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Abstract
350 keV He+ ions were injected into laser powder bed fusion (LPBF)-processed 304L stainless steel and traditional rolled 
304L stainless steel with a flux of 1 ×1017 ions/cm2 at room temperature, followed by annealing at 750 ◦C for 10, 100, and 
300 h, respectively. The results showed that material swelling due to helium bubble coarsening was almost not observed in 
either the LPBF or rolled samples after 10 h of annealing duration. Rapid coarsening and swelling of bubbles occurred in 
the rolled samples, but only moderate bubble growth occurred in the LPBF sample after annealing for 100 h. After annealing 
for 300 h, the helium bubbles in both samples tended to grow steadily. For 10 h of annealing, the irradiated samples were in 
a disequilibrium state, and the apparent activation energy ( Eact ) calculated by the Arrhenius model determined that helium 
atoms tended to diffuse through the displacement mechanism, and helium bubbles grew under the migration and coalescence 
(MC) mechanism. With annealing times over 100 h, the high-density dislocations and nano-oxide particles in the LPBF 
sample still had a strong trapping effect on the movement and growth of helium bubbles. After annealing for 300 h, the cel-
lular subgrains in the LPBF sample decomposed, and the nano-oxide particles had no trapping effect on the helium bubbles. 
At this time, the dislocation structure played a primary role in suppressing the growth of helium bubbles, and the radiation 
resistance of the LPBF sample remained superior to that of the rolled samples.

Keywords  Helium atom diffusion · Helium bubble growth · Selective laser melting of stainless steel · Annealing time · 
Local microstructure

1  Introduction

Laser powder bed fusion (LPBF) technology is one of the 
most fastest growing technologies in metal additive manu-
facturing, which can produce critical stainless steel com-
ponents for reactor in cores with complex shapes, helping 
to achieve integrated manufacturing and rapid prototyping, 
providing new options and opportunities to overcome the 
bottleneck of traditional processing technology. Therefore, 
it has attracted widespread attention in the field of nuclear 
power plants [1, 2]. Austenitic stainless steel is used as the 
key structural material for reactor core components owing 
to its excellent high-temperature mechanical and corrosion 
resistance properties [3]. Furthermore, the service environ-
ment involves high-flux and long-term neutron irradiation 
and is susceptible to (n, a) transmutation reactions with the 
material, which inevitably produce an abundance of helium 
atoms in the structural material. Helium is an inert element 
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that does not combine with other atoms or dissolve in the 
material matrix. As the concentration of helium atoms 
continues to accumulate and precipitate, helium vacancy 
clusters are formed and ultimately agglomerate into helium 
bubbles [4, 5]. Helium bubbles are prone to aggregation and 
coarsening at grain boundaries, phase boundaries, and dis-
locations, which seriously alters the microstructure of the 
material and leads to surface foaming [6], expansion [7, 8], 
and helium embrittlement [9, 10], reducing the mechanical 
properties of the material and seriously affecting the safety 
and economy of nuclear power plants.

It is widely known that nanoscale ultrafine structure pos-
sesses high-volume fraction interfaces, including grain bound-
aries, phase boundaries, and layer interfaces, which can serve 
as defect sinks to improve radiation resistance [11]. Zinkle 
et al. [12] also demonstrated that nanocrystalline materials, 
oxide dispersion strengthened (ODS) steel, and nanostructured 
ferrite alloys exhibit high defect sinking strength 

(

> 1016∕m2
)

 , 
effectively suppressing the radiation-induced material harden-
ing. Numerous studies have indicated [4, 13, 14] that the over-
all growth of helium bubbles is ultimately inhibited in mate-
rials by introducing high-density defect sinks (such as grain 
boundaries, oxide particles, and dislocations) to capture helium 
atoms and impede the migration and coalescence of helium 
bubbles. It is now widely accepted that LPBF-processed 
stainless steel possesses unique microstructural characteris-
tics, including ultrafine cellular subgrains, precipitates, and 
nano-oxide inclusions [15–19], which are of great significance 
for improving radiation resistance. Current research primarily 
focuses on the nucleation behavior of helium bubbles [20], 
whereas studies on the growth behavior of helium bubbles 
in LPBF stainless steels remain scarce [21]. Post-irradiation 
annealing (PIA) is the most commonly used method in labo-
ratory research to gain insight into the behavior and control-
ling mechanisms of helium bubble growth, which is proven 
to be strongly dependent on the test conditions of annealing 
temperature and soaking time, and the material microstruc-
ture [4, 22]. Two main mechanisms involved in the coarsening 
of helium bubbles have been established based on numerous 
experimental and computational studies: (a) bubble migration 
and coalescence (MC) and (b) Ostwald ripening (OR) [21, 
23–25]. At present, research on the evolution of helium bub-
bles with annealing temperature [23–26] and annealing time 
[27–30] has been relatively mature. P.D. Edmondson [31] irra-
diated a 14YWT nanostructured ferrite alloy with 335 keV 
He+ , followed by 10 and 100 h of heat treatment at 750◦C . 
The results indicated that the distribution of helium bubbles 
became more inhomogeneous during heat treatment pro-
cess, which may be related to grain orientation. Hui Liu [32] 
annealed LPBF-processed 304L stainless steel after helium ion 
implantation and proved that the LPBF 304L samples exhib-
ited better radiation resistance compared to rolled counterpart 
when annealed at 600◦C for 1 h. The controlling mechanism 

