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Abstract
Regarding the irradiation damage issue of dissimilar metal joints in nuclear
power systems during long-term service, this study achieved synergistic recovery
of microstructure and mechanical properties of the white bright band (WBB) in
SA508-3/52(M) joints through post-irradiation moderate-temperature anneal-
ing. The evolution characteristics of helium bubbles in the WBB region were
analyzed, and the regulatory mechanism of moderate-temperature annealing
on the mechanical properties of the WBB was revealed. The results indicate
that differences in the microstructure at the SA508-3/52 and SA508-3/52M
joint interfacial region exhibit a pronounced influence on the evolution behavior
of helium bubbles. Moderate-temperature annealing significantly reduces the
hardness of the WBB by promoting dislocation annihilation, minimizing the
irradiation defect density, and relieving residual stresses, effectively mitigating
irradiation hardening. Simultaneously, the decreased number density resulting
from helium bubble coarsening reduces brittle fracture sources at grain bound-
aries. Combined with the mechanism of crack propagation path complexifica-
tion, it markedly lowers the swelling rate and enhances the fracture toughness
of the WBB.

Full Text
Preamble
Post-irradiation moderate-temperature annealing achieves synergistic recovery
of microstructure and mechanical properties of the white bright band in SA508-
3/52(M) dissimilar joints Chuanzong Lia, Ziyu Tiana, Junmei Chena, Jijin Xua,

chinarxiv.org/items/chinaxiv-202602.00188 Machine Translation

https://chinarxiv.org/items/chinaxiv-202602.00188
https://chinarxiv.org/items/chinaxiv-202602.00188


Jieshi Chena,b, Chun Yua, Hao Lua a Shanghai Key Laboratory of Materi-
als Laser Processing and Modification, School of Materials Science and En-
gineering, Shanghai Jiao Tong University, Shanghai 200240, China b School
of Materials Science and Engineering, Shanghai University of Engineering Sci-
ence, Shanghai 201602, China *E-mail: yuchun1980@sjtu.edu.cn ( Chun Yu);
shweld@sjtu.edu.cn (Hao Lu)

Abstract
Regarding the irradiation damage issue of dissimilar metal joints in nuclear
power systems during long-term service, this study achieved synergistic recovery
of microstructure and mechanical properties of the white bright band (WBB) in
SA508-3/52(M) joints through post-irradiation moderate-temperature anneal-
ing. The evolution characteristics of helium bubbles in the WBB region were
analyzed, and the regulatory mechanism of moderate-temperature annealing
on the mechanical properties of the WBB was revealed. The results indicate
that differences in the microstructure at the SA508-3/52 and SA508-3/52M
joint interfacial region exhibit a pronounced influence on the evolution behavior
of helium bubbles. Moderate-temperature annealing significantly reduces the
hardness of the WBB by promoting dislocation annihilation, minimizing the
irradiation defect density, and relieving residual stresses, effectively mitigating
irradiation hardening. Simultaneously, the decreased number density resulting
from helium bubble coarsening reduces brittle fracture sources at grain bound-
aries. Combined with the mechanism of crack propagation path complexifica-
tion, it markedly lowers the swelling rate and enhances the fracture toughness
of the WBB.
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1. Introduction
In critical components such as the main piping, steam generators, and the safe
end of the pressure vessel in the nuclear reactor, there are typically numerous
dissimilar-metal joints [1-3]. These joints typically utilize SA508-3 low-alloy
steel and 316L stainless steel, with 52/52M nickel-based alloy serving as the
transition material for welding [4, 5]. During service, dissimilar joints are sub-
jected to prolonged exposure to harsh conditions such as high temperatures,
high pressures, and irradiation, their performance directly determines the op-
erational safety of nuclear power plants. In reality, due to the significant dif-
ferences in chemical composition and thermophysical properties among various
welding materials, their bonding interface region tends to become the weakest
link in dissimilar joints. It has been found that within a range of several tens
of micrometers on the nickel-based alloy side of the SA508-3/52(M) interface,
there often exists a band-like region parallel to the fusion line. This region, due
to its excellent corrosion resistance, usually exhibits a smooth, bright white ap-
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pearance under optical microscopy (OM), and it is therefore vividly referred to
as the“white bright band (WBB)”[6-8]. The WBB, with its unique morphology
and its special position at the joint interface, is generally regarded as a critical
region that influences the overall performance of dissimilar joints.

