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A B S T R A C T   

Additive manufacturing (AM) has remarkable application potential in the field of nuclear engineering materials. 
Although considerable effort has been exerted to improve the mechanical properties of additive-manufactured 
materials, research on radiation-induced degradation of AM materials must also be conducted to meet the 
needs of nuclear engineering. This paper describes the radiation-phase stability of 316L stainless steel (SS) 
fabricated via selective laser melting (SLM) technology and the influence of microstructure change on the 
swelling and hardening of materials. Results showed that the austenite phase in SLM 316 SS was more stable than 
that of cold-rolled (CR) 316L SS. However, the swelling of SLM 316L SS occurred earlier than that of CR 316L SS 
in the room temperature (RT) case, while no distinct difference was observed between the two materials in the 
350 �C case. Two 316L SSs behave differently in swelling, due to their difference in misorientation and density of 
grain boundaries and dislocations. In addition, the hardening of CR 316L SS was stronger than that of SLM 316L 
SS. Analysis indicates that the inhibiting effect on radiation-induced martensite formation in SLM 316L SS leads 
to the improved resistance to the radiation hardening.   

1. Introduction 

The components used in nuclear power engineering generally have 
complex structures and connections that require secondary thermal 
processing in their raw materials [1]. Given that thermal processing 
changes the microstructure of the material, the mechanical and corro-
sion properties and radiation resistance of the final formed component 
differ from those of raw materials. This remarkably increases the 
complexity and time consumption of the development and assessment of 
nuclear engineering materials. 

Selective laser melting (SLM) [2] is an emerging additive 
manufacturing (AM) laser technology characterized by design freedom 
and short lead time in complex geometry processing. Compared with 
other AM methods, SLM has the advantages of high precision and 
excellent surface quality; hence, parts manufactured via SLM can be 
used directly after sandblasting or polishing with excellent mechanical 
properties [3] and corrosion resistance [4]. SLM technology possesses 
characteristic of one-step forming. Thus, it can be used not only to 
simplify the component development of Generation-IV nuclear power 
plants, but also to reduce the cost and time consumption of structural 

material upgrade of fuel assembly in Generation-II nuclear power plants. 
316L stainless steel (SS) is widely used as a structural material for the 

fuel assembly of Generation-II nuclear reactors and an important 
candidate material for many Generation-IV reactors, such as high- 
temperature gas-cooled, sodium-cooled fast, lead–bismuth-cooled, and 
thorium-based molten salt reactors, because of its excellent performance 
and low price [5]. In addition, 316L SS is the most mature among 
additive-manufactured metal materials. Although considerable effort 
has been exerted to improve the mechanical properties of AM 316L SS to 
meet the needs of nuclear engineering [6,7], research on the changes of 
the microstructure and performance degradation of AM 316L SS induced 
by radiation must also be conducted. However, only a few studies have 
been conducted on the radiation damage of AM 316L SS [8–12]. Certain 
studies have focused on the interaction of microstructures in SLM 316L 
SS with radiation-induced defects and impurity atoms. The findings 
showed that the sub-grain boundaries (SGBs) and nano-oxides in SLM 
316L SS affected the distribution of He bubbles [12], dislocation loops 
[10], and voids [8]. However, minimal information is available on the 
specific macroscopic manifestations of radiation damage in SLM 316L 
SS. Although SLM 316L SS exhibited good resistance to 
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irradiation-assisted stress corrosion cracking [11] and He-induced 
hardening [12], the usual manifestations of radiation effect, such as 
phase transition, surface swelling, and radiation defect-induced hard-
ening remain unclear. Hence, more evidences on the performance and 
mechanism of radiation damage in SLM 316L SS still need to be 
provided. 

In this work, we conducted 5 MeV Xe23þ beam irradiation experi-
ments on SLM 316L SS at room temperature (RT) and 350 �C (PWR 
operating temperature). Previous studies have shown that the disloca-
tion loop density of SS is saturated when the irradiation dose reaches 1 
displacement per atom (dpa) [10,13]. Therefore, 0.69 and 3.7 dpa were 
selected in our experiment. For comparison, the same experiments were 
further conducted on traditional cold-rolled (CR) 316L SS. The micro-
structure evolution, surface swelling, and radiation hardening behavior 
of the two steels were characterized using grazing incidence X-ray 
diffraction (GIXRD), atomic force microscopy (AFM), transmission 
electron microscopy (TEM), and nanoindentation. The mechanism of 
SLM 316L SS radiation damage was analyzed in detail to evaluate its 
radiation resistance. 

