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A B S T R A C T   

Laser-based additive manufacturing (AM) provides a new pathway for rapid manufacturing of radiation-resistant 
materials used in the nuclear engineering system. Ultrafine sub-grain boundary (SGB) structure in AM materials 
plays an important role in enhancing radiation resistance of materials. Here, we combined experimental and 
molecular dynamics simulation methods to investigate the interaction between cellular SGBs in AM 316L 
stainless steel (SS) and irradiation-induced defects. Experimental results prove that the laser powder-bed-fusion 
(L-PBF) 316L SS presents a more uniform distribution of the defect sizes and the mean defect size is smaller after 
irradiation compared with cold-rolled (CR) 316L SS. The energetics and dynamics simulation results show that 
the SGB structure is an efficient sinking site for interstitial atoms. Density of dislocation network on SGBs exerted 
a significant effect on the reduction of interstitial atom formation energy near SGBs. After irradiation, the evident 
increase of SGB volume ratio fails to improve the defect self-healing performance but reduces the dislocation 
density on the SGB, thereby impairing the radiation resistance of the material. This work provides an insight into 
better understanding of the AM radiation enhanced materials from the combination of atomic simulation and 
irradiation experiments.   

1. Introduction 

Research on nuclear engineering materials today is facing unprece-
dented pressure – not only to improve the performance of structural 
materials to adapt to increasingly extreme service conditions [1-3], but 
also to control costs to meet the economics of nuclear power and 
improve its competitiveness with other energy sources. Nuclear material 
researchers have been investigating the interface for decades to create 
structural materials with high radiation tolerance since the discovery of 
the self-healing effect of interfaces on radiation defects of the material. 
For example, typical radiation-resistant materials, such as nano-oxide 
dispersion strengthened steels (ODSs) [4-6], nanoscale metallic multi-
layers [7-9], and graphene-reinforced metal matrix nanocomposites 
(GRMMNCs) [10-12], have been developed in recent years and achieved 
excellent radiation defects suppressing performance by introducing 
ultrahigh-density interfaces. However, the majority of interface struc-
tures can only be prepared under precise laboratory conditions and 
under careful manipulation of researchers. The case of nanoscale 

metallic multilayers is a typical example that grows at a rate of 
approximately 10 nm/min in a clean room. Such slow processing speeds 
and high costs indicate the poor applicability of these materials in the 
field of nuclear engineering. 

Laser-based additive manufacturing (AM), a revolutionary key stra-
tegic technology, has attracted considerable research attention in recent 
years [13]. Laser-based AM substantially reduces processing procedures 
and the number of parts of equipment of complex three-dimensional 
structures, thereby reducing the risk of failure and the difficulty of in-
spection due to the presence of an excessive number of weak links in the 
equipment. Nuclear material researchers and manufacturers have also 
explored laser-based AM due to its satisfactory properties [14-16]. 
However, unlike other traditional manufacturing processes, laser-based 
AM can be regarded not only as an advanced manufacturing technology 
for industrial sustainability but also a potential innovative technology 
that can provide a new pathway for the rapid manufacturing of 
radiation-resistant nanointerface structural materials. 

At present, many studies have discovered an interesting structure 
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called nano-cellular sub-grain boundaries (SGBs) spontaneously and 
rapidly form in additive manufacturing materials [17-19], which likely 
exert a beneficial effect on inhibiting the growth of radiation defects 
[20-22]. Regarding this unique structure, researchers have carried out a 
lot of work into its radiation resistance. The high fluence irradiation 
experiment on AM 316LN stainless steel (SS) by Zhang et al. reveals the 
good radiation resistance of AM materials [23]. They also found the 
SGBs can serve as effective defect sinks to reduce the dislocation loop 
density through in-situ irradiation observation, and the dislocations 
climbing on SGBs causes its diffusion during the irradiation [24]. In our 
previous work, the He bubble density and irradiation hardening degree 
of AM 316 L SS have proved to be lower than that of cold-rolled 316 L SS 
[25,26]. Wang et al. confirmed that the dislocations on SGBs can serve as 
trapping sites for irradiation-induced defects by in-situ observation of 
dislocation reactions [27]. With the development of laser-based AM 
technology entering new stages, researchers have begun to discuss the 
possibility of precise control of the density and structural characteristics 
of nano-cellular SGBs in AM materials [28]. A deep understanding of the 
atomic mechanism of the interaction between nano-cellular SGBs and 
radiation defects is crucial at this stage. 