In nuclear engineering, equipment exposed to long-term high-energy particle
irradiation will undergo various microstructural changes and corresponding per-
formance degradation [9].

Helium embrittlement and swelling at high temperatures, particularly helium
bubbles formed directly through transmutation reactions (n, 𝛼), have been con-
firmed as the primary pathways for material irradiation degradation [10, 11].
For dissimilar metal joints in nuclear power plants that have already sustained
irradiation damage, effectively repairing this damage to extend their service life
poses a practical challenge in current engineering applications.

It is well known that heat treatment is an effective method for restoring material
properties [12]. Post-irradiation annealing significantly alters the microstructure
of irradiation damage, thereby inducing corresponding changes in the material’
s mechanical behavior [13-15]. At different temperature ranges, the regulatory
mechanisms of heat treatment on irradiation damage exhibit distinct variations.
At temperatures below 300℃, the thermal activation energy is low and insuffi-
cient to drive long-range migration of helium atoms.

Helium bubbles and dislocation loops remain in a metastable state, exhibit-
ing limited changes in size and number density, while mechanical property
degradation induced by irradiation persists [11]. As temperatures rise to the
intermediate range of 300-600°C, vacancy migration activity increases, helium
bubbles tend to aggregate and grow, and partial dislocation loops are reduced
through vacancy recombination [16, 17]. This process significantly alleviates
irradiation hardening of the material, and the plasticity and toughness are re-
stored to a certain extent. When the annealing temperature exceeds 600℃,
most radiation-induced dislocation loops are absorbed via point-defect diffusion
and rapidly reduced [18]. Helium bubbles grow rapidly at high temperatures
[19, 20]. Although defect density and irradiation hardening are markedly re-
duced, enlarged helium bubbles cause volume swelling and form brittle fracture
sources at grain boundaries [21]. Therefore, while high-temperature annealing
improves plasticity and toughness, it also carries the risk of embrittlement due
to helium bubble aggregation. Compared to the potential embrittlement risks of
high-temperature annealing, moderate-temperature annealing after irradiation
offers a more balanced performance optimization solution. However, for the two
most common types of dissimilar metal joints at the safe end of nuclear reac-
tor pressure vessels—with and without transition layers—the impact mechanisms
of moderate-temperature annealing heat treatment on irradiation damage and
mechanical properties in their interfacial regions, particularly within the WBB,
remain poorly understood. Given that the WBB is a critical region affect-
ing the overall performance of dissimilar joints, in-depth research on the repair
mechanisms of its microstructure and mechanical properties after irradiation via
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moderate-temperature annealing is of profound scientific importance and engi-
neering application value for enhancing the safety of nuclear power equipment.

This study primarily investigates the repair effect of moderate-temperature
annealing on irradiation damage in the WBB of SA508-3/52(M) dissimilar
joints following He ion irradiation. The interfacial region and WBB were
comprehensively characterized using OM, scanning electron microscopy (SEM),
electron backscatter diffraction (EBSD), and transmission electron microscopy
(TEM). The repair mechanism of the microstructure of the WBB after
irradiation through moderate-temperature annealing was analyzed in detail.

Additionally, nanoindentation tests were conducted on the WBB and its ad-
jacent regions before and after heat treatment, and the effect of moderate-
temperature annealing on the mechanical properties of the dissimilar joint WBB
region was discussed. The results of this study provide reliable experimental and
theoretical support for improving the service performance and damage repair of
dissimilar metal joints in key components of nuclear power plants.

2.1 Joint preparation
The dissimilar metal welding used in this study involves multiple materials, in-
cluding SA508-3 low-alloy steel, 52 nickel-based alloy, 52M nickel-based alloy,
and 316L austenitic stainless steel. The above materials were provided by Shang-
hai Electric Nuclear Power Equipment Co., Ltd. Their chemical compositions
are shown in Table 1 .