for bubble coarsening was assumed to be the MC mechanism. 
The limited research has primarily focused on the annealing 
temperature, while the evolution of bubbles with soaking 
time and the fundamental controlling mechanism in LPBF-
processed stainless steel have not been investigated.

Therefore, it is necessary to elucidate the dependence 
of helium bubbles on annealing time and the evolution of 
the microstructure of LPBF-processed stainless steels. In 
this study, 350 keV He+ ions were injected into LPBF 304L 
stainless steel and conventionally rolled 304L stainless steel 
samples at a flux of 1 ×1017  ions/cm2 at room temperature 
and annealed at 750◦C for 10, 100, and 300 h, respectively. 
The coarsening behavior of the helium bubbles in the LPBF 
and rolled samples was compared. Cross-section TEM 
(transmission electron microscopy) analysis showed that 
the LPBF sample exhibited superior resistance to helium 
bubble growth.

2 � Experiment

2.1 � Sample preparation

The 304L stainless steel LPBF samples in this study were 
manufactured using an EOS M280 machine in an argon gas 
atmosphere. Gas-atomized powder with a particle size rang-
ing from 10 to 53 μm was utilized as the feedstock powder, 
and the printing parameters and chemical composition have 
been described in previous publications [20]. The LPBF and 
rolled sample (cut from a commercial 304L plate rolled at 
room temperature) were sectioned into small sample dimen-
sions of 2 mm × 5 mm × 1 mm using wire-cutting tech-
niques. The sample was gradually ground with 220–3000 
grit sandpaper and polished with Al2O3 polishing solution 
to obtain a scratch-free sample. To remove residual stress 
on the surface, electrolytic polishing was carried out using 
10% perchloric acid −90% ethanol at a voltage of 30 V and 
polishing for 15 s. The surface of the sample was sequen-
tially cleaned using an ultrasonic cleaning instrument with 
acetone, alcohol, and deionized water. Finally, the sample 
was dried for subsequent irradiation experiments.

2.2 � Helium ion implantation and annealing

The surfaces of the samples were mirror-polished, irradiated 
with raster beams, and then implanted with 350 keV helium 
ions at room temperature with a fluence of 1 × 1017 ions∕cm2 
at the Institute of Semiconductors, Chinese Academy of Sci-
ence. Details of the implantation test are provided in a pre-
vious publication [33]. Helium ion irradiation damage and 
He concentration profiles were calculated using SRIM (the 
Stopping and Range of Ions in Matter) [34] and are shown 
in Fig. 1. The peak ion concentration was approximately 
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0.8–0.9 μm away from the sample surface. The highest con-
centration of He was approximately 5.6 at%, and the maxi-
mum damage depth was approximately 1 μm beneath the 
surface. The samples were then annealed for 10, 100, and 
300 h in a tube furnace at 700◦C to gain insight into the 
helium bubble growth behavior, which were called as PIAed 
samples. The LPBF and rolled samples for TEM observa-
tion were prepared using a focused ion beam (FIB, FEI 
Nanolab 600) system to characterize the helium bubble den-
sity and distribution in the two states of as-irradiation and 
PIA. To ensure the accuracy of the experimental data, each 
sample was taken from the same sample within the peak 
damage zone, and the size and quantity of helium bubbles 
were measured using image software through several TEM 

images. The thickness of the TEM samples was determined 
using convergent beam electron diffraction (CBED). The 
samples were labeled as T1 (Rolled, implanted), T2 (Rolled, 
implanted + PIA at 700 ◦C for 10 h ), T3 (Rolled, implanted 
+ PIA at 700◦C for 100 h ), T4 (Rolled, implanted + PIA 
at 700 ◦C for 300 h) ; A1 (LPBF , implanted), A2 (LPBF, 
implanted + PIA at 700 ◦C for 10 h ), A3 (LPBF, implanted 
+ PIA at 700 ◦C for 100 h), A4 (LPBF , implanted + PIA at 
700 ◦C for 300 h) . TEM lamella thinness and experimental 
conditions are listed in Table 1.