In this work, the 316L SS was selected as the prototype material. On 
the one hand, 316L SS has been extensively used in the fuel assembly 
components and primary coolant pipes under harsh radiation environ-
ments. On the other hand, 316L SS is also a mature material for laser- 
based AM. We combined experimental investigations and molecular 
dynamics simulations to discuss the interaction mechanism between 
cellular SGBs in AM 316L SS and radiation defects caused by cascade 
collisions. We showed that riverbed-like low-angle SGBs, high-density 
dislocation network structure, and element segregation constitute the 
unique cellular SGB configuration of AM 316L SS. The evolution of 
irradiation-induced dislocation loops was significantly affected by SGBs. 
The interaction behavior and mechanism between radiation defects and 
SGBs were investigated in detail through energetics and dynamics 
simulation. Our results show that the evolution of point defects and 
dislocation loops in AM 316L SS is regulated by the dislocation density 
and configuration of SGBs. 

2. Materials and methods 

2.1. Material fabrication 

The L-PBF 316L SS samples were fabricated on the BLT-A300 ma-
chine with a maximum power of 500 W. All the additive manufacturing 
samples were printed on the steel substrate under argon atmosphere, 
with the size of 30 mm × 30 mm × 50 mm. The scanning strategy 
adopted cross hatching. A longer laser vector was set to reduce the 
coincidence in adjacent layers, and the laser scanning direction was 
rotated clockwise by 67◦ level-by-level. Detailed process parameters 
applied in the construction of porosity-free material are listed in Table 1. 
Commercial 316L powders suitable for L-PBF (particle size of 30–50 μm) 
were used as raw materials in this study. The chemical composition of 
316L powder is presented in Table 2. Traditional commercial cold-rolled 
316L SS was purchased from Wuxi Xinguangda Steel Co., Ltd. The cold- 
rolled samples were solution annealed at 1373 K for 2 h to eliminate the 
original defects and carbides, and the vacuum degree was less than 10-5 

Pa. After annealing, the samples were cold-rolled with 15% 
deformation. 

2.2. Irradiation experiments and characterization 

Materials are mainly irradiated by neutrons in the reactor, which 
collide with lattice atoms causing radiation damage. However, neutron 
irradiation requires a long experimental period to produce enough 
damage, and it may cause induced radioactivity, which needs a long 
time to place for experimental observation. Ion irradiation can generate 
enough damage in a short time without inducing radioactivity [29]. It’s 
the best alternative to neutron irradiation. The damage depth of ion 
irradiation can be simulated by SIRM. Fig. 1 shows the Ar8+ ion damage 
profile and implanted atom concentration calculated by SRIM-2008 [30] 
at the Quick Kinchin-Pease mode. It shows the damage range of Ar8+ ion 
is 18 nm, which means the equivalent damage of 3.7dpa under neutron 
irradiation can be achieved at 18 nm in the ion implantation. 

The EBSD test adopted FEI Quanta 450 feg field emission scanning 
electron microscope, with the tube voltage of 20 kV, scanning step of 
0.5 μm and step width of 17.6 mm. Specimens for the irradiation 
experiment were prepared using a standard double-jet procedure (7 vol. 
% per-chloric acid and 93 vol% ethanol with a voltage of 65 V at −
25 ◦C) to facilitate the following TEM observation. Ar ions irradiation 
experiment was performed in a 100 kV ion implanter at the Special 
Equipment Safety Supervision Inspection Institute of Jiangsu Province. 
Specimens were irradiated with 80 keV Ar ions to achieve 3.7 dpa at RT. 
Conventional TEM imaging was performed on all specimens using a 
Tecnai G2 F20 S-Twin with a maximum accelerating voltage of 200 kV. 

