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Abstract

Microstructure of 15-15T1i steel and oxide-dispersion strengthened (ODS) 15-
15Ti steel samples after D/He ion irradiations was characterized by transmission
electron microscopy (TEM). High densities of dislocation loops were observed
in both samples after He ion irradiation. Frank dislocation loops (FDL) in the
edge-on geometry are clearly observed through the rel-rod dark-field technique.
In addition, high densities of He bubbles were also observed in both samples.
Radiation defects such as the “black-dot” defects were generated under D ion
irradiation in both samples. The nanoindentation results indicate that irradia-
tion hardening occurred in both samples, and it is shown that bubbles are weak
strength obstacles, while dislocation loops are medium to strong strength obsta-
cles. Radiation induced segregation (RIS) is observed at the grain boundaries
of both samples after irradiation by the energy-dispersive spectrum analysis. Ir-
radiation defects and irradiation effects observed for ODS samples are all lower
than for 15-15T1 samples. The oxide particles stay stable in the irradiated ODS
sample after different irradiation processes. The pinning of dislocation loops by
oxide particles and the adsorption of He bubbles at the oxide particle/matrix
interface can be observed, indicating the beneficial effects of the oxide particles
in improving the irradiation resistance of the 15-15T1 steel.
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The microstructure of 15-15T1 steel and oxide-dispersion strengthened (ODS) 15-
15T1 steel samples after D/He ion irradiations was characterized by transmission
electron microscopy (TEM). High densities of dislocation loops were observed
in both samples after He ion irradiation. Frank dislocation loops (FDLs) in the
edge-on geometry are clearly observed through the rel-rod dark-field technique.
In addition, high densities of He bubbles were also observed in both samples.
Radiation defects such as “black-dot” defects were generated under D ion irra-
diation in both samples. The nanoindentation results indicate that irradiation
hardening occurred in both samples, and it is shown that bubbles are weak
strength obstacles, while dislocation loops are medium to strong strength obsta-
cles. Radiation induced segregation (RIS) is observed at the grain boundaries
of both samples after irradiation by the energy-dispersive spectrum analysis. Ir-
radiation defects and irradiation effects observed for ODS samples are all lower
than for 15-15T1 samples. The oxide particles stay stable in the irradiated ODS
sample after different irradiation processes. The pinning of dislocation loops by
oxide particles and the adsorption of He bubbles at the oxide particle/matrix
interface can be observed, indicating the beneficial effects of the oxide particles
in improving the irradiation resistance of the 15-15T1i steel.

Keywords: ODS steel, 15-15Ti austenitic stainless steel, Irradiation damage,
He bubbles, TEM characterizations

Introduction

Fast breeder reactors (FBRs) as a next-generation (Gen IV) nuclear power tech-
nology may enable a closed-cycle nuclear fuel usage and will significantly im-
prove the energy efficiency. Austenitic stainless steels (Au-SSs) are widely used
as reactor core structural materials in FBRs due to their excellent creep perfor-
mance and corrosion resistance, which are regarded as candidate materials for
Gen IV nuclear power reactors [1, 2]. However, due to the face-centered cubic
(FCC) crystal structure, Au-SSs are susceptible to irradiation swelling, limiting
their use in nuclear energy systems [3]. The 15-15Ti Au-SS is selected as a
cladding material for experimental and demonstration FBRs in China. Bene-
fiting from the easy machinability of Au-SSs, methods have been employed to
further improve the mechanical properties through optimizing the alloy compo-
sitions as well as through adding oxide-dispersion-strengthening particles in the
15-15Ti Au-SS matrix [4, 5]. The oxide dispersion strengthened (ODS) 15-15Ti
Au-SS has provided significant improvements in terms of mechanical strength
and other properties.

The ODS strategy has been widely employed in ferritic/martensitic (F/M) steels
in order to improve their high-temperature mechanical properties [6, 7]. Com-
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pared to conventional F/M steels, Au-SSs have superior tensile and creep frac-
ture strengths at elevated temperatures as well as improved corrosion resistance
[6]. However, the large irradiation swelling of Au-SSs at high doses may limit
their use in commercial FBRs where the end-of-life irradiation dose of core com-
ponents is considerably higher than those in experimental reactors. To cope
with this problem, the ODS Au-SSs may provide superior irradiation resistance
due to the large numbers of minute oxide particles dispersed in the austenite
matrix. The ODS particles further improve the creep performance due to the
obstacle effect of the fine particles at high temperatures.

