutron-irradiated RPV steels has been analyzed many
times, e.g., [7-13], there are still open issues [14], which pose the need for additional neutron
irradiations. However, there are several challenges to performing neutron-irradiation
experiments, such as the handling of activated samples, long irradiation time, and the
lack of neutron-irradiation facilities. Therefore, recent research followed the idea to use
ion irradiations in order to emulate neutron-irradiation effects [2,15-21]. Ion irradiations
allow the irradiation time to be reduced (to days or hours) and the variability of irradiation
conditions (temperature, dose rate) to be improved. However, some difficulties exist in ion
irradiation. First, unlike neutron irradiation, ions have a short penetration range (of the
order of some pm) and thus the irradiation effects can only be studied in a comparatively
small volume near the surface of ion-irradiated samples. Second, ions are implanted in the
sample and the damage profile is complex. Despite this, a “safe zone” [22] is obtained with
high-energy ions, such as 5 MeV and above. In the “safe zone”, there is a broad enough
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region where injected interstitials and sample surface artifacts can be neglected. The defects
induced in the “safe zone” are mainly caused by ion-irradiation displacement damage, and
thus are better comparable to defects induced by neutron irradiation.

Microstructure investigations of ion-irradiated RPV steels have been reported before.
Ma et al. [23] reported the irradiated microstructure in a thin foil taken from the region
of maximum irradiation damage for two different doses. Unfortunately, the position of
maximum damage is affected by the injected interstitials. Ding et al. [24] characterized
the microstructure induced by various doses of ion irradiation at room temperature and
discussed the relation with mechanical properties. The microstructure was limited to the
maximum damage region too, and the influence of injected interstitials was not mentioned.
Fujii et al. [25] characterized the ion-irradiated microstructure within the whole depth
region (the region near the surface was lost due to the preparation process) but the quantita-
tive analysis was performed in a shallow region close to peak damage. Watanabe et al. [26]
discussed the formation of loops in the matrix and in the vicinity of dislocations. In addi-
tion, recovery of hardening by post-irradiation annealing was demonstrated but without
information on the as-annealed microstructure. The current stage of research justifies the
need to quantitatively analyze the complete through-depth region in order to identify the
safe zone and largely exclude ion-related artifacts.

The subject of this paper is to investigate the microstructure of an RPV weld and an
RPV base metal by means of electron microscopy including scanning transmission electron
microscopy (STEM). The study covers the unirradiated, ion-irradiated and post-irradiation
annealed (PIA) microstructures. In order to study the effects of ion irradiation and an-
nealing, cross-sectional samples were prepared and analyzed using depth-resolved STEM.
Moreover, an additional aim is the direct comparison of the ion-irradiated microstructure
in the safe zone with the microstructure reported for the same neutron-irradiated materials.

2. Materials and Methods
2.1. Materials

Two commercial RPV steels with body-centered cubic (bcc) structure, here referred
to as ANP-6 and ANP-10, are investigated in this study. Both of them were provided
by Framatome GmbH (Erlangen, Germany) as broken Charpy-V specimens. ANP-6 is a
western second-generation RPV weld of type S3NiMo/OP41TT, while ANP-10 is a western
2nd/3rd generation RPV steel (forging) of type 22NiMoCr3-7. The compositions are given
in Table 1.

Table 1. Composition in wt. % (Fe is balance).

Material Mn Si Cr Ni Mo A% P Cu
ANP-6 0.05 141 0.15 0.07 1.69 0.46 0.004 0.012 0.08
ANP-10 0.18 0.81 0.15 0.40 0.96 0.53 <0.01 0.006 0.09

2.2. Sample Preparation

First, the samples were cut into pieces with a geometry of 10 x 10 x 1 mm3 by
electrical discharge machining. Subsequent preparation steps are different for each electron
microscope instrument and ion irradiation.

For electron backscatter diffraction (EBSD), samples were ground with SiC paper for
up to 200 s down to 2500 grit, followed by mechanical polishing for up to 8 min with
3 um and 1 pm diamond paste and fine polishing for 2 min with 60 nm silica suspension
(MasterMet, Buehler, Leinfelden-Echterdingen, Germany). The load for all grinding and
polishing operations was 17 Newton.

For scanning electron microscopy (SEM) imaging and energy dispersive X-ray spec-
troscopy (EDX), samples were prepared with the same steps as the samples prepared for
EBSD but with additional electro-polishing in 2% perchloric acid in Butylcellosolve as the
last step. The last step provides an enhanced particle contrast.
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For classical transmission electron microscopy (TEM)/scanning transmission electron
microscopy (STEM), samples were ground down to 100 pm and punched out as 3 mm discs,
followed by electrolytic thinning using 5% perchloric acid in methanol (Tenupol 5 Struers)
at —40 °C for 1-3 min.

Before ion irradiation, samples were prepared with the same steps as the samples
prepared for EBSD. In addition, shortly before ion irradiation, the samples were cleaned for
2 min in a plasma cleaner (Fischione Instruments Model 1020, Hanau, Germany) to prevent
the formation of a possible carbon contamination layer.