2.3. Molecular dynamics simulation 

Molecular dynamics simulations were performed using a large-scale 
atom/molecule massively parallel simulator (LAMMPS) [31]. 
Embedded atom method (EAM) potential developed Bonny [32] in 2013 
was used in our study for Fe, Cr, and Ni ternary alloys. This potential is 
an improved version of the simulation of radiation defect evolution. 
Energetic validation of the EAM potential in our work is presented in 
Table S1. The FeCrNi alloy Fe–11Ni–18Cr with a face-centered cubic 
(FCC) crystal was used to simplify the simulation and represent 316L SS. 
A lattice constant of 3.5736 Å was calculated using a model of 20 by 20 
by 20 lattice units and relaxed at 300 K for 400 ps. 

In this paper, the open-source atomic modeling software ATOMSK 
(Hirel, 2015) [33] was used for simulation modeling. Fig. 2 shows the 
configuration of the L-PBF 316L SS model. The size of model was set to 
90 × 115 × 30 units, which contained 622,893 atoms. The crystallo-
graphic direction along the x-axis was set to [101], the y-axis was [010]
and the z-axis was [101]. So that the dislocations on the SGBs were not 
limited by the periodic boundary conditions imposed on the simulation 
box and moved freely on the (111) and (111) slip planes. Four sub-grains 
with different directions were added in the simulation box (Fig. 2(a)), 
and the rotation angles of sub-grains are shown in Table 3. Based on the 
chemical compositions listed in Table 4, the SGBs with high-density 
dislocations were added between the sub-grains. The width of SGBs 
were maintained at 30 Å and high-density dislocations were inserted 
every 5 Å along the y-axis inside SGBs. Dislocation lines after relaxation 
showed a parallel arrangement very similar to the configuration 
observed in Kong et al. [34]. Meanwhile, a conventional LAGB model 
without dislocation network inside the sub-grain boundaries was built as 
the control model. The detailed information of control models was 
provided in the supplementary material. 

The formation energy of point defect was calculated by adding or 
deleting an atom near the simulation system. The interstitial atoms were 
added to the octahedral void of FCC lattice. The formation energy of 
defect is expressed as follows: 

Eα
f = Eα

GB − EGB ± Ecoh, (1) 

where Eα
GB and EGB are the total energy of the system before and after 

adding defects, respectively, and Ecoh is the cohesive energy of a perfect 

Table 1 
The process parameters we applied in the building process.  

Power (W) Scanning rate (mm/s) Line spacing (mm) Spot diameter (μm) 

190 1000  0.06 70  
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system without defects. The sign in Eq. (1) is positive when calculating 
the vacancy and negative when calculating the interstitial atom [35,36]. 

Cascade collision simulation was performed under microcanonical 
thermodynamic ensemble (NVE). A Berendsen thermostat of 300 K was 
applied to the frozen region surrounding the system to dissipate the 
energy introduced by the primary knock-on atom (PKA). An Fe atom 
inside the sub-grain was selected randomly as the PKA, and an energy of 
1–15 keV was provided to move toward SGBs. The entire simulation 
time was approximately 50 ps, and a variable time step setting was used 
to prevent the loss of atoms caused by a large step in the initial stage of 
the cascade collision. To reduce errors, five effective simulations were 
conducted at each energy value to ensure the validity of data. 

3. Results and discussion 

3.1. Microstructure changes of L-PBF 316L SS exposed to ion irradiation 

Fig. 3(a) shows the as-prepared L-PBF 316L SS samples, on the basis 
of which a series of experiments and tests were carried out. Fig. 3(e) 
shows the EBSD analysis results, which indicated the existence of SGBs. 
Grain orientation spread (GOS) figure [37] showed that the average 
deviation in the orientation between each point in a grain and the 
average orientation of the grain in the case of L-PBF 316L SS is larger 
than that in the case of CR 316L SS. However, kernel average misori-
entation (KAM) figure showed that misorientations of points in a grain in 
the L-PBF 316L SS are generally as low as those in the case of CR 316L SS 
when a similar analysis is performed within a kernel. The difference of 
KAM figure between L-PBF and CR cases is that many kernels in L-PBF 
316L SS present higher misorientations that likely contain SGBs. Fig. 4 
(a) clearly shows the TEM image of nano-cellular sub-grain structure on 
the scan plan of the as-prepared L-PBF 316L SS. L-PBF 316L SS presents 
ultrahigh density of riverbed-like SGBs with high-density dislocation 
network, which indicates that the configuration of SGBs with chaotic 
dislocation structure is completely different from sharp GBs observed in 
traditional metallic materials. Fig. 3(b)-(d) show that these SGBs are 

Table 2 
The chemical composition of 316L powder (wt.%).   