3 � Results

3.1 � The stability of the microstructure in laser 
powder bed fusion samples

LPBF 304L stainless steel generally exhibits finer grain 
sizes owing to the rapid solidification rates during the LPBF 

Fig. 1   Damage dose (red line) and He+ ion implantation profile 
(black line) calculated by SRIM after irradiated by 350 keV He+ ion 
to 1 × 10

17
ion∕cm

2 in the LPBF304L stainless steels

Fig. 2   TEM schematic diagram of the microstructure of no irradiated LPBF sample

Table 1   Marking of irradiated and post-irradiation annealed stainless 
steel samples

Label Sample status Sample 
thickness 
(nm)

T1 Rolled, implanted 52
T2 Rolled, implanted, PIA at 700 ◦C for 10 h 50
T3 Rolled, implanted, PIA at 700 ◦C for 100 h 50
T4 Rolled, implanted, PIA at 700 ◦C for 300 h 65
A1 LPBF, implanted 52
A2 LPBF, implanted, PIA at 700 ◦C for 10 h 50
A3 LPBF, implanted, PIA at 700 ◦C for 100 h 50
A4 LPBF, implanted, PIA at 700 ◦C for 300 h 65
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process. The grain size of LPBF 304L stainless steel can 
range from approximately 1 to 10 μm [35], depending on 
the laser parameters and scan strategy used [36]. The grain 
size of stainless steel prepared using traditional processes 
typically ranges from 10 to 30 μm after recrystallization 
and annealing processes [37]. In the LPBF process, cellular 
structures are more easily formed at a relatively high ratio 
of temperature gradient (G) to cooling rate (R). As shown in 

Fig. 2, a small amount of nano-oxide particles, cellular sub-
grains, and linear dislocations were observed in the LPBF 
304L stainless steel. In our previous study, we demonstrated 
that the cellular subgrains are composed of high-density dis-
location walls [20]. As shown in Fig. 3, the cellular sub-
grains in the post-irradiation LPBF sample remained unal-
tered, indicating that irradiation had no significant influence 
on the cellular subgrain structure. This is consistent with the 
research findings of C. Fu. [19].

In Fig. 4, the cellular subgrains of LPBF sample are still 
remained with the size range of approximately 0.5 μm even 
after annealing for 10 and 100 h, indicating that their struc-
ture remains relatively stable even after high-temperature 
annealing for 100 h. After annealing for 300 h, the cellular 
subgrains were decomposed, but many dislocations were 
still present.

3.2 � Helium bubbles in the matrix

Figure 5 shows the distribution of helium bubbles in the 
two materials after He injection at room temperature. In the 
T1 rolled samples, the depth of the helium-causing damage 

Fig. 3   TEM schematic diagram of the microstructure of LPBF sam-
ple: a no irradiated sample, b irradiated sample

Fig. 4   TEM images of the microstructure of LPBF samples post-irradiation annealed at 700 ◦C for 10 h (a, d), 100 h (b, e), and 300 h (c, f)
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zone was approximately 980 nm, and the width was approxi-
mately 470 nm. The helium bubble size and density were 
1.12 nm in diameter and 3.86 × 1024 m−3 , respectively. In the 
A1 LPBF samples, the depth of the helium bubble damage 
zone was approximately 950 nm, the width was approxi-
mately 430 nm, and the corresponding data were 1.0 nm in 
diameter and 1.12 × 1024 m−3 number density, respectively. 
This result demonstrates that the helium bubble nucleation 
and damage zone width in the LPBF sample are lower than 
those in rolled sample, which is consistent with our previous 
conclusion that the PLBF 304L stainless steel exhibits bet-
ter irradiation resistance [20]. However, the helium bubble 
number density of both samples is one order of magnitude 
higher than that in the literature [20], caused by our higher 
helium injection dose.

As shown in Fig. 6, high-magnification TEM images of 
all samples are taken near a depth range of 700 to 1000 nm 
for investigating the evolution of helium bubbles, which 
can be used to quantify the size and density of bubbles 
and evaluate the effect of annealing time on the behavior 
of helium bubbles. The specific statistical results are pre-
sented in Table 2 and Fig. 7; the TEM results reveal that as 
the annealing time prolonged, the size of bubbles increases 
and the density of bubbles decreases.

After annealed at 700 ◦C to 10 h, the helium bubble 
sizes increase from 1.12 nm to 1.67 nm and from 1 nm to 
2.12 nm in the rolled and LPBF sample. It is evident that 
the helium bubbles remain relatively stable after a short 
soaking time of 10 h in both samples. The size of the 
helium bubbles in the LPBF sample was slightly larger 

than that of the rolled sample, but continued to grow in 
a stable range of helium bubble sizes [38], which had a 
minimal impact on helium embrittlement. A declining 
density of helium bubbles occurred in the two states of the 
samples. The helium bubble density in the LPBF sample 
was one order of magnitude lower than that in the rolled 
samples.