Oxide particles in ODS steels may serve as strong absorption sinks for point de-
fects and nucleation sites for He bubbles in irradiation environments, reducing
the accumulation of irradiation defects [7]. However, in recent reports, there are
varying conclusions about the irradiation stability of oxide particles. For exam-
ple, a decrease in the size of oxide particles in ODS materials with increasing
irradiation dose has been reported, although it is still claimed that the oxide
particles remain stable under irradiation [8, 9]. Zhang et al. [10] performed dual-
beam irradiation of austenitic ODS steel and concluded that tiny oxide particles
are unstable at high doses. Further, Lescoat et al. [11] reported the coarsening
of oxide particles with increasing irradiation dose, and that oxide particles un-
dergo compositional changes after irradiation. Therefore, it is crucial to further
research the irradiation response of ODS nano-particles under different irradia-
tion conditions in order to understand the irradiation behaviors of ODS Au-SSs.
In addition, the irradiation hardening effect of ODS steels is more complicated
than in conventional steels, and multiple aspects including the effect of the type
of dislocation loops must be considered in successful modeling of the irradiation
hardening effect of ODS steels [12-14].

In this study, D/He ion irradiation was performed on 15-15Ti and ODS samples
to compare the irradiation response before and after irradiation, taking into ac-
count different types of loops. When evaluating the microstructural irradiation
response of 15-15Ti ODS samples under irradiation, the following points are
focused on: (1) stability of oxide particles after irradiation, and changes in par-
ticle size, density, shape and composition before and after irradiation; (2) the
role of oxide particles in the irradiation of materials and the mechanism of inter-
action with irradiation defects; (3) radiation induced segregation (RIS) of oxide
particles with the matrix and at grain boundaries; (4) irradiation hardening and
obstacle parameters of different irradiation defects.

2. Experimental procedures

The 15-15Ti and 15-15Ti ODS steel with chemical compositions (wt.%) of
Fe-15Cr-15Ni-2Mo-0.2Ti and Fe-15Cr-15Ni-2Mo-0.2Ti-0.4Zr-0.35Y 5,04, respec-
tively, are studied in this research. The 15-15Ti material was prepared by
argon atomization method with further refined grains. The ODS material was
prepared by mechanically alloying the mixture of 15-15Ti, Zr and Y,O5 pow-
ders through high-energy ball milling and sintering. Transmission electron mi-
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croscopy (TEM) samples with a diameter of 3 mm and a thickness of about 70
m were prepared through mechanical cutting, grinding, polishing and stamp-
ing, and then were perforated by twin-jet electropolishing using a mixed solution
(10 vol.% perchloric acid methanol solution) at conditions of -50 -40 °C, 30 V
voltage.

TEM characterization was performed using a FEI Tecnai TF20 field-emission
transmission electron microscope operated at 200 kV. TEM characterization
techniques include bright field imaging (BF), weak beam dark field imaging
(WBDF), and selected area electron diffraction (SAED) to characterize the mi-
crostructure of the material. The rel-rod dark field (RRDF) imaging technique
[15] was applied to quantitatively characterize the observed Frank dislocation
loops (FDLs). The dark field images were taken by the center dark-field method,
which used the diffraction streak near the [011] zone axis between the {200} and
{111} diffraction spots. Morphological and compositional analysis of precipitates
contained in the samples was performed using scanning transmission electron
microscopy high angle annular dark field (STEM-HAADF) coupled with energy
dispersive X-ray spectroscopy (EDXS), and compositional distribution analy-
sis near grain boundaries. The sample was tilted 15 degrees along the a-axis
during spectroscopic analysis. In order to reveal voids and bubbles, phase con-
trast (Fresnel Fringes) is introduced by adjusting the focus under the BF image.
Limited by the TEM resolution, voids and bubbles that are too small (<1 nm)
cannot be observed.

The ion irradiation experiments are performed on a BNU-400 high-throughput
ion implanter at Beijing Normal University (Beijing, China). The vacuum was
maintained at 5$x107{-4}$ Pa during the irradiation process. A schematic dia-
gram of the ion irradiation sample stage is shown in Fig. 1 [Figure 1: see original
paper], in which the main thermocouple and the cooling system can control the
temperature, and the K thermocouple is used for precise measurement of the
sample temperature. Using SRIM 2013 software, the radiation damage and the
depth distribution of the ions were calculated using the Ion Distribution and
Quick Calculation of Damage model based on the Kinchin-Pease model, with
the displacement threshold energy as recommended in the literature [16], and
plotted in Fig. 2 [Figure 2: see original paper]. The detailed irradiation condi-
tions are listed in Table 1 . The thickness of the observable region of the sample
is about 100 nm, and the dose is calculated as the average dose; similarly, the
concentration of He is about 13400 appm.