Cr Ni Mo Mn Si C S P Fe 

L-PBF  17.17  10.45  2.22  1.20  0.52  0.017  0.014  0.031 Bal. 
CR  16.64  10.05  2.02  1.18  0.44  0.020  0.002  0.031 Bal.  

Fig. 1. SRIM calculated Ar8+ damage profile (red line) and ion implantation 
profile (blue line). 

Fig. 2. Atomic model of L-PBF 316L SS: (a) configuration of the sub-grain interior and SGB, (b) atomic configuration of the computational cell, (c) 3-D view of the 
computational cell. 

Table 3 
Rotation angle of sub-grains along the z-axis.  

Sub-grain number ①① ②② ③③ ④④ 

Rotation angle 10◦ 5◦ 15◦ 20◦

Table 4 
Atomic percentages of Cr and Ni in sub-grain interior and sub-grain boundaries 
(at%).   

Sub-grain interior Sub-grain boundaries 

Cr 18 26 
Ni 11 17  
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essentially LAGBs with a misorientation of 2◦–15◦. The detailed 
configuration of the dislocation network is hard to characterize because 
the dislocation density is excessively high. Line scan analysis was instead 
performed on SGBs to explore the element segregation at SGBs (Fig. 4 
(b)). The rapid solidification of L-PBF process leads the ferrite stabilizers 
like Mo, Cr and Si to be ejected from the liquid along the solid–liquid 

interface and trapped at the SGBs [38,39]. The results showed that Cr, 
Ni, Mn, and Mo were enriched at SGBs while Fe was depleted. During 
directional solidification, the constitutional stress caused by solute 
enrichment led to the deformation, which was accommodated by dis-
locations [28], thereby promoting the formation of dislocation network 
on SGBs. 

Fig. 3. Microstructure properties of L-PBF 316L SS and CR 316L SS: (a) picture of as-prepared L-PBF 316L SS, (b) misorientation of GBs in L-PBF 316L SS and CR 
316L SS, (c) misorientation characteristic of GBs in CR 316L SS, (d) misorientation characteristic of GBs in L-PBF 316L SS, (e) EBSD results of CR 316L SS and L-PBF 
316L SS. 

Fig. 4. Microstructure of as-prepared and irradiated L-PBF 316L SSs: (a) cellular SBGs of the as-prepared L-PBF 316L SS, (b) element distribution across SBGs of the 
as-prepared L-PBF 316L SS, (c) diffused cellular SGBs in Ar ion-irradiated L-PBF 316L SS, (d) TEM image of dislocation loops induced by irradiation in L-PBF 316L SS, 
(e) TEM image of dislocation loops induced by irradiation in CR 316L SS. 
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Fig. 4(c) presents the microstructure of the L-PBF 316L SS foil 
specimen after exposure to Ar ion irradiation to 3.7 dpa at RT. The result 
was similar to what Zhang got in their work [24], in which the nano- 
cellular sub-grain structure remains intact, but dislocation network 
wrapped around SGBs significantly diffuse into the interior of the sub- 
grain. On the other hand, as shown in Fig. 4(d) and (e), dislocation 
loops in irradiated L-PBF 316L and CR 316L SSs were observed under the 
condition of [011] zone axis with g = 200. After careful observation of 
at least 10 different zones in each specimen, we observed that the 
number density and the average size of radiation induce dislocation 
loops of 4.7 × 1021 m− 3 and 6.4 nm in L-PBF 316L SS and 1.5 × 1021 m− 3 

and 6.8 nm in the case of CR 316L SS, respectively. Notably, dislocation 
lines in both cases were not counted because of the difficulty in deter-
mining whether such lines were generated by irradiation. Compared 
with CR 316L SS, L-PBF 316L SS presents a more uniform distribution of 
the defect sizes and the mean defect size is smaller after irradiation. 
According to the previous in-situ experimental study [27], this is mainly 
attributed to the effect of SGBs that makes L-PBF 316L SS exhibits a 
better radiation resistance. However, a deep understanding on the 
evolution mechanism of these radiation defects and the interaction be-
tween radiation defects and SGBs need to be further explored. 