2. Material and methods 

2.1. Materials 

The SLM 316L SS used in this work was a rectangular parallel-piped 
bulk of 5 � 3 � 3 cm3, printed in an SLM BLT-S300 facility (Xi’an Bright 
Laser Technologies Co., China) equipped with an IPG fiber laser with a 
maximum 500 W power output and 70 μm diameter laser spot. During 
the building process, the fixed laser parameters (200 W power, 850 mm/ 
s scan speed, and 0.1 mm line spacing) were used to obtain the samples 
with the highest density. Commercial 316L SS with a size of 10 � 10 � 1 
cm3, fabricated via traditional craft, was purchased from Wuxi Xin-
guangda Stainless Steel Co., Ltd. Subsequently, the commercial 316L SS 
bulk was annealed for 2 h at 1373 K under high vacuum condition 
(~10� 5 Pa) and then 15% deformed through cold rolling. Both 316L SSs 
were cut into small disks with size of Φ10 mm � 0.5 mm, and then 
mechanically polished into mirrors respectively. There were another 
group of SLM 316L SS TEM foils which were prepared by a standard 
double-jet procedure (7 vol% per-chloric acid and 93 vol% ethanol with 
a voltage of 65 V at � 25 �C). The TEM specimens were used to explore 
the element segregation of SLM 316L SS and further irradiated under 3.7 
dpa Arþ at RT. The chemical composition of the two 316L SSs is listed in 
Table 1. 

The microstructures of both steels are shown in Fig. 1. As shown in 
Fig. 1(c), SLM 316L SS shows a unique layer band structure corre-
sponding to the top side of the building bulks (perpendicular to building 
direction). There were numerous SGBs and nano-inclusions in SLM 316L 
SS. The cellular SGB structure is often aligned with the temperature 
gradient direction in the solidification process [14]. The elemental maps 
from energy dispersive spectroscopy (EDS) analysis showed that 
element segregation at SGBs and nano-inclusions in Fig. 3. The result 
showed that heavier elements (Mo, Ni) or larger elements (Cr, Mn) than 
Fe were enrichment at SGBs. On the contrary, Fe was depletion. Owing 
to extremely fast cooling rate (106 K/s), there is not enough time for the 
diffusion and alloying of atoms to be completed during rapid crystal 
growth. The uneven diffusion took place around SGBs. It is well docu-
mented that significant tensile residual stresses are generated upon so-
lidification for SLM 316L SS [15]. Birnbaum [15] indicated that the 
strain energy field generated around SGBs would drive solute diffusion 

to minimize local free energy via the formation of Cottrell atmospheres, 
which results in stable element segregation at SGBs. The EDS elemental 
mapping further confirmed that the embedded nano-inclusions contain 
Si, Mn and O. The presence of oxide dispersions in AM austenitic SS has 
been previously reported [6,12]. The likely sources of oxygen are the 
native oxide on the powder surface and (gas) impurities in the AM 
process atmosphere. Although a vacuum treatment (0.1 Pa) was 
executed before printing, there was still residual oxygen in the chamber. 
Due to the strong affinity of O element with Si and Mn, the Mn and Si 
elements in the powder will be spontaneously adsorbed by O to form 
inclusions during the process of laser melting. The average size and 
number density of inclusions in our work were measured approximately 
60 nm and 4.2 � 1020 m� 3, respectively. And the overall volume per-
centage of inclusions obtained was approximately 5 vol%. 

2.2. Irradiation 

The as-prepared disk specimens were irradiated at RT and 350 �C 
with 5 MeV Xe23þ ions at a flux of approximately 1.139 � 108 ions/ 
(cm2⋅s) in a chamber with a vacuum of 10� 5 Pa on the 320 kV platform 
at the Institute of Modern Physics in the Chinese Academy of Sciences. 
Fluence was set to 2.6 � 1014 and 1.4 � 1015 ions/cm2. The damage 
profiles were calculated using SRIM-2013 software (Fig. 3) in which the 
displacement energy of Fe, Cr, and Ni was 40 eV and that of Mo was 60 
eV. SRIM-2013 was also used to obtain the corresponding dpa values, 
which were calculated at 0.69 and 3.7 dpa. The results were obtained 
using “Kinchen–Pease quick calculation.” The radiation damage depth 
(distribution) under 5 MeV Xe23þ ions was calculated at 1000 nm, 
wherein the peak damage occurred at 600 nm. 

The implantation experiments for SLM 316L SS TEM foil was carried 
out on a 100 kV ion implanter in Special Equipment Safety Supervision 
Inspection of Jiangsu Province. The samples were irradiated by 80 keV 
Ar ions to achieve a fluence of 2.96 � 1015 ion/cm2 (3.7 dpa) at RT. The 
SRIM calculation result was shown in supplementary material. 

2.3. Characterization 

The pre-irradiation microstructure of the SLM and CR 316L samples 
were characterized via OM (Zeiss Scope A1), SEM (Apollo 300), and 
TEM (Tecnai G2 F20 S-Twin). 

Residual gas contamination (C, H, O and N) was measured by 
infrared absorption carbon-sulfur analyzer (LECO, CS844) and oxygen 
nitrogen hydrogen analyzer (LECO, ONH836). The measurement accu-
racy reaches 1 ppm (wt). 

The GIXRD (Bruker D8 ADVANCE) measurements were conducted 
with a Cu Kα radiation source (λ ¼ 1.5406 Å) to detect the phase changes 
in the irradiation layers. X-ray scanning ranged from 30� to 90� with a 
0.02� resolution. In accordance with the penetration depth of Xe irra-
diation (approximately 0.6–1 μm), the incident angle of 3� was selected 
to detect the microstructure change in the irradiation damage region. 