Table 1. Irradiation condition and average dose.

Average Dose
Ton Energy (keV)  Temperature Flux (ions/cm?)  (dpa)

D* 100 - 1$x107°{17}$ 0.65
Het 50 - 0.75$x10°{17}$  1.14
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Fig. 1. Schematic diagram of the ion irradiation sample stage.

Fig. 2. Irradiation dose and distribution of ions with depth in (a) D, (b) He™"
irradiated samples simulated by SRIM 2013 software.

3.1. Stability of oxide particles under different irradiation
conditions

Pre-irradiation characterizations of the ODS samples reveal that there are two
types of oxide particles in the samples, which are the Al,O5 particles and Y-Zr-
O particles. The mean sizes and densities of the oxide particles in the pristine
and irradiated ODS samples were counted and are shown in Table 2. At low
irradiation doses, as shown in Fig. 3 Figure 3: see original paper, the diameters
and densities of the oxide particles are almost unchanged, basically maintaining
a diameter of 10 nm and a density of 4$x10{?2/™{3}$ (the smaller oxide parti-
cles appear to be blurred due to the presence of high densities of He bubbles and
dislocation loops in Fig. 3c). The compositions and morphologies of the oxide
particles also do not change significantly according to the composition analysis.

Fig. 3. Bright field images of oxide particles (a) unirradiated; (b) D irradiation;
(¢) He irradiation.

Table 2. The diameter and density of oxide particles in ODS sample under
different irradiation conditions.

Irradiation Oxide particle mean size Oxide particle density
condition (nm) (/m3)

unirradiated 9.97$+0.04[4.49+0.45x107{22}$

0.65 dpa 10.208£0.67]440.4x10"{22}$

1.14 dpa 10.14$£0.52|4.0240.4x 10°{22}$

3.2. Characterizations of dislocation loops after irradiation

In face-centered cubic (FCC) crystals, two types of dislocation loops can be gen-
erated after irradiation: perfect dislocation loops (PDLs) with a Burgers vector
of a/2[011] and faulted Frank dislocation loops (FDLs) with a Burgers vector
of a/3 111 . The dislocation loops in the sample after He ion irradiation were
characterized under the g/3g, g,9, weak-beam condition near the [011] axis, as
shown in Fig. 4 Figure 4: see original paper. After irradiation, dislocation
loops with a diameter of about 5 nm can be observed in both samples. Besides,
defect clusters such as “black-dot” defects can also be observed in Fig. 4(a, b).
FDLs are observed under the RRDF technique as shown in Fig. 4(c, d). The
total number of FDLs is obtained by multiplying a factor of 4 over the counted
loops number, assuming internal isotropy of the material. The diameters and
densities of dislocation loops were counted after He ion irradiation. Considering
the loop size error, the standard error of the mean was used, and the uncer-
tainty of the loop densities was estimated to be $£+10x10{?2}/™{3}$ and 5.7
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nm in the ODS sample and 1.25$x10122}/"{31$ and 9.07 nm in the 15-15Ti
sample, respectively. In contrast, there is a significant difference in the total
densities and diameters: 1.89$x 10122}/ {31 and 5.71 nm in the ODS sample
and 4.75$x 101221/ {31¢ and 5.84 nm in the 15-15Ti sample. The dislocation
loop density in the post-irradiation ODS samples was comprehensively less than
that of the 15-15T1i samples. The specific data are listed in Table 3 and Fig. 5
[Figure 5: see original paper].

The dislocation loops in the sample after D ion irradiation were characterized
using the WBDF technique under the g/3g, g=200/+[111] condition near the
[011] axis, as shown in Fig. 6 [Figure 6: see original paper]. Clusters of defects
that resemble “black-dot” are observed. Under these characterization conditions,
the “black-dot” defects are visible in all three g vectors and can be recognized
as FDLs (b=a/3 111 ). The bright field (BF) image after irradiation shows that
the distribution of dislocation loops in the 15-15Ti sample is uniform in general,
except for differences in the size of the “black-dot”in different areas (possibly due
to slight differences in thickness), while their distributions in the ODS sample
are random. Also, in order to avoid the effect of precipitates and oxide particles
on the dislocation loops affecting the statistics of the dislocation loop density,
the BF images of only the matrix at the same diffraction g vector were selected
for comparison. Where oxide particles are present, the distribution of “black-
dot” clusters is more uneven, with many directly around or on particles, as can
be seen in Fig. 6a, where the black arrows indicate particles and the red arrows
refer to “black-dot” clusters.