3.2. Evolution behaviors of radiation defects and dislocation network 

Since we showed above that the riverbed-like low-angle SGBs, high- 
density dislocation network structure and element segregation consti-
tute the unique cellular SGB configuration of L-PBF 316L SS, an atomic 
model of L-PBF 316L SS with high-density dislocation network was built 
and leveraged to explore evolution behaviors and mechanism of the 
dislocation network and radiation defects further though molecular 
dynamics simulation. Notably, simulation models were smaller than the 
real size due to the limitation of the computational ability. Here, basic 
modeling principles were set to ensure the accuracy of simulation 

results, the ratio of the SGB width to the sub-grain width and the ratio of 
the SGB width to the interval of dislocation inside SGBs remained con-
stant with the configuration observed in experiments. 

Wigner–Seitz defect analysis [40] in the visualization software 
OVITO [41] was applied to observe the cascade collision process. Fig. 5 
(a) and (b) show that residual vacancies are more than interstitial atoms 
at the end stage of the cascade collision in both models. The difference of 
residual defects between L-PBF 316L SS and LAGB control group is 
shown in Fig. 5(c). A clear trend revealed that SGB exerts an inhibitory 
effect on the radiation damage, which reconfirmed the experiment re-
sults that the radiation resistance of L-PBF 316L SS is better than that of 
CR 316L SS. Fig. 6(a) presents the microstructure evolution of high- 
density dislocation network at different stages of the cascade collision 
with 15 keV PKA. Although the PKA bombardment causes serious 
damage to dislocation network around SBGs at the beginning of the 
cascade collision, the dislocation network gradually returned to its 
original state with the process of cascade collision annealing stage and a 
clear interface can be recognized at 40 ps. The comparison of the 
configuration of 1 ns after cascade collision showed that final dislocation 
network maintained a stable state. The excellent strength performance 
of AM 316L SS mainly originated from the cellular sub-grain structure 
[42], and the recovery of the cellular dislocation network structure after 
cascade collision assured the long-term service reliability of material 
under radiation environment. Furthermore, the observation of 
irradiation-induced dislocation loops revealed that it formed a defect 
depletion region near SGBs at the final stage of evolution, which showed 
the strong interaction between SGBs and irradiation-induced dislocation 
loops throughout the evolution process. 

Fig. 6(b) shows the development of the dislocation length at each 
moment of the cascade collision. Within 1 ps, the PKA with high energy 
made a large number of atoms deviate from the lattice equilibrium po-
sition, and the dislocation structure on the sub-grain boundary was 
destroyed, and all dislocations lengths are obviously reduced at 1 ps. 

Fig. 5. Number of residual defects after cascade collision: (a) L-PBF 316L SS, (b) LAGB control group, (c) comparison of residual defects. Dashed lines in the figure 
visualize the trend of the curve. The detailed cascade collision process with 3 keV PKA is available in supplementary video. 
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After 10 ps, the length of dislocation gradually increased due to the 
evolution of defects caused by cascade collision. During the annealing 
stage within 40 ps, A large number of dislocations were recovered 
through the following dislocation reactions but still failed to reach the 
original level. The face-centered cubic metal mainly contains a/6 〈112〉
Shockley partial dislocation and a/3 〈111〉 Frank partial dislocation 
[42,44]. During cascade collision annealing, the dislocation length of 
Shockley partial dislocation which can’t climb recovered to the original 
level, and the length of movable Frank partial dislocation increased. 
From 40 ps to 1 ns, the a/6 〈112〉 Shockley and a/3 〈111〉 Frank dis-
locations transformed into a/2 〈110〉 perfect dislocations, and the 
length of a/6 〈110〉 acute-angle stair-rod dislocation also increased due 
to the slip and recombination of dislocations. The morphology and 
dislocation types of dislocation network continue to develop towards 
intact and low energy stable states. 