AFM was performed at RT using a Dimension Icon, an AFM equip-
ment made by Bruker, to analyze the surface information of the irradi-
ated and unirradiated regions. The AFM image was acquired using the 
ScanAsyst mode with a ScanAsyst air probe. The maximum scanning 
region was 30 � 30 μm2 in this experiment. 

Nanoindentation tests were performed using a diamond Berkovich 
indenter in a Nano Indenter G200 (Agilent Technologies) with a 
continuous stiffness measurement mode at the Suzhou Institute of Nano- 
Tech and Nano-Bionics. Hardness was calibrated to a depth of 1.5 μm 
using a fused silica reference material. The maximum penetration depth 
and applied load were approximately 1.5 μm and 500 mN, respectively. 
Each specimen was tested at five different points, and the distance be-
tween indentations was ~30 μm (20 times the penetration depth). 

Cross-sectional specimens for TEM were extracted from the irradi-
ated surfaces with a focused ion beam (FEI Helios Nanolab 600) using 
30 kV Gaþ ions for machining, followed by 5 kV Gaþ ions for polishing 

Table 1 
Nominal chemical compositions (wt%) of the two types of 316L SS.   

Cr Ni Mo Mn Si C S P 

SLM 17.17 10.45 2.22 1.20 0.52 0.017 0.014 0.031 
CR 16.64 10.05 2.02 1.18 0.44 0.020 0.002 0.031  
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with a vacuum of 6.5 � 10� 4 Pa. Conventional TEM imaging of 
irradiation-induced microstructural evolution was performed using a 
Tecnai G2 F20 S-Twin with a maximum accelerating voltage of 200 kV. 

3. Results 

3.1. Influence of residual gas contamination under irradiation 

Molecules in air could hinder the movement of ions. To ensure the 
intensity and stability of the ion beam, vacuum conditions (<10� 4 Pa) 
are necessary. However, trace gas remained in the chamber and may 
affect the composition of the samples during irradiation at high tem-
peratures. There is about 78% N2, 21% O2, 0.94% inert gas, 0.03% CO2, 
and 0.03% other impurities (such as O3, H2O, NO and NO2 etc.) in air 
(proportionate by volume). Therefore, we measured the gas element 

composition (C, H, O and N) of SLM 316L SS before and after irradiation 
to 3.7 dpa at 350 �C, as shown in Table 2. It was showed little change in 
gas element content before and after irradiation, which proved that the 
vacuum condition was qualified. 

3.2. GIXRD 

Fig. 4 shows the GIXRD patterns of (a) SLM and (b) CR 316L SS under 
different irradiation conditions. SLM 316L SS maintained the single- 
phase austenite γ (FCC) structure without phase transition under any 
experiment condition, and the lattice constant was maintained at 
3.6021 Å. The texture orientation changed merely from γ (111) to γ 
(200) at 350 �C. From the comparison, CR 316L SS originally contained 
some martensite α’ (BCC) due to cold processing. A significant phase 
transition (γ (FCC) → α’ (BCC)) occurred in CR 316L SS when the 

Fig. 1. Pre-irradiation microstructure of CR and SLM 316L SS: (a) Optical micrograph (OM) of martensite (black precipitate) in CR 316L SS, (b) scanning electron 
microscopy (SEM) of grains in CR 316L SS, (c) OM image of SLM 316L SS revealing the unique structure of the layer band in the AM material, (d) SEM of cellular 
subgrains in SLM 316L SS, (e) scanning TEM (STEM) image of cellular subgrains and nanoinclusions in SLM 316L SS, and (f) enlarged STEM image of nanoinclusions. 

Fig. 2. STEM-EDS image of SLM 316L SS.  
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irradiation dose reached 3.7 dpa. The lattice constant increased from 
3.5989 Å to 3.6005 Å after irradiation. 

Fig. 4(c) presents the CR 316L SS martensite content, which is 
calculated using the method proposed by Amar [16]. The degree of 
phase transition was small at 0.1% and 0.9% after a dose of 0.69 dpa at 
RT or 350 �C, respectively. As the ion dose increased to 3.7 dpa, the 
degree also increased significantly. Kumar [17] mentioned that 
radiation-induced phase transition is the result of defect accumulation 
and temperature variation. In this study, the temperature range of RT to 
350 �C demonstrated a minimal effect on the radiation-induced phase 
transition. The phase change may be dominated by the accumulation of 
radiation-induced defects. Compared with its CR counterpart, SLM 316L 
SS presented improved phase stability under irradiation. From a me-
chanical point of view, grain refinement aids in radiative stress disper-
sion and preventing stress concentration to produce deformed 
martensite [18]. This mechanism can also explain the inhibition of 
radiation-induced phase decomposition in nanocrystalline materials. 
High-density subgrains may be an important factor in improving the 
resistance of SLM 316L SS to radiation-induced phase transition. 