The ion-irradiated target samples observed in (5)TEM were initially characterized by
EBSD and grains with preferred orientations were chosen for the subsequent focused ion
beam (FIB) preparation. The chosen areas were lifted out as lamella in a wedge shape with
around 10 um width, a depth of at least 3 um, and a thickness between 60 and 200 nm at
the relevant areas.

2.3. Microstructure Characterization of the Unirradiated Material

An EVO 50 SEM (Zeiss, Oberkochen, Germany) with a tungsten filament was used for
surface imaging with secondary electron (SE) and backscattered electron (BSE) detectors.
For EBSD, an NVision 40 SEM (Zeiss, Oberkochen, Germany) with a field emission gun
(FEG) equipped with a Bruker EBSD system was used to study the initial microstructure.
SEM-EDX was applied to identify the type of particles. A series of SE and InLens micro-
graphs was used to provide detection of particles with the best possible edge, as well as
gray value contrast of particles and matrix. Each particle was manually marked in order to
achieve correct separation. Afterward, in-house written software was used to identify the
marked areas as particles. Thus, the number, area fraction, and mean size of particles in the
acquired micrographs were obtained. Using these data, the number density of particles
was calculated.

EBSD mappings with 1400 x 1050 points were recorded using an acceleration voltage
of 16 kV, a step size of 200 nm, and a pattern acquisition time between 55 and 62 ms. EBSD
evaluation was conducted using in-house written software. The grains were identified as
areas enclosed by grain boundaries with a misorientation angle >5°. The grain size was
calculated as the equivalent circle diameter from the averaged grain area. Grains with less
than 5 pixels (diameter < 0.5 pm) were not considered for grain size determination.

For (S)TEM, a Talos 200 FEG TEM (FEI, Eindhoven, Netherlands) was applied to
image dislocations and to measure dislocation density. The thickness was measured by the
acquisition of convergent beam electron diffraction (CBED) patterns at <211> bands and a
subsequent comparison of experimental and simulated CBED patterns. CBED simulations
were carried out by the software TEMStrain 1.4 (Krakéw, Poland) by A. Morawiec. In order
to measure the dislocation density, grains were oriented to either <113> or <001> zone axis
for STEM imaging. The correct orientation was confirmed by both, conventional selected
area diffraction (SAD) as well as CBED patterns. Imaging on these zone axes allows the
visibility of most dislocations with /2 <111> and <001> type Burgers vectors that exist in
bce structural materials. After imaging dislocations, the thickness of each corresponding
grain was measured. The grain was tilted so that the direct beam was aligned with a <211>
type Kikuchi band. Through tilting, the grain orientation was adjusted so that one Kikuchi
line was crossing the center of the transmitted disc, while the complementary Kikuchi line
was crossing the center of the diffracted disc. These experimental CBED patterns were then
compared to simulated CBED patterns. The rocking curve in these patterns is very sensitive
to changes in sample thickness. Thus, the accuracy of this method for measuring sample
thickness at a single point is approximately 5 nm or better. However, the thickness is not
always constant over the whole grain. If a thickness gradient was noticed, several points
of thickness measurement were taken and an average grain thickness was determined.
After imaging of dislocations and thickness measurement, the line intercept method was
applied to calculate the dislocation density for each grain. Since a mere gray-value-based
recognition of STEM images of dislocations did not work reliably, the dislocations were
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marked manually. In the next step, in-house written software was used to draw vertical
and horizontal lines with a spacing of 10 image pixels. The total number of intercepts N
with dislocation lines was counted automatically. Ambiguous areas were excluded. Finally,
for each grain, the dislocation density p was calculated as:

p=(2 x N)/(L x t) 1)

where N is the number of interception points, L is the total line length, and f is the grains
thickness. The dislocation density was measured using at least 10 grains for both materials
and a grain volume-weighted average dislocation density was calculated.

2.4. Ion Irradiation

Ion irradiations were performed in the Ion Beam Center at Helmholtz-Zentrum
Dresden-Rossendorf using a 3 MV tandetron accelerator. Fe?* ions with an energy of
5 MeV were implanted into the polished side of the samples. In order to investigate the
effect of different doses in the unit of displacement per atom (dpa), the binary collision
code Stopping and Range of Ions in Matter (SRIM) version 2013.00 was applied to calcu-
late the doses and corresponding ion fluences. The calculations were based on the quick
Kinchin-Pease calculation suggested by [27]. The depth profile of the dose, given in dpa,
and injected interstitials, given in atomic parts per million (appm), calculated by SRIM,
are plotted in Figure 1. The depth range around 0.5 pm can be considered as the “safe
zone” due to the almost complete absence of injected interstitials. A summary of irradiation
conditions is listed in Table 2. Two irradiation conditions resulting in 0.1 dpa (low dose)
and 1 dpa (high dose) at the depth of 0.5 um (reference depth, dotted line in Figure 1) were
applied for both materials using the same dose rate (dose rate at 0.5 pm: 4.67 x 10—> dpa/s,
flux: 1.25 x 1011 cm_z/s).
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Figure 1. Depth profiles of dose (in dpa) and injected interstitials (in appm) for low (dash lines) and
high (solid lines) doses calculated by SRIM.

Table 2. Summary of irradiation conditions.