Fig. 6(c) presents the total length of the dislocation network. The 
total length of dislocations reached 28,638.447 Å, which was approxi-
mately 101.74% of the original length, at 1 ns after the cascade collision. 
However, this value includes the length of dislocation loops generated 
by the cascade collision inside SGBs. The total length remained at 
27,344.025 Å, which was approximately 97.14% of original level, after 
removing the dislocation loop length. After a long-time cascade collision 
annealing stage, the total length and morphology of dislocation network 
in SGBs nearly recovers to the original state, which means the disloca-
tion density on SGBs almost maintains the same after cascade collision. 
These results indicated that the radiation damage of high-density 
dislocation network is weak. The microstructure of L-PBF 316L SS ex-
hibits excellent radiation tolerance. At present, the phenomena of SGBs 
diffusion are still difficult to obtain in the limited cascade collision 
simulations with molecular dynamics. Further simulation needs to be 
combined with mesoscopic methods such as kinetic monte carlo. 

3.3. Energetic mechanism of cellular SGBs in L-PBF 316L SS 

The SGB models used for energetic simulation include linear and 
cross-type. Fig. 7(a) presents the formation energy near the cross-type 
SGBs. The energy drop region of the interstitial atom was larger in the 
SGB model than that of the LAGB control group and distributed 
continuously near SGBs, thereby indicating its satisfactory ability to 
capture interstitial atoms. Both SGB and control models showed weak 
ability to capture vacancies after excluding intrinsic defects, which 
exhibited significant characteristics of biased sinks. The distribution of 
defect formation energy near linear SGBs is shown in Fig. 7(b)–(d). 
Compared with that in the control group, the energy drop region in the 
SGB model was larger and the formation energy of defects inside sub- 
grain was lower. However, amplitudes of energy drop of interstitial 
atoms was similar in both models. This finding proved that the dislo-
cation type at sub-grain boundaries exerts minor effect on the formation 
energy and the main effect comes from the density of dislocations on 
boundaries, which determines the energy drop region of interstitial 
atoms and the formation energy of defects inside sub-grain. 

Fig. 7(e) illustrates the average atomic potential energy and the 
distribution of atomic potential energy. The result showed that the L- 
PBF 316L SS presents not only a high average potential energy but also a 
significant increase in potential energy near SGBs. The average potential 
energy is related to the possibility of atoms passing through the energy 
potential well [45]. A high atomic potential energy allows additional 
atoms to migrate to nearby locations via thermal motion and facilitates 
the diffusion process in L-PBF 316L SS [46]. In addition, a large number 
of radiation-induced interstitial atoms were trapped by SGBs due to their 
strong capability of trapping interstitial atoms. The aggregation of 
interstitial atoms on SGBs increased the probability of recombination 
with nearby vacancies and promoted the self-healing process of 
radiation-induced defects [47]. The high dislocation density caused by 
SGBs accelerates the migration and self-healing of defects, making L-PBF 

Fig. 6. Microstructure development of L-PBF 316L SS during cascade collision: (a) microstructure evolution of high-density dislocation network, (b) development of 
dislocation lengths of all types, and (c) development of total dislocation length. All atoms are removed from the Fig. 6(a), and only the dislocation line calculated via 
Dislocation Extraction Algorithm [43] analysis remained. The same colors were used to identify dislocations in Fig. 6(a) and 6(b). 
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Fig. 7. Energetic analyses of cellular SGBs: (a) formation energy of defects near the cross-type SGBs, (b) formation energy of interstitial atoms near the linear SGB in 
L-PBF 316L SS, (c) formation energy of interstitial atoms near the linear LAGB in the control group, (d) formation energy of vacancy, and (e) average energy of atomic 
potential. The distribution of atomic potential is shown in Fig. 7(e), with L-PBF 316L SS on the left and the control group on the right. Bright colors of atoms indicate 
high energy. 

Fig. 8. Energetics analyses and density of residual defects of diffused L-PBF 316L SS: (a) formation energy of interstitial atoms near the 40 Å diffused SGBs, (b) 
formation energy of interstitial atoms near the 50 Å diffused SGBs, (c) dislocation density near SGBs, (d) density of residual defects near the 50 Å diffused SGBs, (e) 
comparison of the residual defects density. 
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316L SS have excellent radiation resistance. 