3.3. AFM 

Fig. 5 illustrates the AFM 3D image of the irradiated area and matrix 
of (a) SLM and (b) CR 316L SSs at an irradiation dose of 3.7 dpa at 350 
�C. The results showed that the two steels had clear surface swelling 
under this condition. We compared the swelling heights of the two 
steels, as shown in Fig. 3(e), and calculated the swelling rate (swelling 
height/irradiation depth (1 μm)), as shown in Table 3. No significant 
difference existed in the swelling rate between the two steels at ~1%. 
AFM testing of samples under other irradiation conditions (see Fig. S2) 

was also performed. No swelling was observed on the irradiated surface 
in the samples under other irradiation conditions, except for an 
approximately 0.7% swelling of SLM 316L SS after 3.7 dpa irradiation at 
RT. The sample surface roughness (Ra ¼ 4–6 nm) interfered with the 
observation of the low swelling height. 

According to our results, radiation swelling in SLM 316L SS appeared 
earlier than that in CR 316L SS at RT. The difference in swelling is likely 
due to the following reasons: First, contrary to the vacancies, the SGB 
structure of SLM 316L SS had a strong trapping effect on interstitials that 
promote swelling. Meric [8] confirmed this result. Second, the BCC 
structure had fewer interstitial sites for jumping compared with the FCC 
structure [19]. Therefore, the BCC structure exhibited strong resistance 
to radiation swelling. The GIXRD results showed that the BCC structure 
originally existed in CR 316L SS, and the BCC content increased after 
irradiation. Hence, SLM 316L SS is more swollen than its CR counterpart 
at RT. The difference in the swelling degree between the two steels 
decreased at 350 �C. This may be due to the decrease in the diffusion rate 
difference between interstitial and vacancy atoms as the temperature 
increased. 

3.4. Nanoindentation 

Fig. 6 shows the change of hardness with depth before and after 
irradiation of SLM and CR 316L SS. To avoid the anti-nanoindentation 
size effect [20], we did not analyze data with a depth less than 100 
nm. The results showed that the hardness of SLM and CR 316L SS 
decreased with the increase in indentation depth due to the size effect of 
the indenter. This effect can be explained by the theoretical model of 
geometrically necessary dislocation proposed by Nix and Gao [21]. This 
model predicts the hardness measured by the nanoindenter as follows: 

H¼H0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h�=h

p
; (1)  

where H0 is the hardness at infinite depth, h is the indentation depth of 
the indenter, and h* is a characteristic length depending on the shape of 
the indenter tip and material type. 

Fig. 6(a) and (b) show that the hardness of both irradiated 316L SS is 
larger than that of the unirradiated specimens. Moreover, the hardening 
degree of CR 316L SS was higher than that of SLM 316L SS. The 

Fig. 3. Distribution of displacement damage and Xe concentration versus depth in 316L SS irradiated with 5 MeV Xe ions according to SRIM-2013.  

Table 2 
The composition (wt%) of SLM 316L SS before and after irradiation to 3.7 dpa at 
350 �C.   

H C N O 

Unirradiated <0.0001 0.017 0.099 0.035 
350 �C 3.7 dpa 0.0002 0.016 0.100 0.035  
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increasing degree of hardness for all the specimens was characterized by 
the ratio of Hirr/Hunirr, as shown in Fig. 6(c) and (d). The findings indi-
cate that the critical indentation depth (hc) was ~250 nm, which was 

approximately one-fourth of the thickness (~1000 nm) of the irradiation 
layer (as shown in Fig. 2). To obtain the true hardness of the irradiated 
layer, we used the method developed by Kasada [22]. We illustrated the 

Fig. 4. GIXRD patterns of Xe irradiated with (a) SLM and (b) CR 316L SSs; (c) martensite content (%) in CR 316L SS calculated from the GIXRD results.  

Fig. 5. AFM image of the irradiated and unirradiated regions of the (a, b) SLM and (c, d) CR at 3.7 dpa under 350 �C; (e) measured swelling heights in (b) and (d).  
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relation curve of H2� 1/D (as shown in Fig. 6(e) and (f)) to obtain the 
macroscopic hardness, H0. In the case of unirradiated specimens, the 
curve demonstrated good linearity within a range of h > 100 nm. 
However, the irradiated specimens presented bilinearity and a transition 
depth ranging from 200 nm to 250 nm, which was consistent with hc. 
Beyond hc, the soft bulk region could contribute to the hardness value 
with increasing indentation depth; hence, the data in the range of 100 
nm < h < 250 nm were selected to calculate H0

irr, as shown in Fig. 6(g). 
Before irradiation, it was found the H0 of SLM 316L SS is higher than that 
of CR 316L SS. The hardening of SLM alloys was related to the 
strengthening effect of SGB, nanoinclusions and dislocations, which can 
hinder dislocation motion. 