As shown in Fig. 6(a-f), the dislocation loops are small and all present

the “black-dot” contrasts in the two types of samples after irradiation.

The loop sizes are difficult to estimate precisely and are approximated to be

2$4-0.5nmindiameter. Theloopdensitieswerecountedandtreatedinthesamewayaswiththe H eionirradiation.T
in the ODS sample and 1.38$x10122}/™{3}$ in the 15-15Ti sample, respectively.

In contrast, the total densities and diameters are 1.44$x10{22//™{31§ and

2 nm in the ODS sample and 3.92$x10{22}/™{31$ and 2 nm in the 15-15Ti

sample. The specific statistics are listed in Table 3 and Fig. 5.

The histogram of the density of dislocation loops irradiated to 0.65 dpa and the
density of FDLs is plotted in Fig. 6h, and a significant difference in the density
can be seen, with the ODS sample having a lower density of dislocation loops
than the 15-15Ti sample.

Fig. 4. (a, b) Bright field images of dislocation loops after He™ irradiation to
1.14 dpa for (a) ODS sample and (b) 15-15Ti sample. (c-f) RRDF images of
FDLs and histograms of loop diameters for (c, ¢) ODS sample; (d, f) 15-15Ti
sample.

Fig. 5. The histogram image of the density and diameter of dislocation loops.

Fig. 6. Bright field images of dislocation loops in different samples after Dt
irradiation to 0.65 dpa: (a), (b), (¢) ODS sample; (d), (e), (f) 15-15Ti sample.
(g) BF characterization of the nucleation of dislocation loops on oxide particles.
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(h) Histogram of total and Frank-type dislocation loop densities in the two types
of samples.

Table 3. The density and diameter of dislocation loops.

Irradiation conditions | Materials | Measured Density ($x10{22}/m{3})|a/2[011] Density(x10122}/™{3})|a/3(111
| Diameter |

| | | | | | |
|——| | 1.14 dpa | ODS | 1.81$+0.18]0.2440.22|1.65-:0.17|5.70-£0.19]1.8940.19]5.7140.17||1.14dpa

157°4|3.58+0.36|3.5020.35|1.25-£0.13|9.070.34]4.7540.48|5.84-0.38||0.65dpa| ODS|1.08+0.11|1.0740.11]0.374
|1.4440.14]2+0.5/|0.65dpal15  —  15T|3.074+0.31|2.5440.25(1.38+0.14] —
13.9240.39(2+$0.5 |

3.3. Characterizations of He bubbles

The BF image of He bubbles in the sample irradiated by He ions can be seen
in Fig. 7 [Figure 7: see original paper]. The He bubble distribution in the ODS
samples is not completely uniform, with higher He bubble densities around the
oxide particles and lower He bubble densities in the neighborhood of the oxide
particles and in the matrix, whereas the distribution of He bubbles in the 15-
15Ti samples is generally uniform. The diameter and density of He bubbles
were counted as 1.83 nm and 1.56$x10123}/{3}$ in the ODS sample and 1.41
nm and 8.13$x101231/m{31$ in the 15-15Ti sample. The specific statistics are
listed in Table 4.

Fig. 8 Figure 8: see original paper shows the BF images of He bubble distribu-
tion at the oxide particles and precipitates and grain boundary as absorption
sinks. Small-sized He bubbles (<2 nm) are observed to nucleate around the sink
trap, as seen in the lighter contrast regions around the oxide particle in Fig. 8a,
indicated by the white arrows in Fig. 8(b, ¢) and at the grain boundary in the
middle of the two white dashed lines (Fig. 8d). Especially, the phenomenon
of one He bubble after another is visible at grain boundaries in the absence or
near absence of oxide particles.

Fig. 7. He bubble bright field image: (a), (b) ODS sample; (c), (d) 15-15Ti
sample.

Fig. 8. Helium bubble trapped by (a), (b) oxide particle; (c) precipitate; (d)
grain boundary.

Table 4. The He bubble mean diameter and density in ODS sample and 15-
15Ti samples.