Table 1 Chemical composition of base and filler metals (wt.%).

Alloy SA508-3 Joints without transition layers (SA508-3/52) directly join SA508-
3 low-alloy steel and 316L stainless steel using 52 nickel-based alloy welding wire.
For joints with a transition layer (SA508-3/52M), first build up the SA508-3 base
metal surface with 52M nickel-based alloy, then use 52 welding wire to join the
transition layer to the 316L stainless steel.

Schematic diagrams of SA508-3/52 and SA508-3/52M are depicted in Fig. 1
Figure 1: see original paper.

2.2 He ion irradiation and moderate-temperature annealing
The He ion irradiation experiments were conducted at the Shanghai Institute
of Applied Physics, Chinese Academy of Sciences (SINAP-CAS), using a 4 MV
pelletron accelerator.

The SA508-3/52(M) joints were irradiated by 4 MeV He+ with a fluence of
3$×$1016 ions/cm2 at 300℃. The irradiation direction was parallel to the
thickness of the specimens, as shown in Fig. 1(c, d). Following irradiation, the
specimens were annealed at 550°C for 3 hours in a vacuum tube furnace.
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2.3 Microstructure characterization and nanoindentation
test
The OM and TESCAN GAIA3 SEM equipped with an energy dispersive spec-
trometer (EDS) was used to observe the morphology and elemental distribution
of WBB and its adjacent regions. The microstructure of the dissimilar joint
interfacial region was determined by EBSD. TEM samples were prepared using
the focused ion beam (FIB) lifting technique.

The irradiation damage characteristics in the WBB feature region were investi-
gated using a Tecnai G2 F20S-TWIN TEM (Fig. 1(e)), and the size and dis-
tribution of helium bubbles were characterized and statistically analyzed under
under-focused and over-focused conditions in bright-field mode. Nanoindenta-
tion testing was performed on the WBB region using a G200 nanoindenter (Fig.
1(f)). To ensure the accuracy of test results, the indentation test was repeated
at least 8 times for each sample.

Fig. 1. (a, b) Schematic diagram of SA508-3/52 and SA508-3/52M joints; (c,
d) irradiation direction; (e) characteristic regions observed in TEM specimens;
(f) location of nanoindentation sampling points.

3.1 Microstructure characteristics in WBB before
moderate-temperature annealing
Fig. 2 [Figure 2: see original paper] displays the microstructure of the SA508-
3/52(M) joint interfacial region. It can be observed that the microstructure
on the SA508-3 side is predominantly ferritic (body-centered cubic), while the
WBB retains the face-centered cubic characteristics of the 52(M) alloy (Fig. 2(a-
c, h-k)). The EDS results of Fig. 2(d-g) indicate that there is a certain area
of element gradient variation near the fusion line of the joint on the 52 and 52
M sides, with ranges of approximately 30 𝜇m and 20 𝜇m, respectively, which
corresponds to the width of WBB. However, it is noted that although the WBB
exhibits considerable width, the dramatic elemental variations occur primarily
within an extremely narrow range of 0-6 𝜇m from the fusion line. Therefore,
this study focuses on the microstructural evolution of the WBB within the
corresponding specific region.

Fig. 2. (a, b) OM image of the WBB region; (c) schematic diagram of the WBB
position; (d-g) SEM images (d, f) and EDS line scan distributions (e, g) of the
WBB region; (h-k) inverse pole figures (IPF) (h, j) and phase maps (i, k) of the
SA508-3/52(M) joint interfacial region.

Fig. 3 [Figure 3: see original paper] shows the TEM images of the WBB in the
SA508-3/52(M) joint before irradiation.