B B Irradiation Temperature Dose at Depth
2 2
Ion Type Energy (MeV) Flux (cm~2/s)  Fluence (cm—2) Time (h) ©C) of 0.5 um (dpa)
FeZ* 5 1.25 x 101 2.67 x 101 0.6 300 0.1
FeZ* 5 1.25 x 101 2.67 x 101 6 300 1

2.5. STEM Study of Irradiation-Induced Defects

After ion irradiation, cross-sectional samples of irradiated materials were lifted out
by FIB, as described in Section 2.2, using a FEI Helios G4 CX Crossbeam with pre-chosen
grain orientation, so that the grain would appear in <001> zone axis in the TEM.
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Ion-induced dislocation loops were imaged under diffraction condition g = <110> near
the <001> zone axis in bright field and dark field STEM mode. The number densities and
size measurements of loops were conducted using bright field images. Segments with a
width of 0.1 pm were defined and analyzed along the perpendicular direction from the
surface of the cross-sectional samples, thus the depth profiles of the number density and
size of loops were acquired. In order to avoid possible preparation defects induced by the
FIB technique near the sample surface, the first segment ranges from a depth of 0 to 0.1 pm
was neglected and analysis started at a depth of 0.1 um.

In bcce structural materials, dislocation loops are formed only with Burgers vectors
b = <001> and b = 1/2 <111> [28]. According to the visibility criteria, loops are invisible
under STEM images when g - b = 0. As shown in Table 3, specifically under diffraction
condition g = <110>, half of b = /2 <111> type, and one-third of b = <001> type loops are
invisible. Therefore, the total number density of loops N lies between 1.5 N. and 2 N, [29],
where N, is the number density of loops counted and calculated under diffraction condition
g = <110>. In the present work, N; = 1.75 N, is chosen with an error range of £0.25 N..

Table 3. Visibility criteria for dislocation loops in bec structure steels with the TEM sample orientation
close to the [001] zone axis. b: Burgers vector, g: diffraction vector, V = visible, 0 = invisible.

1/2 [111] 1/2 [111] 1/2 [117] 1/2 [111] [100] [010] [001]
g
[110] % \Y 0 0 % \Y 0
[110] 0 0 \% \% \% \ 0

In order to determine the type of ion-irradiation induced loops, STEM images under
[001] zone axis, diffraction vectors g = [110] and g = [110] near [001] zone axis need to be
taken. In the STEM image taken under [001] zone axis condition, all the loops are visible
except those with b = [001]. If the loops are visible for both diffraction vectors g = [110]
and g = [110], then the loops can be distinguished as <001>-type of loops. If the loops are
visible for one of the diffraction vectors but invisible for the other one, then the loops are
/2 <111>-type.

2.6. Effect of PIA

After ion irradiation, annealing was applied to investigate the thermal stability of the
irradiation-induced dislocation loops. As-irradiated samples of ANP-6 and ANP-10 with
high doses were annealed at a temperature of 475 °C for 3 h. Additionally, as-irradiated
ANP-10 with a high dose was annealed at 550 °C for 3 h. In order to avoid oxidation,
the samples were wrapped inside multi-layered steel foil envelopes and placed into an
evacuated quartz tube. The tube was inserted into a furnace pre-heated to the desired
temperature, which is monitored and controlled by a thermocouple. After annealing, a
high cooling rate was achieved by retracting the tube.

3. Results
3.1. Unirradiated Microstructure

The unirradiated microstructure of as-received samples was initially characterized
by SEM. Figures 2 and 3 show the SEM micrographs of ANP-6 and ANP-10, respectively.
In contrast to ANP-10, ANP-6 obviously exhibits more large (>1 um in diameter) spheri-
cal particles.
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Figure 3. SEM micrographs of ANP-10 using (a) SE detector and (b) BSE detector.

The particles were analyzed by SEM-EDX. Figure 4a displays the overview SE mi-
crograph of the area on ANP-6, the crosses with numbers indicate the spots at which
EDX spectra have been collected. Figure 4b shows a spectrum from the metal matrix as
a reference. As represented by position 2 (Figure 4c), the larger spherical particles are
Al-, Si-, and Mn-rich oxides. The smaller particles, located mostly in the vicinity of grain
boundaries, are carbides enriched with Cr (position 3, Figure 4d).

Figure 5a displays the overview SE micrograph of the area on ANP-10, the crosses
with numbers indicate the spots at which EDX spectra have been collected. Figure 5b shows
a spectrum from the metal matrix as a reference. Figure 5¢,d display the spectra of the
chosen particles. All identified particles in ANP-10 are carbides. Most of the larger carbides
are predominantly enriched with Mn and contain some excess Mo and Cr (e.g., position 2).
Some of the smaller carbides are predominantly enriched with Mo (e.g., position 3), and
show a little excess of Mn and Cr, too.

The microstructure of the as-received samples was additionally characterized by EBSD.
Inverse pole figure (IPF) plots for the sample normal direction were calculated from the
EBSD mappings as shown in Figure 6. The global texture for both materials is weak. EBSD
mapping of grain boundaries is shown in Figure 7. The average grain size amounts to
2.9 ym and 5.5 um for ANP-6 and ANP-10, respectively.