After annealing for 100 h, the helium bubble size in the 
rolled sample increases from 1.67 nm to 11.18 nm while in 
the LPBF sample from 2.12 nm to 8.5 nm . Significant coars-
ening of helium bubbles indicated a fast growth of helium 
bubbles in the 10–100-h annealing stage. The average size 
of helium bubbles in the two materials (rolled and LPBF 
samples) with the lowest and highest dislocation struc-
ture densities [20] was coarsened by 6.69 and 4.01 times, 
respectively. The density decreases from 1.84 × 1024 m−3 to 
1.03 × 1023 m−3 in rolled sample and from 1.22 × 1023 m−3 
to 7.76 × 1022 m−3 in LPBF sample with the decrease rate 
calculated as 94.4%, and 36.4% . Considering the bubble 
size and density evolution with annealing time, the helium 
bubbles in the LPBF samples grew steadily after the PIA 
treatment.

After 300 h of annealing, as shown in Fig. 7, the size 
and density of the helium bubbles have essentially reached 
a stable state for both samples, showing no significant altera-
tions. Throughout the annealing process, the helium bubble 
density and the sensitivity of helium bubble coarsening to 
annealing time in the LPBF samples were lower than those 
of the rolled samples, indicating the excellent resistance of 
the LPBF samples to helium bubble growth.

Fig. 5   TEM images of the a the rolled sample and b the LPBF sample after He+ ion implantation in −500 nm under-focus condition
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3.3 � Helium bubbles on nanoparticles

It is well known that the microstructure affects the behav-
ior of helium bubbles in materials. To elucidate the diver-
sity of the helium bubbles coarsening with increasing 
annealing time between LPBF and rolled 304L stainless 
steel, more detailed statistics of helium bubbles combined 
with the intrinsic structures are needed to assess the influ-
ence of the matrix microstructure. Figure 8 presents the 

evolution of the helium bubble nearby the nano-oxide 
particles in the LPBF samples. It can be observed that 
there is no significant accumulation of helium bubbles 
at the oxide-matrix interface without annealing. But a 
small number of helium bubbles are found to aggregate 
at the nano-oxide particles after annealing at 700 ◦C for 
10 to 100 h, as indicated by the white arrows in Fig. 8b, c. 
However, almost no accumulation of helium bubbles was 

Fig. 6   TEM images of bubbles in post-irradiation annealed the rolled sample and the LPBF sample at 700 ◦C 10 h (a, d) and 100 h (b, e) and 
300 h (c, f) in −500 nm under-focus condition

Table 2   Statistical results of 
the average size and quantity 
density of helium bubbles in 
rolled and LPBF samples as a 
function of annealing time

Label Sample status Average size of helium 
bubbles (nm)

Helium bub-
ble density 
(

m
−3
)

T1 Rolled, implanted 1.12 3.86 × 10
24

T2 Rolled, implanted, PIA at 700 ◦C for 10 h 1.67 1.84 × 10
24

T3 Rolled, implanted, PIA at 700 ◦C for 100 h 11.18 1.03 × 10
23

T4 Rolled, implanted, PIA at 700 ◦C for 300 h 11.6 9.12 × 10
22

A1 LPBF, implanted 1.00 1.12 × 10
24

A2 LPBF, implanted, PIA at 700 ◦C for 10 h 2.12 1.22 × 10
23

A3 LPBF, implanted, PIA at 700 ◦C for 100 h 8.5 7.76 × 10
22

A4 LPBF, implanted, PIA at 700 ◦C for 300 h 8.93 6.73 × 10
22
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observed at the oxide–matrix interface through the entire 
field of view after 300-h PIAed sample in Fig. 8d–f.

The results indicate that the nano-oxide–matrix interface 
is a defective sink for trapping helium atoms. The nano-
particles still possess sufficient trapping ability for helium 
bubbles even under long-term annealing, which can inhibit 
the dissociation or migration of helium bubbles. As shown 
in Fig. 8b, c, helium bubbles tended to preferentially aggre-
gate at oxide particles relative to grain boundaries, which 
was consistent with Liu’s research [39]. Molecular dynamics 
simulations can be employed to investigate the migration 
potential energy of helium bubbles toward grain boundaries 
and nano-oxide particles. It is speculated that the migra-
tion potential energy of helium bubbles toward nano-oxide 
particles might be lower, but further research is needed 
to delve into the mechanisms governing the evolution of 
helium bubbles in the presence of nano-oxide particles. This 
will contribute to reducing helium embrittlement and lay a 
solid theoretical foundation in the field of helium irradiation 
resistance.