Different characteristic regions within the WBB are named using the format
“distance from fusion line-filled material-unirradiated (u)/irradiated (i)/heat-
treated (h)”. Compared to the SA508-3/52M joint, the WBB of the SA508-3/52
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joint contains a large amount of black precipitate phases. As observed in Fig.
3(i-m), the precipitate mainly exhibits enrichment of Cr and C elements. Based
on previous research, it is reasonable to infer that these precipitates are mainly
Cr23C6 phases [22, 23]. After irradiation, the precipitate phase characteristics
in WBB persist. Consequently, the significant distinction in precipitate phase
characteristics between SA508-3/52 and SA508-3/52M joints primarily stems
from the differing chemical compositions of the 52 and 52M alloys. The analy-
sis area within the WBB of the irradiated joint is indicated in Fig. 4 [Figure
4: see original paper]. According to SRIM simulation results and TEM data,
the significant irradiation damage regions of the SA508-3/52(M) joint WBB are
all located within the depth range of 1600-1900 nm below the surface. There-
fore, subsequent irradiation damage analysis targeting the marked locations will
primarily focus on the corresponding depth range.

Fig. 3. TEM images of SA508-3/52(M) joint WBB before irradiation. (a-d)
Characterization positions of FIB specimens for the SA508-3/52 joint WBB (a)
and TEM bright-field images at 1, 3, and 6 𝜇m distances from the fusion line
(b-d); (e-h) characterization positions of FIB specimens for the SA508-3/52M
joint WBB (e) and TEM bright-field images at 1, 3, and 6 𝜇m distances from the
fusion line (f-h); (i) precipitate phase morphology in the SA508-3/52 joint WBB;
(j-l) element distribution of the precipitate phase; (m) high-resolution TEM
image of the precipitate phase, with the inset showing the fourier transform
(FT) image of the precipitate phase.

3.2 Helium bubble evolution in WBB after moderate-
temperature annealing
TEM images the WBB region in SA508-3/52(M) joints after 550°C moderate-
temperature annealing are presented in Figs. 5-7. The characteristic positions
of the WBB selected before and after heat treatment remain consistent. Fig. 6
Figure 6: see original paper display the TEM images of characteristic locations
within the SA508-3/52 joint WBB after heat treatment.

There is still a large amount of Cr23C6 precipitate phases dispersed in the
SA508-3/52 joint WBB after moderate-temperature annealing. It has been
demonstrated that during irradiation, these precipitate phases can serve as pre-
ferred nucleation sites for helium bubbles. By lowering the nucleation energy
barrier and providing vacancy sources, they substantially facilitate the nucle-
ation and initial growth of helium bubbles [24, 25]. Simultaneously, the precipi-
tate phase can also act as a rigid barrier to impede migration driven by surface
diffusion of helium bubbles [24]. During the moderate-temperature annealing
stage, the precipitate phase continues to exert the aforementioned effects. To
quantify the effect of post-irradiation moderate-temperature annealing on the
distribution characteristics of helium bubbles in the WBB region, quantitative
statistics of helium bubbles in TEM images were obtained using the Nanomea-
sure software. Fig. 6(g-i) show the statistical results of helium bubble sizes at 1,
3, and 6 𝜇m distances from the fusion line in the SA508-3/52 joint WBB before

chinarxiv.org/items/chinaxiv-202602.00188 Machine Translation

https://chinarxiv.org/items/chinaxiv-202602.00188


and after heat treatment. It can be observed that the average helium bubble
sizes at positions 1-52-h, 3-52-h, and 6-52-h are 1.58 nm, 1.49 nm, and 1.55 nm,
respectively, representing increases of 5.33%, 10.37%, and 6.89% compared to
the joints before heat treatment. The peak sizes of helium bubbles at the cor-
responding positions also increased by 1.93%, 0.98%, and 1.78%, respectively.
This indicates that the size of helium bubbles throughout the WBB has been
significantly enhanced after moderate-temperature annealing.

Fig. 4. (a, b) Characterization positions of SA508-3/52 (M) joint FIB specimen
after irradiation; (c) ion range profile of He concentrations and profile of the
irradiation damage; (d-i) TEM bright-field images of the WBB region at 1, 3,
and 6 𝜇m distances from the fusion line for SA508-3/52 (d-f) and SA508-3/52M
(g-i) joints.