Sample | He bubble mean diameter (nm) | He bubble Density ($x10123}/m{31$)
|

| | | | | ODS | 1.83$+0.35[1.560.11|[15 —
15T'i|1.41+0.05|8.13+$0.81 |
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3.4. Radiation induced segregation

In the present study, segregation of elemental compositions was observed at
grain boundaries after both He and D ion irradiation and plotted in Fig. 9
Figure 9: see original paper. Due to the fact that the average concentration
of elements is not exactly the same everywhere in the material, the degree of
segregation is defined as the difference in elemental concentration max/average
elemental concentration as a measure of the degree of segregation of the elements
near the grain boundaries, and the error in the degree of segregation is estimated
to be $1+$10% of the measured value and plotted in Fig. 9e.

After the above treatment, it can be clearly seen that the ODS material has a
lower degree of irradiation segregation than the 15-15Ti sample. The atomic
ratios of Cr and Ni elements in the ODS sample varied by 5 10% compared
to the 15-15Ti sample. Besides, the regions where the elements have varied are
roughly all about 10 nm, and both show the common phenomenon of irradiation
segregation of austenitic stainless steel, that is, Ni enrichment and Cr depletion
under all irradiation conditions. More noteworthy is that in the ODS sample
under He irradiation, there are two smaller peaks next to the main segregation
peak.

Fig. 9. RIS in two materials under different irradiation conditions.

3.5. Nanoindentation and irradiation hardening

The results of the microhardness of the materials were obtained by nanoin-
dentation experiments. Due to the presence of indentation size effect (ISE), the
hardness value of the near-surface of the material cannot be accurately obtained.
For accurately obtaining the hardness values, a homogeneous material hardness
model based on geometrically necessary dislocations was used, i.e., the Nix-Gao
model, with the expression shown in Eq. 1 [17]:

h*
H = Ho\[1+

Where h is the depth of the indentation, H| is the hardness value at infinite
depth of the indentation, i.e., the true hardness value of the material, and *h**
is a constant related only to the properties of the material itself and the shape
of the indenter. The hardness values for the irradiation layer can be obtained by
plotting with H? as the vertical coordinate and 1/h as the abscissa coordinate,
as shown in Fig. 10 Figure 10: see original paper.

The hardness values of the 15-15Ti and ODS samples are 4.8 GPa and 5.15 GPa
when unirradiated. After D irradiation, they are 5.05 GPa and 5.39 GPa, with
hardness increases of 0.25 GPa and 1.01 GPa, respectively. After He irradiation,
they are 5.81 GPa and 5.74 GPa, with hardness increases of 0.24 GPa and 0.59
GPa, respectively. The specific data are listed in Table 5 and Fig. 10c.

chinarxiv.org/items/chinaxiv-202502.00169 Machine Translation


https://chinarxiv.org/items/chinaxiv-202502.00169

ChinaRxiv [$X]

Table 5. Hardness of 15-15Ti and ODS samples before and after irradiation.

Unirradiated
Sample (GPa) D irradiation (GPa) He irradiation (GPa)
15-15Ti 4.8 5.05 5.81
ODS 5.15 5.39 5.74

Fig. 10. (a, b) H21/h plot of 15-15Ti and ODS samples; (c) histogram of
hardness and hardened value added.

4.1. Dislocation evolution and irradiation hardening

In irradiated austenitic stainless steels, the crystal defects are mainly composed
of Frank dislocation loops (FDLs), which are stacking fault dislocation loops.
Depending on the stacking fault energy (SFE) of the material, prismatic dis-
location loops (PDLs) can also be generated through irradiation. In addition,
PDLs with low energy can be generated by the unfaulting reaction of FDLs
[18]. PDLs are glissile and can slip and climb, whereas FDLs are sessile loops
that can only move through dislocation climbing. The slip of dislocations in
the material reduces the yield strength of the material. In principle, the FDLs
that are not easily slipped could act as obstacles to PDLs. From this perspec-
tive, it can be inferred that the presence of FDLs after irradiation may assist in
mitigating thermal creep in fast breeder reactors [19], and with the irradiation
process, FDLs grow predominantly by absorbing point defects but not in the
same manner as PDLs, resulting in a lower density but larger size and a more
random distribution than PDLs, as seen in this and other studies [20].