Fig. 6(h) shows the relationship between the hardening fraction and 
irradiation dose of the two steels in this study and in the research results 
of Huang [23] and Hunn [13]. The results showed that hardening was 
enhanced with increasing irradiation dose and reached saturation at a 
certain point. This phenomenon could be attributed to the formation of 
radiation-induced defects (such as dislocation loops) and precipitated 
phases. These defects and precipitates acted as anchors for dislocation 
and resulted in hardening. The number of irradiation defects was basi-
cally saturated after reaching a certain irradiation dose, and subsequent 
hardening became not obvious. By comparing the radiation hardening 
fractions at different temperatures, we found that both steels had a 
greater degree of hardening at RT compared with that at 350 �C. Theiss 
[24] determined that the vacancies became migratory at temperatures 
greater than 0.17 Tm (Tm is the melting point of the material). The 
temperature (350 �C) of our experiment reached 0.3 Tm; hence, addi-
tional vacancies were annihilated with interstitials and reduced the 
number of defects, thereby weakening the hardening effect. 

The results in Fig. 6 show that the hardening of SLM 316L SS is less 
than that of CR 316L SS. The factors contributing to hardness change, 
such as the formation of radiation defects and phase transition, were 
complex. Hardening combined with the TEM results is explained in the 
Discussion Section. 

3.5. TEM 

The overall microstructure of the two 316L SSs after an irradiation 
dose of 3.7 dpa is shown in Fig. 7. Fig. 7(a) presents that many twins 
(yellow ellipses) occur at a depth of around 1 μm (in line with the SRIM 
simulation results) of irradiated SLM 316L SS at RT. Moreover, many 
nanotwins appeared inside the material (see Fig. S4). Some studies 
attribute this phenomenon to the effect of radiation stress release [25, 
26]. However, this type of twin was absent at 350 �C (Fig. 7(b)), which 
was consistent with the fact that twins are unstable at high temperatures 
[27]. Fig. 7(c) shows the overall image of CR 316L SS irradiated at RT. 
Many twins, dislocations, and some martensite existed in the matrix and 
formed during the cold rolling process. Depending on the increasingly 
concentrated radiation-induced stress, dislocations could interact with 
twins in several configurations to cause detwinning and form martensite 
[28–30]. Thus, a reduced number of twins existed in the irradiated layer 
of CR 316L SS. A clear martensite phase could exist in CR 316L SS 
through electron diffraction of selected areas. This finding is consistent 
with that of the γ→α’Pitsch model [001]γ//[011]α’ [31], as shown in 
Fig. 7(c) and (d). Surprisingly, a recrystallized layer was also observed in 
the irradiated region. The specific reason for the formation of a recrys-
tallized layer remains unclear, but it is likely due to the excessive surface 
temperature caused by the high radiation dose rate. 

During the rapid cooling process, the supersaturated thermal 

equilibrium vacancies agglomerate and collapse, forming dislocation 
loops in materials. Such loops are commonly known as quenched va-
cancy dislocation loops [32]. In FCC metal such as aluminum [32] and 
austenitic stainless steel [33], quenched vacancy loops nucleate on 
(110) planes with Burgers vectors of �a/2 [011]. Cooling rates for 
materials fabricated by SLM is about 106 K/s. Therefore, the formation 
of vacancy loops in SLM 316L is not surprising. As shown in Fig. 8, the 
dislocation loops broadened at g ¼ 200 (pattern a), and shrink at g ¼
� 200 (pattern b). The Burgers vector b of the dislocation loop was 
determined in accordance with the invisibility criterion at a/2<110>. 
Dislocation loops are further identified as vacancy loops by the 
inside-outside approach (b⋅z > 0, z is the incident direction of the 
electron beam). The number densities and the size of vacancy loops in 
SLM 316L SS as estimated at approximately 20.8 nm and 2.8 � 1020 

m� 3, which were close to the result of size in Kaplanskii et al. [34]. 
(10–25 nm for SLM NiAl based alloy). 

Unlike quenched vacancy loops, dislocation loops produced by 
austenitic stainless steel under ion irradiation are generally interstitial 
type [10,23]. As shown in Fig. 9, most of the dislocation loops shrink at 
g ¼ 200 (pattern a and c), and broadened at g ¼ � 200 (pattern b and d), 
which is contrary to the results of Fig. 8. The crystal belt axis orientation 
we observed was B ¼ [011], and the Burgers vector b of the dislocation 
loop was determined in accordance with the invisibility criterion at 
a/2<110> and a/3<111> for the perfect and faulted, respectively. 
Given that b⋅z < 0, the dislocation loops were considered to be an 
interstitial type [35]. The number density and the average size of 
interstitial loops at RT and 350 �C of SLM 316L SS were 4.7 � 1021 

m� 3and 6.4 nm, and 1.9 � 1022 m� 3and 6.4 nm, respectively. 
Irradiation-induced interstitial dislocation loops are smaller in size and 
higher in number density than quenched vacancy loops in SLM 316L SS. 
Kiritani [32] observed similar phenomenon in quenched aluminum after 
irradiation. 