Fig. 5 [Figure 5: see original paper]. Characterization locations of SA508-
3/52 (a) and SA508-3/52M (b) joint FIB specimens after moderate-temperature
annealing.

Fig. 6. (a-f) TEM bright-field images of the WBB region in SA508-3/52 joints
at 1, 3, and 6 𝜇m distances from the fusion line after moderate-temperature
annealing; (g-i) statistical results of helium bubble sizes at 1, 3, and 6 𝜇m
distances from the fusion line in the WBB region of SA508-3/52 joints before
and after moderate-temperature annealing.

Fig. 7 Figure 7: see original paper present the TEM images of different positions
of the SA508-3/52M joint WBB after moderate-temperature annealing. There
is still no precipitate phase distribution within the WBB, but the helium bubbles
and dislocation loops remain clearly discernible.

Due to the absence of precipitate phase constraints, the migration resistance
of helium bubbles and dislocation loops in the SA508-3/52M joint WBB has
significantly decreased.

Comparing the WBB regions before heat treatment reveals that moderate-
temperature annealing exhibits a similar trend in its effect on irradiation damage
within the WBB of the SA508-3/52M joint. From the quantitative statistics of
helium bubble sizes in Fig. 7(g-i), it can be seen that the average helium bubble
sizes at positions 1-52M-h, 3-52M-h, and 6-52M-h are 1.68 nm, 1.45 nm, and 1.61
nm, respectively, representing increases of 2.73%, 2.72%, and 3.25% compared
to the joints before heat treatment. The peak sizes of helium bubbles at these
three characteristic positions increased by 4.63%, 2.09%, and 5.41%, respec-
tively. Compared to the SA508-3/52 joint, the effect of moderate-temperature
annealing on the evolution of helium bubbles in the SA508-3/52M joint WBB
is more significant.

Fig. 7. (a-f) TEM bright-field images of the WBB region in SA508-3/52M joints
at 1, 3, and 6 𝜇m distances from the fusion line after moderate-temperature
annealing; (g-i) statistical results of helium bubble sizes at 1, 3, and 6 𝜇m
distances from the fusion line in the WBB region of SA508-3/52M joints before
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and after moderate-temperature annealing.

It has been reported that the phenomenon of helium bubble coarsening is pri-
marily driven by two mechanisms: “Migration and Coalescence”and“Ostwald
Ripening”[26, 27].

The former primarily results from the random rearrangement of helium bubbles
on the surface due to diffusion of matrix atoms (Fig. 8 Figure 8: see original
paper); the latter is caused by the thermal reactivation and redissolution of
small-sized helium bubbles, as well as the reabsorption of He atoms (Fig. 8(d)).
Under moderate-temperature annealing conditions, the precipitate phases and
grain boundaries serve as vacancy sources and rapid diffusion channels, promot-
ing the preferential formation of large-sized helium bubbles in these regions.

Specifically, helium bubbles at the interface nucleate and grow through vacancy
enrichment, whereas those within the crystal can only achieve localized aggre-
gation due to their limited diffusion capacity. The migration and coalescence of
helium bubbles require overcoming a surface diffusion energy barrier. However,
solute atoms such as Cr adsorb onto the surface of helium bubbles. By reducing
the interfacial energy and pinning helium bubble motion, they cause the helium
bubbles to coarsen in situ only through inhibited migration and coalescence,
rather than undergoing long-range migration [28]. During annealing at 550°C,
some helium atoms acquire sufficient thermal activation energy, enabling them
to diffuse through the matrix and migrate to larger helium bubbles, thereby
causing an increase in helium bubble size. Nevertheless, since 550℃ has not
yet reached the critical threshold required for the Ostwald ripening mechanism
to dominate, the number of helium bubbles grown through this mechanism re-
mains limited [19]. Consequently, the overall coarsening process continues to
be primarily driven by the migration and coalescence mechanism.

Fig. 8. Schematic diagram of the helium bubble coarsening mechanism in the
WBB region of SA508-3/52(M) joints during moderate-temperature annealing.