On the basis of g-b=0, FDLs (a/3 111 ) are visible under all g vectors in
the [011] zone axis. Through tilting the g vector, no significant variation in
occupancy ratio is observed, and the density of FDLs in the 15-15Ti sample
is considered to remain unchanged (Fig. 5d-f). In contrast, the percentage of
FDLs in the ODS sample varied with the g vector (Fig. 5a-c). As a result, the
irradiation defects such as “black-dot” cannot simply be recognized as FDLs,
and only “black-dot” defects are more likely to be FDLs.

He ion irradiation introduces helium atoms into the material, leading to the
formation of He-vacancy clusters that capture self-interstitial atoms (SIAs) and
accelerate the nucleation of dislocation loops, which is a non-negligible influence
on the increase in the density of dislocation loops by He ion irradiation [21]. The
information on dislocation loops after irradiation is summarized in Table 3 and
Fig. 6h. Obviously, the dislocation density in both samples increases with the
increase of the irradiation dose, with a significantly lower dislocation density in
the ODS sample than the 15-15T1 sample. Fig. 6g illustrates the nucleation of
dislocation loops on the oxide particles, indicating that the oxide particle/matrix
interface serves as an absorption sink of irradiation defects, similar to that re-
ported in previous studies [22, 23]. The study by Liu et al. [24] indicates that
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oxide particles efficiently absorb freely migrating defects and inhibit radiation
enhanced diffusion, thereby reducing the density of dislocation loops by limit-
ing the movement of defect clusters. This suggests that the presence of oxide
particles in the ODS sample is one of the key factors contributing to its lower
dislocation density compared to the 15-15Ti sample.

Irradiation hardening is observed in all irradiated samples as shown in Table
5. There are numerous models to predict the change in dislocation glide resis-
tance induced by irradiation defects. After a comparison, a dispersed barrier
hardening (DBH) model based on Orowan’ s theory [25] and the Friedel model
[26] are applied to predict the hardening due to dislocation loops and bubbles,
respectively. The hardening values of the two materials are nearly identical un-
der D ion irradiation, despite significant differences in dislocation loop densities,
indicating that hardening is not solely caused by dislocation loops. Gas bubbles
are also observed in the ODS sample (Fig. 11), while none are detected in the
15-15T1 sample. The density and size of the bubbles in the ODS matrix are
approximately 2.17$x10{22/{31$ and 3 nm, respectively.

Assuming the shape of the He bubbles is spherical and using the measured
average bubble radius r, the characteristics of the He bubbles needed for the
model are measured based on TEM analysis and these are summarized in Table
4. Given N_ {bubble}, we determine the center-to-center bubble spacing via: I
= 1/(2rN_{bubble})™{1/2}. According to the Friedel model, the critical A7
for a dislocation to bypass a He bubble in its glide plane is [26]:

Gb (cosp,)3/?

~ 2nl, /1 —rcoso,

Among these, where [ = [ - 2r is the bubble surface spacing, G is the shear
modulus (G = 82 GPa [27]), and b is the value of the Burgers vector (b = 0.248
nm). The angle ¢ is half the critical bow-out angle of the dislocation cutting
an obstacle and is given by cos¢p = In(aD/b)/In(l /b), where 1/D = 1/D +
1/1, D = 2ris the diameter of He bubbles and D is a harmonic mean of | and
D [26]. In particular, D gas bubbles are treated like He bubbles. Applying the
model for two materials gives ¢ = 59.1° for ODS (D gas bubble), ¢ = 58.9°
for ODS (He bubble) and 57.8° for 15-15Ti (He bubble), and the corresponding
AT is 0.04 GPa, 0.11 GPa and 0.20 GPa.

AT

Meanwhile, according to the dispersed barrier hardening (DBH) model based
on Orowan’ s theory:

AH =aMubv Nd

Among these, the Taylor factor M = 3.06, is the shear modulus, « is the obsta-
cle strength parameter, N and d are the diameter and density of the obstacles,
respectively.
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Based on the value of hardening due to the bubbles, according to Eq. 3, the
obstacle strength parameters o« {bubble} 0.08, « {He} 0.10 (15-15Ti) and
a_{He} 0.13 (ODS) are obtained. The density and size of dislocation loops
needed for Eq. 3 are presented in Table 3. Considering that bubbles also
contribute partially to hardening, as well as having discussed previously that
different types of dislocation loops hold different energies and may contribute
differently to hardening.