Metals 2023, 13, 1339 7 0f23
12 cps/eV cps/eV cps/eV
(b) ) (© (@
10 40 10 c
Ci Mn
8 Mn k 8| Fe Re
6| [Ni Fe 6
Si
Fe 4 c E
e
Mn Mo
1 2 Mn
0 2 4 6 8 10 12 6 8 10 12 0 2 4 6 8 10 12
Energy [keV] Energy [keV] Energy [keV]

Figure 4. SEM-EDX on ANP-6. (a) shows an overview SE micrograph. The crosses with numbers indi-
cate the spots at which EDX spectra have been collected. (b) shows the spectrum at position 1 (matrix),
(c) at position 2 (oxide particle), and (d) at position 3 (carbide).
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Figure 5. SEM-EDX on ANP-10. (a) shows an overview SE micrograph. The crosses with numbers
indicate the spots at which EDX spectra have been collected. (b) shows the spectrum at position 1
(matrix), (c) at position 2 (carbide), and (d) at position 3 (another carbide).
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Figure 6. EBSD IPF-Z mappings of (a) ANP-6 overview, (b) ANP-10 overview, (c) ANP-6 detail, and
(d) ANP-10 detail.

Misorientation 2 15°
— 57 = Misorientation < 15%
= 3" < Misorientation < 5°

Figure 7. EBSD pattern quality map with grain boundaries (a) ANP-6 detail, (b) ANP-10 detail.
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The initial dislocations were imaged by STEM and the dislocation density was mea-
sured afterward. Figure 8 shows a typical example of initial dislocation imaging under
zone axis <113> condition for ANP-6 and ANP-10. The dislocation density in ANP-6 is
approximately one order of magnitude larger than ANP-10. The measured microstructure
parameters by EBSD, SEM-EDX, STEM, and yield stress at room temperature provided
by [30] are summarized in Table 4. The microstructure of materials has a close relation to
the yield stress. In the discussion part, this topic will be elaborated.

ey 100 M ] 200 MY

Figure 8. STEM imaging of initial dislocations for (a) ANP-6, (b) ANP-10.

Table 4. Microstructure parameters and yield stress.

Properties ANP-6 ANP-10
Grain size (um) by EBSD 29 5.5
Initial dislocation density (m~2) by STEM 3.2 x 1014 5.2 x 1013
Mean size of oxide particles (nm) 300 -
Mean size of carbide particles (nm) 65 67
Number density of oxide particles (m~3) 2.7 x 10" -
Number density of carbide particles (m~3) 8.6 x 10Y 2.9 x 102
Yield stress (MPa) 555 422

3.2. Ion-Irradiation Effect

After both materials were ion irradiated, dislocation loops can be observed mostly
as small black dots (approximate diameter < 10 nm), while rarely some appear as “real
loops” (approximate diameter > 15 nm) in the STEM bright field images. Figure 9a,b and
Figure 10a,b show examples of STEM images of ion-irradiated cross sections for sample
ANP-6 (high and low doses) and ANP-10 (high and low doses), respectively. On the
left-hand side of the STEM images, depth profiles of displacement damage and injected
interstitials calculated by SRIM are attached. The most important feature is the damage
band with a high density of dislocation loops located in the range from 1.2 to 1.6 pm
below the surface, which overlaps with the depth range of maximum dose and injected
interstitials. The band is clearly distinguished in the high-dose samples. While still present,
it is less obvious in low-dose samples. In the depth range between the band and the
surface, significantly fewer loops are present. They are distributed inhomogeneously and
located preferentially in the vicinity of sinks (initial line dislocations, grain boundaries, and
precipitates). The density of loops below the damage band decreases dramatically and
loops are barely observed below a depth of approximately 2.0 um, where the unirradiated
substrate is located.
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Figure 9. STEM images of ion-irradiated ANP-6 and depth profiles of SRIM calculation. (a) high
dose, 1 dpa at 0.5 um (b) low dose, 0.1 dpa at 0.5 pm.
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Figure 10. STEM images of ion-irradiated ANP-10 and depth profiles of SRIM calculation. (a) high
dose, 1 dpa at 0.5 um (b) low dose, 0.1 dpa at 0.5 pm.

The number density and average diameter of loops were measured segment by seg-
ment as described in the experimental section and are presented in Figures 11 and 12 as
functions of depth. Error bars for the number density are derived from the square root of
the total number considered. For the size, the error is the standard deviation.
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Figure 11. Measured depth profile of number density of loops for samples (a) ANP-6, (b) ANP-10.
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Figure 12. Measured depth profile of size of loops in diameter for samples (a) ANP-6, (b) ANP-10.

Table 5 summarizes the peak positions (depth from the surface) for the ion-irradiation
dose and the injected interstitials, which were calculated by SRIM. In addition, the measured
peak positions of the number density N; of loops for low and high doses are also included.

Table 5. Peak positions for ion-irradiation dose, injected interstitials, and number density N, of loops

for low and high doses.