Fig. 7   Schematic diagram of the average diameter and number den-
sity of helium bubbles in the irradiated rolled sample and LPBF sam-
ple as a function of annealing time

Fig. 8   Distribution of helium bubbles at nano-oxide particles in LPBF samples a unannealed; b,  c, d–f annealed at 700 ◦C for 10, 100, 300 h , 
respectively
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3.4 � Helium bubbles on grain boundaries 
and dislocations

Figure 9 illustrates that within the annealing duration of 10 
to 300 h, 96% of helium bubbles are distributed in proximity 
to dislocation structures, signifying a significant influence 
of these structures on the bubble growth process. In Fig. 9a, 
d, helium bubbles are notably aggregated along dislocation 
lines and complex dislocation structures. This observation 
suggests that complex dislocation structures exhibit strong 
adsorption and constraining effects on the helium bubbles. 
The micrograph shows that the helium bubbles on the dis-
locations are larger than those within the grains. This indi-
cates that dislocations act as strong sinks and rapid diffusion 
paths for helium, causing bubbles to diffuse into shallow 
layers [26]. The bubble size and relative frequency of helium 
bubbles aggregating at the dislocations were counted and 
are depicted in Fig. 10. There was no significant difference 
in the size and frequency of helium bubbles between the 
LPBF and rolled samples for the 10-h PIAed samples. In the 
100-h PIAed samples, however, an obvious helium bubble 
coarsening is occurred in the rolled sample with the bubble 
size ranging from 10 nm to 11.5 nm but from 8 nm to 10 nm 

in the LPBF sample. The proportion of large-size bubbles 
in the rolled sample was noticeably higher, with the maxi-
mum size even reaching 15 nm compared to the LPBF sam-
ple. With the annealing time extended to 300 h, the growth 
and evolution of helium bubbles tended toward stability in 
both the rolled and LPBF samples, with the bubble size and 
density remaining basically unchanged and the bubble size 
distribution remarkably similar, as shown in Figs. 7 and 10. 
The average bubble size is 10 to 12 nm for 300 h, compared 
to 10–11.5 nm for 100 h in rolled samples, and 8 to 10 nm 
for 100 h, compared to the 8.5–10.5nm for 300 h in LPBF 
samples. In contrast, most of the cellular subgrains were 
decomposed in the LPBF sample after 300 h of annealing, 
but many dislocations were still retained.

It is well known that the aggregation of helium bubbles at 
grain boundaries can cause intergranular cracking, which seri-
ously affects the mechanical properties of materials. Therefore, 
it is essential to study the evolution behavior of helium bubbles 
at the grain boundaries. As shown in Fig. 11, helium bubbles 
are notably concentrated and distributed along grain bound-
aries with a larger size than those nearby the boundaries in 
both the rolled and LPBF samples. The bubble size increased 
with annealing time. This observation suggests that grain 

Fig. 9   Distribution of helium bubbles at dislocations in post-irradiation annealed the rolled sample and the LPBF sample at 700 ◦C 10 h (a, d) 
and 100 h (b, e) and 300 h (c, f)
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boundaries serve as effective sinks for point defects, facilitat-
ing the rapid nucleation and growth of helium bubbles at grain 
boundaries. The size distribution of the bubbles at the grain 
boundaries was statistically counted and is shown in Fig. 12. 
The LPBF samples exhibited restrained bubble coarsening 
with smaller helium bubble sizes than the rolled samples, 

indicating excellent resistance to helium irradiation. El-Atwani 
et al. [40] proposed that different orientations of grains can 
affect the size and density of helium bubbles. Helium bubbles 
are more likely to aggregate and grow along the [110] direction 
[41]. However, because multiple grains were not observed in 
this study, a detailed discussion on this aspect was not pursued.

Fig. 10   Size and relative frequency of helium bubbles at dislocations in rolled and LPBF (as-built) samples at different annealing times

Fig. 11   Distribution of helium bubbles at grain boundaries in post-irradiation annealed the rolled sample and the LPBF sample at 700 ◦C 10 h 
(a, d), 100 h (b, e), and 300 h (c, f)
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4 � Discussion

4.1 � Dependence of helium bubble evolution 
on annealing time

After annealing at 700 ◦C for 10,100, and 300 h, the bubble 
sizes of the irradiated samples follow the order 
A1 < T1 < T2 < A2 < A3 < A4 < T3 < T4  ,  s h ow i n g 
slight discrepancies compared to previous research find-
ings [32]. To investigate the underlying reasons, we simu-
lated the curve of the density of helium bubbles with the 
reciprocal of the annealing temperature, conforming to 
Arrhenius law. The apparent activation energy 