3.4. Influence of diffused cellular SGBs on the defect sinking effect 

Actively or passively regulating the configuration of SGBs will exert a 
significant influence on interaction behaviors with radiation defects 
given that the defect trapping capacity and energy state of SGBs present 
highly sensitive responses to the dislocation density of SGBs. Re-
searchers have characterized the high density of dislocations network 
inside the SGBs have a high tendency to dissociate, which tends to form 
wider stacking faults [48]. Fig. 4(c) shows that the dislocation wrapped 
around SGBs significantly diffuses into the interior of the sub-grain, 
which causes the change of dislocation morphology of SGBs, although 
the integrity of SGBs remains undamaged during the irradiation process. 
Here, two L-PBF 316L SS models with 40 Å and 50 Å diffused SGBs 
(detailed information is provided in supplementary material) were used 
to discuss the influence of diffused cellular SGBs on the sinking defect. 

Fig. 8(a) and (b) show the formation energy of interstitial atoms near 
diffused linear SGBs. Although the energy dropping region of interstitial 
atoms increased from 40 Å to 50 and 60 Å, weaker amplitudes of energy 
drop of diffused SGBs than the original, which indicates the decline of 
interstitial atoms trapping ability. The dislocation density near the SGBs 
is shown in Fig. 8(c). The results indicated that the decrease of dislo-
cation density in the diffused SGBs was the main reason for the effect on 
the formation energy of interstitial atoms. Fig. 8(d) and (e) present the 
results of cascade collision simulation in the 50 Å diffused SGBs model. 
The density of residual defect was calculated and compared with the 
previous results. The density of total residual defects, interstitial atoms, 
and vacancies was higher than the previous results. Compared with 
interstitial atoms, the ability to capture vacancies was obviously weak-
ened after diffusion, which showed the high sensitivity of self-healing 
performance to dislocation density. The L-PBF 316L SS with diffused 
SGBs clearly showed weaker radiation resistance than the original one. 

According to the simulation here, the defect trapping capacity of 
diffused SGBs was weakened due to the decreasing dislocation density. 
The apparent increase of SGB volume ratio fails to improve the self- 
healing defect performance of the L-PBF 316L SS. By contrast, disloca-
tion diffusion on SGBs reduces the dislocation density on the SGB and 
significantly changes the energy state near SGBs. Hence, interstitial 
atoms can no longer be sunk by SGBs when they move to the vicinity of 
SGBs. Considering the dominant role of dislocation density played in the 
atomic mechanism of improving the self-healing ability of radiation 
induced defects in materials, regulating the dislocation density of SGBs 
actively may provide a feasible pathway to further improve the radiation 
resistance of AM materials. 

4. Conclusions 

Our work provided insights into the microstructure of the laser-based 
AM 316L SS and its microscopic behaviors under irradiation condition. 
The atomic mechanism of the enhanced radiation tolerance of the laser- 
based AM 316L SS was investigated using molecular dynamics. The re-
sults revealed that the riverbed-like low-angle SGB structure with a 
certain width is spontaneously formed in laser-based AM 316L SS. The 
high-density dislocation network surrounds SGBs due to the repeated 
melting and rapid cooling during the laser-based AM process. Compared 
with CR 316L SS, the laser-based AM 316L SS presents a more uniform 
distribution of radiation defects and smaller defect sizes under irradia-
tion conditions. The molecular dynamics results showed a clear drop 
region of interstitial formation energy near SGBs, thereby indicating the 
ability of SGBs to trap interstitial atoms from an energetic point of view. 
The comparison between SGBs and conventional LAGBs indicated that 
the dislocation type of SGBs exerts a minor effect on the formation en-
ergy and the dislocation density on the boundary is the dominant factor. 
Meanwhile, high-density dislocation network not only can promote the 
migration of defects m but also inhibit the slip of dislocation loops. 

Although the SGB structure enhances the radiation tolerance of laser- 
based AM 316L SS, dislocation network wrapped around SGBs signifi-
cantly diffuse into the interior of the sub-grain during the irradiation 
process. According to our simulation, the decrease of dislocation density 
on SGBs after dislocation diffusion primarily causes the small formation 
energy difference between SGBs and the interior of the sub-grain that 
affects the defect sinking capacity. However, this phenomenon prompts 
us that actively regulating the configuration of SGBs will also exert a 
significant influence on its interaction behaviors with radiation defects. 
The precise control of the dislocation density of SGBs in rapid AM ma-
terials can achieve a high level of radiation-tolerant nuclear engineering 
material with the development of AM technology in the future. 
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