Fig. 10 includes the microscopic images of radiation-induced defects 
containing the dislocation loops, dislocation lines, and certain dark 
spots. Small α0 phase generations were also observed in CR 316L SS. The 
statistical results of the dislocation loop size are shown in Fig. 10(e) and 
(f) (The dislocation lines were not counted because determining whether 
they were generated by irradiation is difficult). The number density of 
irradiation-induced interstitial dislocation loops was an order of 
magnitude greater than that of quench induced vacancy loops in SLM 
316L SS. Moreover, Kiritani [32] indicated quench induced vacancy 
loops would shrink and disappear by irradiation owing to the absorption 
of interstitial atoms. In particular, the vacancy loops are unstable under 
irradiation above 300 �C [36], and the number density will decrease due 
to the thermal emission of the vacancy. Therefore, the pre-existing va-
cancy loops did not interfere with our statistics of the 
irradiation-induced dislocation loops at RT and 350 �C. The results 
showed that the average size of the dislocation loop of CR and SLM 316L 
SS at RT was ~6.4 and ~6.8 nm, which were close to the results in 
Huang [23] (~7 nm for irradiated CW 316 SS, 3.7 dpa, RT). At 350 �C, 
the average size of the dislocation loop of CR 316L SS tended to increase, 
whereas the average size of SLM 316L SS did not change significantly. 
However, regardless of RT or 350 �C conditions, the average loop size of 
SLM 316L SS was smaller than that of CR 316L SS. The number densities 
and the dislocation loop size of SLM and CR 316L SS were estimated at 
approximately 4.7 � 1021 and 1.5 � 1021 m� 3 at RT and 1.9 � 1022 and 
2.5 � 1021 m� 3 at 350 �C, respectively. These results were consistent 
with the previous results for irradiated 316L SS, which demonstrated 
loop number densities ranging from 1020 m� 3 up to 1022 m� 3 [10,37]. 
The interstitial migration ability was strong at 350 �C [38] and easily 
accumulated in the (111) plane to increase the number density of the 
nucleation sites of dislocation loop [39]. This mechanism explains the 
orientation change in SLM 316L SS at 350 �C, as shown in GIXRD. 
Compared with CR 316L SS, its SLM counterpart had more dislocation 
loops but was smaller in size. This finding was contrary to Shang’s [10] 
results possibly because the loop unfaulted and interacted to produce 

Table 3 
Swelling rates of the irradiated SLM and CR 316L SS at 3.7 dpa.   

SLM CR 

RT 3.7 dpa 0.7% \ 
350 �C 3.7 dpa 1% 1%  

J. Lin et al.                                                                                                                                                                                                                                       
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Fig. 6. Average hardness depending on indentation depth for (a) SLM and (b) CR 316L SS. Ratio of Hirr/Hunirr depending on indentation depth for (c) SLM and (d) CR 
316L SS. H2

� 1/D plots for (e) SLM and (f) CR 316L SS. (g) Comparison of the two steels’ H0 calculated via the Nix–Gao equation. (h) Comparison of the irradiation 
hardening of SLM and CR 316L SS (as a function of dose) with other literature results. (The results of our Fe ion irradiation SLM 316L SS have not been published. See 
Fig. S3 for details.) 
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network dislocations, which acted as nucleation sites for martensite [40] 
and resulted in reduced dislocation loops in CR 316L SS. However, a 
comparison of our results with those of Huang [23] (3.7 � 1022 m� 3 for 
irradiated CW 316 SS without phase transition, 3.7 dpa, RT) reveals that 
the density of SLM 316L SS was less. This phenomenon was consistent 
with the explanation of the capturing effect of interface in SLM 316L SS. 

3.6. STEM-EDS for Arþ irradiation 

The cellular structures still clearly existed after irradiation to 3.7 dpa 
but became relatively diffused, as shown in Fig. 11. Song [11] attributed 

this phenomenon to recovery and recrystallization of the unstable sub-
grains under the equivalent high temperature caused by irradiation. 
Further, Shang [10] confirmed that the SGBs are still stable even after 
irradiation to 5 dpa at 400 �C in spite of a relatively diffuse appearance. 
He proved that diffusion of the SGBs was due to irradiation-assisted 
dislocation climb. The element mapping result sill showed that Fe 
depleted, Cr, Ni and Mo segregated in SGBs after irradiation, which was 
similar to the result before irradiation. Fig. S1 showed that the mis-
orientations of SGBs were <3�. Therefore, the boundary energy of SGBs 
is as low as low angle grain boundaries (LAGBs), making them stable 
under high temperature and irradiation. It is well known that the degree 

Fig. 7. Overall bright field (BF) TEM images of the two steels after irradiation at 3.7 dpa: SLM 316L SS at (a) RT and (b) 350 �C. CR 316L SS at (c) RT and (d) 350 �C. 
(The red rectangular areas represent the areas to be enlarged, whereas the yellow ellipse refer to twins.). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 8. TEM image of SLM 316L SS without irradiation. Micrographs were taken with beam direction B close to <1 1 0>. (a) g ¼ 200, (b) g ¼ � 200.  
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of radiation-induced segregation (RIS) is proportional to the energy of 
grain boundary [41]. Thus, the RIS of SGBs is not obvious, which may 
due to the low grain boundary energy. 