Peak Positions (um) for:

Material Dose Injected N, for Low N, for High
Interstitials Dose Dose
ANP-6 1.48 1.35 1.55
ANP-10 1.48 1.45 1.55

Regardless of the dose level and the material, the peak positions of the number density
N, of loops are deeper than the peak position of the dose and close to the peak position of
the injected interstitials. For both materials, the peak positions of the number density of
loops are deeper for the high dose as compared to the low dose.
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The measured number densities of loops at the peak position and the diameters of
loops averaged over the whole depth range are summarized in Table 6 for both ANP-6 and

ANP-10.

Table 6. Summary of loop measurements (number density at peak position, diameter averaged over

the whole depth profile).

Sample Number Density (x10~3 nm—3) Diameter (nm)
ANP-6, low dose 14£02 38+12
ANP-6, high dose 54+03 6.2+25
ANP-10, low dose 1.34+0.1 3.6+14
ANP-10, high dose 57402 6.0+23

The number densities of loops at the peak position are higher for the high dose as
compared to the low dose. The factors are 3.9 and 4.5 for ANP-6 and ANP-10, respectively.
The average size of loops is slightly larger for the high dose as compared to the low dose
for both materials.

Figures 13 and 14 show the size distribution of loops. Parts a, b, and c of both figures
refer to the whole depth range, the depth range above the damage band (from 0.1 to 1.2 pm),
and the depth range close to the damage band (from 1.2 to appr. 2.0 pm), respectively.
There is no obvious difference between cases b and ¢, so the size distribution of loops
appears depth independent for both materials.

(b) (c)
200 200
I low dose I low dose I low dose
Il high dose I high dose Il high dose
150 150
1) 1)
i i
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Figure 13. Size distribution of loops in ANP-6 (a) whole depth, (b) above damage band (from 0.1 to
1.2 um), (c) on band (from 1.2 to appr. 2.0 pm).
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Figure 14. Size distribution of loops in ANP-10 (a) whole depth, (b) above damage band (from 0.1 to
1.2 um), (c) on band (from 1.2 to appr. 2.0 pm).

3.3. Effect of PIA

ANP-6 and ANP-10 with high doses were subsequently heat treated for 3 h at 475 °C.
The STEM images of these annealed cross-sectional samples are shown in Figure 15. Loops
are still visible after the annealing of both materials. The measured depth profiles of the
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number density and diameter of loops for both samples before and after annealing are
plotted in Figures 16 and 17. The overall results are similar for both samples. The number
density of loops at peak position decreases significantly with respect to the as-irradiated
materials. The loop size increases after annealing in the whole depth range. Additionally,
as-irradiated ANP-10 with a high dose was annealed for 3 h at 550 °C. A STEM image is
shown in Figure 18. No loops can be observed. Table 7 shows the quantitative comparison.

Surface (b) Surface

Figure 15. STEM images after PIA at 475 °C for samples (a) ANP-6, (b) ANP-10.
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Figure 16. Depth profiles of loops number density in ion-irradiated (high dose) and subsequently
annealed at 475 °C (a) ANP-6, (b) ANP-10.
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Figure 17. Depth profiles of loops diameter in ion-irradiated (high dose) and subsequently annealed

at 475 °C (a) ANP-6, (b) ANP-10.

Surface

Figure 18. STEM image after PIA at 550 °C for ANP-10.

Table 7. Summary of loops for the effect of PIA (number density at peak position, diameter averaged

over the whole depth profile).

Sample Number Density at Peak Diameter
Position (X105 nm—3) (nm)
ANP-6, high dose 54+03 62+25
ANP-6, high dose + 475 °C annealing 1.6 £0.1 8.6 +£3.0
ANP-10, high dose 57+02 6.0+23
ANP-10, high dose + 475 °C annealing 21+01 89425
ANP-10, high dose + 550 °C annealing No loops -

A comparison of the size distribution of loops before and after annealing is given in
Figure 19. Loops with a diameter below 5 nm, which are dominant for the as-irradiated
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samples, almost completely disappear after annealing. The peak positions of the size
distributions are shifted by around 4 nm toward higher diameters.

(a) (b)
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5 100+ 5
[o] @]
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0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Size distribution, diameter (nm) Size distribution, diameter (nm)

Figure 19. Size distribution of loops in the whole depth of (a) ANP-6, (b) ANP-10.

3.4. Determination of Burgers Vector of Loops

For the Burgers vector analysis, it is important to distinguish between different imaging
conditions, namely “in zone axis” and “specific g vectors close to zone axis”, as mentioned
in Section 2.5. An example of Burgers vector determination is demonstrated in Figure 20.
The final results are shown in Table 8. Approximately 150 loops were measured in the
region between the sample surface and the damage band for each sample. The number
in brackets in Table 8 is the exact number of loops considered. The error is given as the
inverse square root of the total number of considered loops. In both materials, <001>-type
loops are dominant, representing approximately 70% of all loops.

I

200 nm | — L L]

| — L]

Figure 20. Visibility of loops by STEM in the same area under different conditions (example of
ANP-10 with high dose). Visible: solid circle. Invisible: dot circle. (a) zone axis [001] micrograph,
(b) diffraction vector g = [110], (c) diffraction vector g = [110].
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Table 8. Results of percentage of loops (number of considered loops in bracket) for ANP-6 and
ANP-10 with high dose.