In Lin’ s work [28], the obstacle parameters and factors influencing different
dislocation loop types are investigated in terms of atomic dimensions. As a
conclusion, different dislocation loop types do have different obstacle parameters.
In addition to this, the interaction of different types of dislocation loops affects
irradiation hardening [29]. On the other hand, inconsistency in the obstacle
parameters of He bubbles in different materials has been mentioned earlier in
several works [30-33]. In this case, Eq. 4 Eq. 6 can be obtained from Eq. 3:

AH = AH gigocation T AHpubble = Uplack-dot MOV Nd + ATy 1116

AH15715Ti(Hc) = AHgigocationt AHHe bubble = aa/3<111>M/u‘b\/Na/3<111>da/3<111>+aa/2[011]M/u‘b Na/Q[Oll]da/2[01

AH15—15Ti-ODS(He) = AHgigocation T AHHe bubble = %/3<111>Mﬂb\/Na/3<111)da/3<111>+%/2[011]Mﬂb\/ Na/Q[Oll]d(

The obstacle strength parameter a_ {black-dot} of 0.45 in the 15-15Ti sample
is calculated, where a_ {black-dot} in the ODS sample, a_{a/3 111} 0.63,
a_{a/2[011]} 0.45 according to Eq. 4 Eq. 6. Although various previous
studies have demonstrated that dislocation loops are generally considered weak
obstacles, despite their wide range of reported values (0.15-0.75) [34].

In addition to this, in complete considerations of the contributors to the harden-
ing like oxygen-vacancy complexes [35], as well as experimental errors, may have
biased the barrier factors calculated based on the results of this experiment.

The obstacle parameter for different defects within a material is an interval
range, due to the different internal compositions of the material [36]. Conse-
quently, rather than defining the obstacle strength parameter of the dislocation
loops and bubbles with an exact value, a suitable range shall be used. Then,
expanding the data to the range in conjunction with previous studies, in which
a__{dislocation loop} (0.34-0.56) [31], to summarize: weak obstacle a_ {bubble}
(0.08-0.13), medium to strong obstacle a._ {dislocation loop} (0.45-0.56).

Fig. 11. Irradiation induced gas bubbles in ODS sample after D" irradiation
characterized in different focus state: (a) underfocus (Af =-2 pum); (b) overfocus
(Af = 2 pm).
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Fig. 12. (a) enlarged an oxide particle, central dark field analysis of ODS
particles (b) centered on the A diffraction spot; (c) centered on the B diffraction
spot.

Meanwhile, a number of different morphologies of particles adsorbing He bub-
bles are found to exist within the matrix, as seen in Fig. 8(a, b). Obviously,
there are tiny He bubbles in the lighter contrast regions around the particle,
and slightly larger individual He bubbles on the particle. Oxide particles were
subjected to SAED, and the diffracted spots were then selected and moved to
the center of the beam to form a central dark field to analyze different regions
of orientation. In the center dark field image analysis (Fig. 12), it is found
that the diffraction points corresponding to the central low density He bubbles
region and the surrounding high He bubbles region are different. It is speculated
that the different He bubbles adsorption densities are caused by the different
orientations, or to describe different lattice distances [40].

4.2. He bubble behavior and sink effects

Generally, in ODS materials, grain boundaries, precipitates, nanoparticles, etc.
are absorption sinks for He bubbles (see Fig. 8). After He is generated in the
matrix, it will be captured by the oxide particles and precipitates and grain
boundaries at the interfaces with the matrix and thus nucleated at these places.
The presence of precipitates and oxide particles reduces the nucleation of He
bubbles at grain boundaries, thus reducing the possibility of He embrittlement
[7].

The TEM characterization in the current experiment revealed a low number of
precipitates in the ODS sample; as a result, only grain boundaries and oxide
particles are considered. The grain sizes of the two samples are measured as
approximately 504 nm for ODS and 1 pm for 15-15Ti. Details regarding the
oxide particles are provided in Table 2. The sink strength for grain boundary
and oxide particle/matrix interface can be simply calculated using Eq. 7 and 8
[37, 38]:

S, = 4w N[0.3(4mr?)0-?]

15
Sg = ﬁ
Where N is the oxide particle number density, r is the average diameter of oxide
particles, and h is the average grain size.

The sink strength results are S 6.77$x 10114/ {2} «Sx  ~ 5.9x101131/m (21§
(ODS) and 1.5$x10%13}/™{21§ (15-15Ti), while the sink strength of the oxide
particles is significantly higher than that of the grain boundaries. In this ex-
periment, no He bubble depletion region is observed as mentioned by Tong et
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al. [39], neither is nucleation and growth of He bubbles at grain boundaries
observed as mentioned by Zhang et al. [10].