4. Discussion 

4.1. Phase transition 

Phase transition occurred in CR 316L SS at RT under 3.7 dpa irra-
diation. Notably, no phase transition occurred, but radiation-induced 
twins appeared in SLM 316L SS. This phenomenon could be explained 
by the twinning (TWIP)- and transformation (TRIP)-induced plasticity 
effects of the deformed austenitic steel in which strain-induced 
martensite and mechanical twins formed to accommodate additional 
strain caused by irradiation. The occurrence of these mechanisms was 
dependent on the stacking fault energy (SFE). TRIP was the main effect 
when SFE <20 mJ/m2, whereas TWIP dominated when 15 < SFE <30 
mJ/m2 [42]. The factors affecting SFE were element composition, 
temperature, and grain size. Given that SLM and CR 316L SSs had 
similar elemental compositions and were performed under the same 
irradiation conditions, grain size was the dominant factor. Jun [43] 
proposed that an SFE of 15–20 μm austenite grains at 300 K was equal to 
8–11 mJ/m2. The average grain size of CR 316L SS was 17.25 μm; thus, 
TRIP was dominant. With the decrease in grain size, the fault energy 
increased gradually. The SGBs size of SLM 316L SS was only approxi-
mately 480 nm, which led to a high SFE. Therefore, TWIP was the main 
stress release mechanism that caused high austenite phase stability in 
SLM 316L SS. 

4.2. Swelling 

The TEM results showed that recrystallization occurred in the surface 
layer after irradiation, and some nanocrystals were formed. The increase 
in grain boundary volume led to a loose crystal structure, which likely 
contributed to surface swelling. However, no radiation swelling was 
observed in CR 316L SS at RT with a dose of 3.7 dpa, and recrystalli-
zation also occurred on its surface. Therefore, recrystallization was not 
the main cause of surface swelling. The formation of vacancy clusters 
and voids mainly contributed to swelling. In general, the temperature of 
irradiation-induced void formation is approximately 0.3–0.55 Tm. 

However, we observed swelling in SLM 316L SS without void formation 
at RT. Zhang [44] attributed this phenomenon to the interstitials 
expelled with the formation of vacancy-type defect. Given that no void 
formation was observed under TEM (likely due to insufficient irradiation 
dose), the dislocation loops can interact with the voids, we analyzed the 
swelling using following models: 

The growth equation of void in general form is 

dR
�

dt ¼ ðDvCv � DiCi � DvCeq
v ÞΩ

�
R; (2)  

where Dv, Di and Cv, Ci are the diffusion coefficients and concentrations 
of vacancies and interstitials, respectively. Cv

eq is the vacancy equilib-
rium concentration. Ω is the atomic volume. In this equation, the growth 
rate of the void is determined by the rate of vacancies and interstitials 
flowing into the void. If we consider the sink strength, then the equation 
is transformed into [45]. 

dR
�

dt ¼
ΩDiDv

2RKv
i
½ð1þ

4Kv
i K0

DiDvSiSv
Þ

1=2

� 1�ðZvSv � ZiSiÞ; (3)  

where K0 is the point defect generation rate, and Ki
vis the point defect 

recombination rate; Si and Sv are the sink strength of interstitials and 
vacancies, respectively; Zi and Zv are the bias factors of the dislocation 
versus interstitials and vacancies, respectively. Dislocations, grain 
boundaries, and other defects can capture point defects. The grain 
boundary density of SLM 316L SS was 2.30–3.76 μm� 1 (contains SGBs) 
in our work and 10 times that of its CR counterpart of 0.17 μm� 1. SLM 
316L SS appeared to have strong sink strength S. However, grain 
boundaries with local misorientation greater than 5� were the effective 
traps for absorption point defects. The density of boundaries with more 
than 5� local misorientation in SLM 316L SS was approximately 
0.20–0.30 μm� 1 [8], which was almost equivalent to the boundary 
densities of CR 316L SS. The grain boundary trap strength SGB of the two 
steels was therefore approximately equal with the dislocation bias as the 
main factor. Meric [8] proposed that the intermediate dislocation den-
sity in SLM 316L SS created an intermediate sink strength ratio. This 
ratio could lead to a higher dislocation sink bias in SLM 316L SS 
compared with that in its CR counterpart. Therefore, the swelling rate of 
SLM 316L SS was high. The results calculated using the above model 
deviate from the experimental results [24] because the influence of 
glissile dislocation loop was not considered. Meanwhile, the void 

Fig. 9. TEM image of SLM 316L SS after irradiation. Micrographs were taken with beam direction B close to <110>. (a) g ¼ 200 for RT, (b) g ¼ � 200 for RT; (c) g ¼
200 for 350 �C, (d) g ¼ � 200 for 350 �C. 
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trapping of glissile dislocation loops could reduce the swelling rate [46]. 
Therefore, we considered the influence of the interstitial dislocation 
loops, where the dislocation loop is equivalent to the self-interstitial 
cluster. The form is changed into [47]. 