Type of Loops ANP-6 (High Dose) ANP-10 (High Dose)
<001> 63 £+ 7% (147) 72 + 8% (105)
/2 <111> 37 £ 7% (85) 28 + 8% (41)

4. Discussion
4.1. Correlation between Initial Microstructure and Yield Stress

The yield stress of materials is related to its microstructure. The yield stress (¢y) of ma-
terials at room temperature can be tentatively calculated by the linear sum of strengthening
contributions [31], as in Equation (2):

Oy= 09+0s+0¢+0,+0p 2)

where 0y, 05, ¢, 04, 0p are lattice friction, solid solution strengthening, Hall-Petch strength-
ening (grain boundary strengthening), dislocation forest strengthening, and particle strength-
ening, respectively.

However, according to [32], the calculated yield stress has the best match with mea-
sured yield stress, using a different expression (3), where the friction and solute strengthen-
ing are neglected, while the contribution of dislocation forest strengthening and particles
strengthening are added geometrically [33,34].

o= 0y + /05405 (3)

within Equation (3), Hall-Petch strengthening contribution ¢y can be calculated as:

b
0= aeG @ 4)

where ae = 0.2 [35], G is the shear modulus (=83 GPa at room temperature) [34,36], b is
the Burgers vector (=0.248 nm for bcc 1/2 <111>-type dislocations, assuming all are 1/2
<111>-type) and d, is average grain size.

Dislocation forest strengthening (o) can be calculated as:

04= adMGb\/pTi (5)

where a; = 1/3 [35], M is the Taylor factor recommended to be 3.06 for most polycrystalline
bce metals [37] and p; is the dislocation density.

For the unirradiated materials in this study, only carbides are relevant. Indeed, only
carbides were observed for ANP-10, whereas for ANP-6, the number density of oxides
was found to be two orders of magnitude lower than that of the carbides. The particle
strengthening (0) can be calculated as:

where a, is the obstacle strength for carbides (=0.8) [38], N, and d), are the number density
and mean size of carbides.

The yield stress calculated according to Equation (3) and the experimental yield stress
are compared in Table 9.
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Table 9. Comparison of experimental and calculated yield stress for ANP-6 and ANP-10.

Experimental Initial Carbides Calculated

Material Yield Stress Grain Size Dlsloca.tlon Numl?er cg(MP2) 04 (MPa) o, (MPa) Yield Stress
o, (MPa) (um) Density Density oy

v (m~2) (m—3) (MPa)

ANP-6 555 29 3.20 x 101 8.62 x 101 157 384 122 547
ANP-10 422 5.5 5.20 x 1013 2.93 x 1020 114 155 229 381

The calculated yield stress is quite precise for ANP-6 (~1% deviation) and close for
ANP-10 (~10% deviation). This confirms the applicability of Equations (3)—(6) for the
unirradiated RPV materials of this study. We have also found that each of the three yield-
stress contributions is significant. For ANP-6, forest strengthening is dominant, while
particle (carbide) strengthening is dominant for ANP-10. The achieved understanding
of the strengthening mechanisms will be an important input for the interpretation of
irradiation-induced changes in the microstructure and mechanical properties.

4.2. Effect of Dose

The depth-dependent characteristics of the irradiation-induced loops were already
described in Section 3.2 and listed in Table 6 for both materials and both doses. We are
especially interested in the dose effect on the formation of loops in terms of ratios between
high and low doses, see Table 10. The ratio (f.) between high and low dose is 10. Comparing
high and low doses, the ratio of the maximum number density of loops (f,) is 3.9 for ANP-6
and 4.4 for ANP-10. The ratio of the average diameter of loops (f;) is 1.6 for ANP-6 and 1.7
for ANP-10.

Table 10. Calculation results of the ratios fu, f4, fp, fe-

Material fe fn fa fr
ANP-6 10 39+0.6 1.6 0.8 10.0 £10.4
ANP-10 10 44+04 1.7 £0.9 12.7 +£13.9

For the Chinese RPV steel A508-3, an increase in the dose from 0.08 dpa to 1.5 dpa
(that is, a ratio of 19) with Fe ions at room temperature was reported to result in an increase
in the number density of loops from 0.51 x 1075 nm 3 to 1.78 x 1072 nm 3 (that is a ratio
of 3.5). The loop diameter was found to increase from 3.8 nm to 4.1 nm (that is a ratio of
1.08) [23]. Comparing these reported results with the present study reveals the trends as
a function of dose to be similar. More specifically, the number density of loops is slightly
smaller and evolves slightly slower for the Chinese RPV steel, whereas the loop size is
similar at the lower dpa level and evolves much slower. These differences may be mainly
due to the different irradiation temperatures, which are known to play an important role in
loop formation.