Fig. 9 Figure 9: see original paper illustrates the statistical results of helium
bubble number density at positions 1, 3, and 6 𝜇m from the fusion line in
the SA508-3/52(M) joint WBB. Since the coarsening process of helium bubbles
under moderate-temperature annealing conditions is primarily governed by the
migration coalescence mechanism, this leads to numerous small helium bubbles
coalescing into larger helium bubble aggregates through migration collisions.

Therefore, based on this mechanism, the helium bubble number density in the
WBB is theoretically expected to exhibit a decreasing trend. The helium bubble
number density in the WBB decreased significantly after moderate-temperature
annealing. The average number densities at three characteristic locations of the
SA508-3/52 joint were 6.31$×10{23}/𝑚{3}, 4.43×10{23}/𝑚{3}, 𝑎𝑛𝑑5.61×10{23}/𝑚{3}$,
respectively, representing reductions of 60.19%, 62.30%, and 67.21% compared
to the joint before heat treatment. Similar to SA508-3/52 joints, the coarsening
process of helium bubbles in the SA508-3/52M joint WBB is also primarily
governed by the migration and coalescence mechanism. After heat treatment,
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the average number density of helium bubbles at positions 1-52M-h, 3-52M-h,
and 6-52M-h in SA508-3/52M decreased by 51.38%, 48.05%, and 43.40%,
respectively. Fig. 9(g-l) presents the calculated swelling rates induced by
helium bubbles at the corresponding positions of the SA508-3/52(M) joint
WBB. Relevant studies indicate that the swelling rate of materials exhibits
the following quantitative relationship with helium bubble size and number
density [29]: where v is the initial volume of the material, Δv is the volume
increment, is the average radius of the helium bubble, and is the number
density. According to the above equation, the increase in volume resulting
from the enlargement of helium bubbles is insufficient to compensate for the
reduction caused by the decrease in number density, ultimately leading to a
significant decline in the swelling rate of the irradiated region within the WBB.
Compared to before annealing, the average and peak swelling rates at positions
1-52-h, 3-52-h, and 6-52-h in the SA508-3/52 joint WBB decreased by 49.16%,
42.66%, and 56.46%, as well as by 36.37%, 21.84%, and 48.34%, respectively. It
is noteworthy that, in contrast to the overall downward trend, the peak swelling
rate for the SA508-3/52M joint WBB exhibits an upward trend. This increase
against the overall trend is partly attributed to the absence of precipitate
phases that could serve as diffusion channels in the SA508-3/52M joint WBB.
On the other hand, it is primarily attributed to the pinning of helium bubbles
by the higher Cr content in the 52M alloy.

Fig. 9. Statistical results of helium bubble number density (a-f) and swelling
rate (g-l) at 1, 3, and 6 𝜇m distances from the fusion line in the WBB region
of SA508-3/52 (a-c, g-i ) and SA508-3/52M (d-f, j-l) joints before and after
moderate-temperature annealing.

3.3 Mechanical properties of WBB region
The microhardness of the WBB region in the SA508-3/52(M) joint is depicted
in Fig. 10 Figure 10: see original paper. It can be observed that the hardness
of the WBB region in SA508-3/52(M) joints is significantly higher than that
of surrounding areas, both before and after moderate-temperature annealing,
reaching a peak at a distance of 6 𝜇m from the fusion line.

However, it is noteworthy that the SA508-3/52 joint WBB exhibits a distinctly
higher hardness distribution, primarily attributable to the dislocation pinning
effect of precipitates such as Cr23C6. This hardness distribution persists even
after moderate-temperature annealing.

Before heat treatment, the peak hardness values in the WBB regions of SA508-
3/52 and SA508-3/52M joints were 11.95 GPa and 8.72 GPa, respectively, with
average hardness values of 9.53 GPa and 7.11 GPa. After heat treatment, the
corresponding peak hardness decreased to 9.25 GPa and 7.68 GPa, respectively,
while the average hardness decreased to
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7.84 GPa and 6.53 GPa. Moderate-temperature annealing
reduces dislocations and irradiation
defects, thereby diminishing the pinning effect of irradiation defects on disloca-
tion motion.