Based on this, we can infer that the oxide particles serve as the primary sinks
for He bubbles under the irradiation conditions studied in this paper. They are
the main contributors to the lower helium bubble density observed in the ODS
samples compared to the 15-15Ti samples.

4.3. Radiation induced segregation mechanisms

Since different ions were used in the irradiation experiment, it is important
to consider their potential impacts on elemental segregations. Lin et al. [41]
demonstrated that implanted helium atoms have no significant effect on the
segregation of Cr and Ni elements when predicting radiation-induced segrega-
tion (RIS) behavior in alloys using the vacancy mechanism and the interstitial
binding mechanism. It can be inferred that the RIS in this study is independent
of the incident particles. As shown in Fig. 9, the 15-15Ti and ODS samples
align well with the results reported for other austenitic stainless steels, exhibit-
ing Ni enrichment and Cr depletion, interpreted as an inverse Kirkendall effect
[15, 42].

In the segregation results, a phenomenon similar to “satellite peaks” was ob-
served only in the ODS sample under He irradiation, which may be due to the
difference in the type of grain boundaries [43, 44]. Additionally, the degree of
segregation increases with the increase of irradiation dose, despite the fact that
the increase of segregation in ODS material is significantly lower than that of
15-15T1 samples. However, RIS does not monotonically increase with increasing
irradiation dose, and there will be a saturation value [45] or the formation of
precipitates at grain boundaries [10] at high irradiation doses.

The sink strength of oxide particles and grain boundaries was discussed in the
previous section. To assess their contribution to counteracting RIS in ODS
samples, an approximation of r /r S /S 10 was used, where r is the sink
radius of the oxide particles and r is the sink radius of the grain boundaries.
From Fig. 9(a-d), it can be approximated that » 5 nm, while » 50 nm. The
distribution of oxide particles was analyzed, revealing that around 5-10% of the
particles are located near grain boundaries (within 50 nm of the boundaries). In
conventional polycrystalline materials, grain boundaries are the primary sinks
for vacancies, leading to element depletion or enrichment at these boundaries
for those that diffuse via forming atom-vacancy complexes [46]. However, in
ODS steels, the interface of particle/matrix also acts as a significant vacancy
sink, particularly for the 5-10% of oxide particles located near the grain bound-
aries, which possess high sink strength 6.77$x10{13}/"{21$ compared to GBs
5.98x10113}/m 21§ and can influence the RIS at GBs. Thus, it is believed that
oxide particles contribute to mitigation of RIS to certain extents.

Nevertheless, no obvious segregation of oxide particles was found in the experi-
ments. Only a few oxide particles with altered compositions were found, which
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are not representative. In addition, one of the features of ODS materials pre-
pared through mechanical alloying (MA) is the reduced grain size. It remains
unclear whether the fine oxide particles or the reduced grain sizes play a domi-
nant role in resisting RIS in the ODS materials.

5. Conclusion

Ion irradiation was carried out on 15-15Ti and 15-15Ti ODS samples, and irra-
diation defects such as dislocation loops and He bubbles, as well as radiation
induced segregation and irradiation hardening were characterized. The follow-
ing conclusions can be obtained:

1. Under the irradiation conditions studied in this paper, the ODS sample
has a lower loop density compared to the 15-15Ti sample, mainly due to
the contribution of oxide particles as absorption sinks.

2. Irradiation hardening occurred in all samples. The contribution to irradi-
ation hardening mainly comes from two parts, including dislocation loops
and bubbles introduced by ion irradiation. Bubbles are weak obstacles,
and dislocation loops are medium to strong obstacles.

3. The distribution of He bubbles in the ODS samples after He ion irradia-
tion is not completely uniform, with higher He bubble densities observed
around the oxide particles and lower He bubble densities in the vicinity
of the oxide particles and in the matrix, whereas the distribution of He
bubbles in the 15-15T1i samples is generally uniform. The ODS samples
exhibit a lower overall He bubble density, primarily due to the oxide par-
ticle/matrix interface acting as a sink, effectively trapping and reducing
the formation of He bubbles.

4. RIS occurs in all samples after irradiation. However, the ODS sample
exhibits a lower degree of RIS compared to the 15-15T1i sample, which is
attributed to dual factors including the finer grains of ODS samples and
the oxide particles/matrix interfaces that serve as defect sinks.
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