As the irradiation-induced point defects are the source of dislocation loops, we are also
interested in the number density of point defects that constitute the loops and its relation
to dose in this study. The ratio of those point defects (f) constituting the loops between
the two doses can be calculated using Equation (7). The final calculation results of f, are
shown in Table 10.

fo=Fuxfi )

For both materials, the ratio of the number densities of point defects between high
and low doses is roughly the same as the ratio of doses. This indicates a linear increase
in the number density of point defects as a function of dose. Such linear increase is not
self-evident, it depends on the evolution of the sink strength. The concept of sink strength
will be explained in Section 4.3. Here we can distinguish between point defect sinks that
are initially present (e.g., grain boundaries, dislocations, particle-matrix interface) or added
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during irradiation (e.g., loops). A significant increase in the sink strength during irradiation
would result in a less-than-linear increase in the number density of point defects as a
function of dose. The present results, therefore, indicate that the irradiation-induced loops
do not contribute substantially to the total sink strength for the relatively low doses of
this study.

4.3. Comparison between ANP-6 and ANP-10

Ion-irradiation-induced microstructure for ANP-6 and ANP-10 is quite similar. In
order to rationalize this finding, we make use of the concept of sink strength. Sinks include
dislocations, particle-matrix interfaces, grain boundaries, etc., so the total sink strength
(Stota) combines the contributions from different types of sinks. Materials with larger total
sink strengths are more irradiation resistant, which means that the irradiated materials are
expected to have a lower number density of loops and less hardening. The calculation of
Stotal is the linear sum of specific sink strength of dislocations (S,), particles (Sy), and grain
boundaries (Sg) [2,39,40]:

Stotal= Sa+Sy+ Sy (8)

sink strength of dislocations (S;) can be calculated as:
Sa= Zap )

where Z; is the dislocation capture efficiency, for which a value of 1.2 was suggested [2]. p
is dislocation density. Sink strength of particles (Sy) is:

Sp=27tNpd, (10)

where N, and d,, are the number density and the average diameter of particles. Sink
strength of grain boundaries (S,) is:

Sg: 6 Stotal/dg 11)

where d is the mean diameter of grains. Note that Equation (11) depends on Sy, All the
required parameters were shown in Table 4, and the final results are displayed in Table 11.

Table 11. Calculation results of sink strength. Ranges reported for ODS alloys [41] are shown

for comparison.

Total Sink Sink strength of  Sink Strength Slr:)l; Zt;‘:il:lgth
Material Strength, Dislocations, of Particles, Boundaries
Stota (x10M¥ m=2) S, (x10¥ m~2) S, (x10" m~2) S (x1014 mf’z)
ANP-6 4.7 3.8 0.4 0.5
ANP-10 2.0 0.6 1.2 0.2
ODS alloys 30-80 0.6-6 27-63.6 2.7-12.3

For ANP-6 and ANP-10, the contributions to sink strength differ substantially. ANP-6
has a higher S; and S;, while ANP-10 has a higher S, contribution. These differences are
partly leveled out in the total sink strength. If compared to [41], the total sink strengths
for ANP-6 and ANP-10 are one order of magnitude smaller than for oxide dispersion-
strengthened (ODS) Fe-Cr alloys. ODS alloys are candidate materials for next-generation
reactors. The high-sink-strength ODS alloys exhibit a pronounced decrease in irradiation-
induced hardening with higher S;; [39]. At decreasing Sy, there is no unbounded
increase in the irradiation-induced hardening but a roughly constant level of the irradiation
hardening, indicating that it is no longer dominated by the sinks. Thus, it is reasonable
to assume that in ANP-6 and ANP-10, the total sink strength S;,;; belongs to this regime
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of constant irradiation hardening, which is consistent with the observation of similar
irradiation-induced microstructures for ANP-6 and ANP-10.

4.4. Effect of PIA

The effect of PIA at 475 °C for 3 h (high dose only) is that the number density of
loops decreases and the average size of loops increases for both materials (see Table 7).
The annealing effects on the number density and size of loops qualitatively agree with
results reported for neutron-irradiated EUROFER97 [42] and a neutron-irradiated Fe-9Cr
alloy [43]. According to [42], the loops behave in two extremely different ways during
annealing: either shrinkage or coarsening. These behaviors are mainly driven by vacancy
or interstitial diffusion. Whether a loop shrinks or coarsens depends on the presence or
absence of external sources and sinks in the vicinity of the loop. For example, if the loops
are near sinks with more vacancies, loops tend to shrink. If the loops are near sinks with
more interstitials, loops tend to grow. If two or more loops are close to each other and
external sources or sinks are far away, the loops could grow and merge. Therefore, all these
mechanisms compete during PIA and determine the final evolution of loops during PIA,
namely decrease in number density but increase in size. The qualitative agreement on the
evolution of loops during PIA between the present study and the reported studies indicates
that the same mechanisms operate in both cases.

Compared to the as-irradiated conditions, the observed decrease in the number density
of loops together with the increase in size gives rise to a net decrease in the total number of
point defects constituting the loops. The estimated net decrease amounts to roughly 44%
and 17% for ANP-6 and ANP-10, respectively. In spite of large errors (see Table 7), these
numbers mark a trend.

Loops are absent in the sample of ANP-10 after PIA at 550 °C for 3 h. During an-
nealing, the loops either shrink until disappearance or coarsen until they encounter initial
dislocations or grain boundaries so that loops merge into the dislocation network [2].