(

Eact
)

 was 
obtained from the slope of the corresponding curve, as 
shown in Fig. 13. The activation energies in the rolled and 
LPBF samples were calculated to be 0.42 and 0.29 eV , 
respectively. Previous research on the evolution of helium 
bubbles in metallic materials has confirmed that the acti-
vation energy of vacancy migration 

(

EM
V

)

 and the dissocia-
tion energy of He-vacancy ( Ediss ) are important parameters 
for selecting suitable helium diffusion modes. At the con-
stant helium conditions, the following relations are 
obtained [42], where Eact

Cb
 and Eact

Rb
 are the apparent activa-

tion energies for helium bubble density and helium bubble 
diameter, respectively.

Vacancy mechanism:

Replacement mechanism:

Dissociative mechanism:

(1)Eact
Cb

= −3EM
V
∕14,Eact

Rb
= EM

V
∕14

(2)Eact
Cb

= −3EM
V
∕7,Eact

Rb
= EM

V
∕7

(3)Eact

C
b

= −E diss
,Eact

R
b

= Ediss
∕3

At low temperatures, the activation energy correspond-
ing to the displacement mechanism is 0.43–0.56 eV [42, 
43], and the vacancy migration energy is 1.0–1.3 eV [22, 
44, 45]. At high temperatures, the dissociation energy cor-
responding to helium is approximately 3.0 eV [46]. In this 
study, helium atoms tended to diffuse more through the 
displacement mechanism.

The stability of helium bubbles is affected not only by 
the diffusion of helium atoms but also by the overall aggre-
gation and coarsening of the bubbles [4, 47]. It is well 
known that migration and coalescence (MC) and Ostwald 
ripening (OR) are the two main coarsening mechanisms 
during the growth of helium bubbles, with different pres-
sures within the bubble triggering different coarsening 

Fig. 12   Size and relative frequency of helium bubbles at grain boundaries in rolled and LPBF (as-built) samples at different annealing times

Fig. 13   Approximate simulation of the dependence of helium bubble 
density on annealing temperature in the helium concentration peak 
region of rolled and LPBF (as-built) samples annealed at 700 ◦C for 
10 h
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mechanisms. The Carnahan-Starling hard sphere equation 
of state provides a good approximation [48]:

where k is the Boltzmann constant 
(

1.38 × 10−23 J∕K∕atom 
), � is the helium atomic density in a bubble (atoms∕nm3 
), T is the temperature (K) , and d is the hard sphere diam-
eter of the helium atoms (nm). In this study, � was calcu-
lated assuming that the helium atoms in the helium bubbles 
were in equilibrium with the implanted helium atoms. The 
value of d was determined using the modified Buckingham 
potential. In the A2 sample ( T = 973K) , the calculation 
yields d = 0.21 nm and the mean helium concentration in 
the depth range of 700 nm − 900 nm was about 4.30 at.% 
based on SRIM results. The target density was 8.48 × 1022 
atoms∕cm3

,  n is the number density of helium atoms in the 
region of peak helium concentration in units of atoms∕nm3 . 
The value of n obtained from Eq. (7) was 3.65. Assuming 
that all the injected helium atoms are absorbed by the helium 
bubbles, Eq. (8) can be obtained, where V sample is the 

(4)P

�kT
=

(

1 + y + y2 − y3
)

(1 − y)3

(5)y =
� × � × d3

6

(6)d = 0.3135
[

0.8542 − 0.03996 ln
(

T

9.16

)]

(7)
n

n + 8.48 × 1022
= 4.3%

(8)n × V sample =
4

3
× � × r3 × � × N

volume of the sample ( V Sample = 250 × 250 × 52
)

 , r is the 
mean radius of the helium bubble, N is the number of helium 
bubbles (N = 1643) . The number density of helium atoms in 
the helium bubble was calculated using Eq. (7), and Eq. (8) 
was 1378 atoms/nm3 ; the calculated internal pressure was 
approximately 23.35 GPa, which was significantly higher 
than the thermodynamic equilibrium equation of state value 
of 5.4 GPa [32]. These calculations indicate that overpres-
sure helium bubbles suppress the occurrence of the OR 
mechanism and make helium bubbles more prone to coars-
ening through the MC mechanism [49, 50].