Simultaneously, it relieves lattice distortions and residual stresses generated
during welding and ion irradiation.

Fig. 10. Microhardness (a, b) and fracture toughness (c, d) of the WBB and
its adjacent regions in SA508-3/52 (a, c) and SA508-3/52M (b, d) joints before
and after moderate-temperature annealing.

In addition, it has been pointed out that the extent of irradiation damage in
materials can also be effectively evaluated through fracture toughness [30]. Nev-
ertheless, due to the extremely limited width of the WBB region at the joint
interface, conventional fracture toughness testing methods struggle to yield re-
liable data. Therefore, this study achieved a precise characterization of fracture
toughness in the WBB region by analyzing the elastic-plastic strain energy ratio
within the load-displacement curve from nanoindentation testing. The specific
calculation method is detailed in the Supplementary file. Fig. 10(c, d) depict
the calculated results of fracture toughness in the WBB region before and af-
ter moderate-temperature annealing. Prior to moderate-temperature annealing,
the fracture toughness trough values in the WBB regions of SA508-3/52 and
SA508-3/52M joints were

82.10 MPa・m1/2 and 98.03 MPa・m1/2, respectively, with
average values of 108.48 MPa・m1/2

and 129.13 MPa・m1/2. After heat treatment, the corresponding fracture tough-
ness trough values increased to 84.11 MPa・m1/2 and 109.75 MPa・m1/2, re-
spectively, while the average values rose to 110.75 MPa・m1/2 and 132.36 MPa・
m1/2. After moderate-temperature annealing, the fracture toughness of the
WBB region generally increases, which is mainly influenced by the following
mechanisms. First, the reduction of irradiation defects. Based on migration
and coalescence coupled with the Ostwald ripening mechanism, helium bubble
size increases while their number density decreases significantly. The internal
pressure of helium bubbles is partially released through vacancy migration, re-
ducing local stress concentration and making residual stress distribution more
uniform, thereby diminishing the driving force for microcrack initiation [31].
Second, the strengthening of grain boundaries. The migration and coalescence
of helium bubbles at grain boundaries consume a significant number of small
helium bubbles, leading to a marked decline in the number density at grain
boundaries and thereby reducing the tendency for intergranular fracture [32].
Third, the complexification of crack propagation pathways. The coarsened and
uniformly distributed helium bubbles and dislocation network form multiple ob-
stacles, forcing cracks to frequently change their propagation direction and con-
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sume more energy [14]. Furthermore, due to the absence of precipitate phases
such as Cr23C6, which form weak points in the mechanical properties within the
SA508-3/52M joint WBB, it exhibits higher fracture toughness than the WBB
region of the SA508-3/52 joint.

4. Conclusion
This study focused on SA508-3/52(M) dissimilar metal joints irradiated with
He ions, thoroughly analyzing the effects of 550℃ moderate-temperature an-
nealing on the repair of irradiation damage in the WBB. Moderate-temperature
annealing exhibits a significant repair effect on irradiation damage in the SA508-
3/52(M) dissimilar joint WBB, but the evolution behavior of helium bubbles
induced by heat treatment is simultaneously influenced by the microstructure
of the WBB region. Moderate-temperature annealing reduces the hardness of
the WBB in SA508-3/52 and SA508-3/52M joints by 22.59% and 11.93%, re-
spectively, by promoting dislocation annihilation, lowering the irradiation defect
density, and relieving residual stress, thereby effectively mitigating irradiation
hardening. Meanwhile, moderate-temperature annealing substantially reduced
the swelling rate in the WBB, achieving maximum reductions of 56.46% and
40.42% in SA508-3/52 and SA508-3/52M joints. Based on mechanisms such
as irradiation defect reduction, grain boundary strengthening, and crack prop-
agation path complication, the fracture toughness of the SA508-3/52(M) joint
WBB was notably enhanced. This study provides systematic theoretical guid-
ance and technical support for the irradiation damage management of nuclear
power equipment.
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