4.5. Comparison between Ion and Neutron Irradiation

Ref. [44] contains neutron-irradiation data for ANP-6 and ANP-10. The details of
neutron irradiation are summarized in Table 12. Information on ion irradiation with low
dose for ANP-6 and ANP-10 conducted in this study is also displayed. The number density
and average diameter of loops in ion-irradiated samples are measured in the depth range
from 0.4 to 0.6 pm, which is in the “safe zone” where there are almost no injected ions. At
comparable dose levels, the size of loops is almost the same, but the number density for
ion-irradiated samples is significantly higher (by at least one order of magnitude) than for
the neutron-irradiated samples.

Table 12. Comparison of neutron irradiation and ion irradiation at “safe zone”.

ANP-6 ANP-6 ANP-10 ANP-10
(Neutron) (Ion) (Neutron) (Ion)
Neutron fluence (cm™2) 5.3 x 101° - 3.4 x 10 -
Doses (dpa) 0.080 0.1 (at 0.5 um) 0.051 0.1 (at 0.5 um)
Dose rate (dpa/s) 35 x107? 4.63 x 107° 7 x 1071 463 x 107°
Temperature (°C) 285 300 300 300

Number density of
loops (x107° nm~3)
Average diameter of

loops (nm)

0.017 £ 0.005 0.61 £0.11 0.002 £ 0.003 0.39 £ 0.03

3.8+0.1 45+18 40+02 37+13

The much higher number density of loops for ion irradiation can be tentatively ex-
plained as detailed below. The rate of change of the concentrations of vacancies and
interstitials, C, and C;, is described by Equations (12) and (13), respectively [45,46].
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d
;t”: Gy — RC,C; — K, Cy (12)
%: G; — RC,C; — K,C; (13)

At steady state, the left-hand sides of Equations (12) and (13) are equal to 0. Gy
and G; are generation rates of free vacancies and interstitials due to irradiation, both are
proportional to the dose rate. R is the recombination parameter, which is related to the
diffusivity of vacancies and interstitials, D, and D;, respectively. K, and K; represent the
reaction parameter of vacancies and interstitials absorbed by sinks. K, and K; are related
to the diffusivities D, and D; and sink strengths for both defects. The second term on
the right-hand sides describes the recombination of vacancies and interstitials. The third
term quantifies the point defect absorption by sinks. An increase in dose rate increases
the generation rate of point defects (first term) but does not change the second and third
term. Thus, the total concentration of point defects at a steady state will also increase with
increasing dose rate. Irradiation-induced point defects are the source of dislocation loops.
Therefore, at comparable dose levels, ion irradiation with a higher dose rate gives rise to a
higher number density of dislocation loops than neutron irradiation, which qualitatively
explains the experimental results obtained in the present study. A quantitative description
of dose rate effects on the number density of loops would require a more complete rate
theory model [47], which is beyond the scope of the present study.

5. Conclusions

In this study, the microstructures of unirradiated, as-irradiated, and post-irradiation
annealed RPV base metal and weld were characterized using different electron microscopy
techniques. The initial microstructure was acquired to calculate both the yield stress and
the sink strength. Ion irradiations with displacement damage of 0.1 dpa and 1 dpa at the
depth of 0.5 pm were performed to investigate the irradiation-induced dislocation loops
as a function of depth. The number density and size of loops were compared with results
reported for the same materials irradiated with neutrons. Post-irradiation annealing was
conducted to analyze the stability of the loops. The major findings are listed below:

1.  The yield stress calculated from the measured initial dislocation density, grain size,
and number density of particles agrees well with the measured yield stress for both
ANP-6 (~1% deviation) and ANP-10 (~10% deviation).

2. The number densities of irradiation-induced loops peak close to the depths of maxi-
mum injected interstitials. The regions around the peaks have a band-like appearance.
In the depth range between the surface and the band, loops are preferentially located
close to point-defect sinks (line dislocations, grain boundaries, precipitates). The loop
size does not strongly depend on depth.

3. Both the number density and size of irradiation-induced loops increase as functions
of dose in such a way that the number density of point defects constituting the loops
is linearly related to dose.

4.  For the 1 dpa irradiations of both materials, we have found 1/2 <111>- and <001>-type
loops. In both materials, <001>-type loops are dominant representing approximately
70% of all loops.

5. The total sink strengths calculated from the initial microstructures for ANP-6 and ANP-
10 are both small (as compared to ODS steels) and comparable, which is consistent
with the observation of similar irradiation-induced microstructures.

6.  PIA at 475 °C for 3 h leads to a reduction in the number density but an increase in the
average diameter of loops for both materials in such a way that the total number of
point defects constituting the loops decreases. PIA at 550 °C for 3 h carried out for
ANP-10 completely removes irradiation-induced loops.

7. The number density and size of loops representative of the zone between the surface
and the band (safe zone) were compared with results reported for the same materials
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irradiated with neutrons. At comparable dose levels, the size of dislocation loops is
almost the same for ion and neutron irradiation. The number density of loops for
the ion-irradiated samples is significantly higher (by at least one order of magnitude)
than for the neutron-irradiated samples. This is related to the higher dose rate of ion
irradiation as compared to neutron irradiation.
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