Based on the above analysis, it is speculated that the sam-
ples within 10 h of annealing have not yet reached the ther-
mal equilibrium state. Therefore, helium atoms tend to dif-
fuse more through the displacement mechanism, where the 
lattice position of He atoms is occupied by self-interstitial 
atoms (SIA) and transitions to the interstitial position. The 
migration and coalescence of the helium bubbles occurred. 
As the higher sink strength in the LPBF sample reduces 
vacancy supersaturation, the high-density dislocations in the 
LPBF samples act as the primary source of He atoms dur-
ing annealing [51]. The re-release of helium atoms results 
in more helium bubbles migrating and aggregating in the 
form of helium atom clusters, and smaller He clusters exhibit 
higher mobility [52], resulting in a slightly larger helium 
bubble size in the LPBF sample than in the rolled sample. 
The specific mechanism is illustrated in Fig. 14.

4.2 � Effect of intrinsic structure on the evolution 
of helium bubbles in LPBF 304L SS

It is well known that the existence of various defect struc-
tures in material systems can affect the evolution of helium 

Fig. 14   Evolution mechanism 
diagram of helium bubbles in 
LPBF samples at 10-h anneal-
ing
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bubbles. During annealing for 10–100 h, the helium bub-
bles aggregated at the oxide particle–matrix interfaces in the 
matrix (Fig. 8). This underscores their efficacy in restrain-
ing the growth of helium bubbles as sinks for point defects. 
Although this effect diminished after 300 h of annealing, it 
effectively inhibited the migration and coalescence of helium 
bubbles during their nucleation and rapid growth in the early 
stages. In contrast, helium bubbles exhibited strong aggrega-
tion and dense distribution at the cellular subgrain bounda-
ries composed of dislocations throughout the matrix (Fig. 9), 
indicating the effective capture of helium bubbles by dislo-
cations. The fundamental reason is that helium atoms tend 
to diffuse to dislocations with lower potential energies for 
nucleation and growth [12]. Regarding bubble growth dur-
ing annealing, the dislocation lines serve as primary sources 
for vacancies, which have a strong affinity for helium atoms, 
making them more likely to aggregate and partially confined 
to the dislocation mesh [51]. The high-density dislocations 
in the LPBF samples were more effective in dispersing 
helium into smaller bubbles (Fig. 10), whereas in the rolled 
sample, the absence of high-density dislocations leaded to 
more pronounced coarsening of helium bubble sizes at dis-
locations. It was confirmed that high-density dislocations 
have a strong adsorption and confinement effect on helium 
bubbles and remain relatively stable even after 300 h of 
annealing.

The same results of helium bubble aggregation were also 
obtained at the grain boundaries (GB) (Fig. 11). The helium 
bubbles in the GBs of the LPBF sample were significantly 
smaller than those in the rolled sample. The bubbles at the 
grain boundaries in the rolled samples coarsened and exhib-
ited a pronounced tendency to aggregate. This indicates that 
there are no strong defect sinks in the rolled sample to inhibit 
the growth of helium bubbles, and the nucleation of helium 
bubbles along the grain boundaries is likely to be assisted 
by enhancing the diffusion of helium along the grain bound-
aries, which occurs at lower activation energies [52, 53]. 
After 100 h of annealing, larger helium vacancy complexes 
became movable and were captured by grain boundaries, 
resulting in the net growth of helium bubbles [31, 54].

In contrast, LPBF 304L stainless steel has an abun-
dance of interfaces, such as the high dislocation density 
around the cellular subgrains and the nano-oxide-matrix 
interface (Fig. 15) serve as capture sites for point defects. 
During the helium atom diffusion stage, these interfaces 
significantly enhanced the recombination of vacancies 
and interstitials. The depletion of vacancies inhibits the 
binding of vacancies and helium atoms and prevents the 
formation of helium bubbles [55, 56]. Regarding the 
nucleation stage of helium bubbles, these interfaces pro-
vide numerous nucleation sites for helium bubbles, which 
effectively disperse the aggregation of helium bubbles 
at grain boundaries and keep helium bubbles below the 

critical size for the bubble-to-cavity transition. Thus, the 
occurrence of helium embrittlement is reduced [50]. For 
the helium bubble growth stage under annealing, the high 
density of dislocations in the LPBF sample impedes the 
migration and merging of helium bubbles, inhibiting the 
overall coarsening of helium bubbles (Fig. 6) [57, 58].

It can be concluded that the high density of dislocations 
and nano-oxide particles in the LPBF sample can effec-
tively mitigate radiation hardening and high-temperature 
He embrittlement, thereby extending the working time of 
structural materials in nuclear energy systems.

4.3 � Swelling caused by helium bubbles

To compare the dependence of the swelling rate on anneal-
ing time, the swelling degree in the peak damage area 
was calculated for the LPBF and rolled samples, as shown 
in Fig. 16 [59]. When the annealing time was increased 
to 10 h, the material swelling rate was very weak with 
the extension of annealing time, and the two states of 
the samples exhibited almost identical material swell-
ing. The rapid expansion of material swelling occurred 
in the period from 10 h to 100 h, especially the sharply 
increased swelling rate for the rolled sample but moder-
ately for the LPBF samples because of the high density 
of dislocations. At the 100-h annealing time, the swell-
ing rates of the rolled and LPBF samples were 3.2% and 
1.47% , respectively. In LPBF samples, the presence of 
low-density and small helium bubbles reduces the overall 
swelling value [19]. This indicates that high-density dis-
locations are effective sinks for restricting the coarsening 
of helium bubbles by limiting their migration and aggrega-
tion of helium bubbles.

The capture effect of nano-oxide particles on helium 
bubbles was relatively weak compared to dislocation 
walls in LPBF 304L stainless steel, representing only a 
small amount of helium bubbles captured by the nano-
oxide particle interfaces, along with the very small num-
ber of nano-oxide particles through the LPBF 304L stain-
less steel (Fig. 16). Therefore, it can be concluded that 
the dislocation structure in LPBF plays a major role in 
inhibiting the migration and growth of helium bubbles, 
and the sink strengths of dislocations ( 2.4 × 1014 m −2 ) are 
approximately one order of magnitude higher than that 
of nano-oxide particles ( 2.1 × 1013 m −2 ) [20]. Moreover, 
the stability of the dislocation structure surpasses that of 
nanoscale oxide particles after prolonged high-temperature 
annealing. This indicates that the high-density disloca-
tions in the LPBF samples exhibit superior resistance to 
radiation-induced swelling compared with nanoscale oxide 
particles.
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5 � Conclusion

In this study, helium ion irradiation experiments were con-
ducted at room temperature and annealed at 700 ◦C for 
10, 100, and 300 h, respectively, to investigate the growth 
behavior of helium bubbles in LPBF 304L compared with 
conventionally rolled counterpart. The main conclusions 
are as follows: 

1.	 Nucleation behavior of helium bubbles in LPBF: The 
depth of the helium bubble damage zone in LPBF sam-
ples is approximately 950 nm, the width is approxi-
mately 430 nm, and the density of helium bubbles in the 
peak helium concentration zone is 1.12 × 1024 m −3 . The 
depth of the helium-induced damage zone in the rolled 
samples is about 980 nm, the width is about 470 nm, 
and the density of helium bubbles in the peak helium 
concentration zone is 3.86 × 1024 m −3 . TEM revealed 
that the nanoprecipitates and high-density dislocations 
in LPBF can act as defect sinks to trap and annihilate 
point defects, and the LPBF samples have narrower irra-
diation damage regions and lower helium bubble densi-

Fig. 15   Schematic diagram 
of the evolution of the helium 
bubble at 100 h of annealing: a 
LPBF sample, c rolled sample 
(b and d show enlarged sche-
matic diagrams of a and c )

Fig. 16   Variation of swelling rate of rolled and LPBF (as-built) sam-
ples in the helium concentration peak region with annealing time
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ties. Therefore, LPBF samples have superior resistance 
to helium bubble nucleation.

2.	 Helium bubble growth behavior and swelling behavior 
of LPBF samples: The size of helium bubbles in rolled 
and LPBF samples increases and the density decreases 
with annealing time. After annealing for 10  h, the 
helium bubble size in LPBF samples is slightly larger 
than in rolled samples, which is due to the fact that the 
irradiated samples are in a state of disequilibrium. The 
surface activation energy ( Eact ) was calculated using 
by the Arrhenius model, which determined that helium 
atoms tend to diffuse through the substitution mecha-
nism, and helium bubbles grow under the migration and 
coalescence (MC) mechanism. Annealing for 10–100 h 
is the period of rapid growth of helium bubbles, and 
after annealing for 100–300 h the bubbles enter a period 
of stable growth. Compared with the rolled samples, the 
LPBF samples have lower swelling coefficients after the 
post-irradiation annealing treatment, so it can be specu-
lated that the LPBF samples have excellent resistance to 
helium bubble coarsening.

3.	 Microstructure of LPBF samples: During the anneal-
ing period of 10–100 h, the cellular subgrains and the 
oxide nanoparticles of the material remain stable and 
have a strong trapping effect on helium bubbles, and 
after annealing for 300 h, the cellular subgrains begin to 
decompose and the oxide nanoparticles no longer pro-
vide trapping for helium bubbles, which indicates that 
the oxide nanoparticles are not as stable as high-density 
dislocations, and at this time, the high-density disloca-
tions become the main factor inhibiting helium bubble 
growth in LPBF samples. The LPBF samples still have 
excellent resistance to helium irradiation in a long-term 
service environment.
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