dS
�

dt ¼ ðDvCvZV
v � DiCiZV

i Þk
2
v � DgCgxgkgπR2

vρv; (4)  

where Kv is the absorption strength of the void on point defect; Dg and Cg 
are the diffusion coefficient and concentration of self-interstitial cluster, 

respectively; kg is the absorption strength of the sink to the interstitial 
cluster; xg is the size of the interstitial cluster; and Rv and ρv are the 
average radius and density of the void, respectively. At RT, the swelling 
of SLM 316L SS was more evident than CR 316L SS. The void bias 
(ZV

v� ZV
i) was controlled by the size of the void. Given that voids were 

absent in the two 316L steels, we assumed that both steels had the same 
void bias, and the swelling rate was mainly affected by the right-hand 
side of Eq. (4). Dubinko [48] proved that high stacking energy 

Fig. 10. BF TEM magnification images of the red rectangular areas in Fig. 6 belonging to the two steels after irradiation at 3.7 dpa: SLM 316L SS at (a) RT and (b) 
350 �C. CR 316L SS at (c) RT and (d) 350 �C. The size distribution of dislocation loops in the damage peak region of the two steels after ion irradiation at (e) RT and 
(f) 350 �C. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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prevented slippage of dislocation loops and favored sessile perfect loops. 
Hence, Dg in SLM 316L SS was less than that in CR 316L SS due to the 
higher SFE in SLM 316L SS. Golubov [47] indicated that kg was pro-
portional to the dislocation density. The results showed that the dislo-
cation density of as-fabricated AM 304 SS was one-fifth that of 
conventional 304 SS and strained to � 11% [49]. The deformation of CR 
316L SS in our study was 15%, indicating a higher dislocation density 
and larger kg compared with those of SLM 316L SS. In addition, the 
annihilated concentration Cg was inversely proportional to the remain-
ing dislocation loop density. Hence, SLM 316L SS obtained a high 
swelling rate at RT due to the small values of Dg, kg, and Cg. However, at 
350 �C, the difference in the diffusion coefficient Dg reduced due to the 
decrease in the difference in SFE. As a result, the difference of swelling 
between the two steels also decreased. 

There are other factors in SLM 316L SS that affect the swelling. Meric 
[8] indicated that the interface between nanoclusions and matrix in AM 
316L SS would capture voids. However, the local swelling inhibition by 
nanoclusions is not expected to counterbalance the overall swelling due 
to the limited number density. Heald [50] proposed that the presence of 
vacancy loops reduced the swelling rates in metals due to the reduction 
of effective displacement damage rate. Kiritani [32] also found the 
suppression of the formation of irradiated induced dislocation loops by 
vacancy loops in Al. It can be inferred that the pre-existing vacancy 
dislocation loops in SLM 316L SS can inhibit swelling. But it still 
couldn’t counterbalance the overall swelling. 

The correlation between swelling and RIS in SLM 316L SS needs to be 
investigated. Allen [51] indicated that RIS could affect swelling by 
decreasing the vacancy flux to the void. Due to the lower diffusivity of Ni 
via the vacancy flux relative to Cr, in all austenitic Fe–Cr–Ni alloys, Ni 
enriches and Cr depletes at void surfaces during irradiation. The local 
composition change reduces the subsequent vacancy flux to the voids, 
increasing the bulk point defect recombination rate, reducing the bulk 
vacancy concentration, which further reduces swelling. RIS profiles 
show similar trends at void surfaces as they do at grain boundaries Thus 
the larger RIS degree (radio of Ni enrichment compared to Cr depletion) 
at grain boundaries in Fe–Cr–Ni alloys, the smaller swelling would be. 
There was no RIS and the radio of Ni enrichment compared to Cr 
depletion was low at the SGBs in SLM 316L SS after irradiation at RT. 
The nucleation and growth of the void could not be suppressed by ele-
ments segregation, so the swelling of SLM 316L SS would not be 
inhibited at RT. 

In summary, dislocation bias and Dg are the main factors affecting 
the swelling of SLM 316L SS. 

4.3. Hardening 

The effect of element segregation at SGBs on the mechanical prop-
erties of SLM 316L SS was considered. Due to the stabilizing effect of the 
solute acts to pin the SGBs (solute/SGB interaction), the hardness of SLM 
316L SS increases effectively. However, the segregation at SGBs of SLM 
316L SS was not changed obviously by irradiation at RT. Therefore, the 
micro change of element composition at the SGBs is not the main reason 
for the change in hardness after irradiation at RT. At elevated temper-
atures or under irradiation, residual stress in SLM 316L SS will be 
released due to the Porte-vin–Le Chatelier effect [15] and accelerated 
atomic diffusion. The material should appear lower effective yield limit 
[15] and softened at 350 �C and after irradiation. Thus, pre-existing 
stresses and strain did not primarily affect radiation hardening. For-
mation of radiation-induced defects may dominate radiation hardening. 

Given that the yield stress of materials is proportional to hardness, 
the contribution of irradiation defects on the hardening phenomenon 
could be interpreted by the dispersed barrier hardening (DBH) model 
[52], as follows: 

Δσy¼ αMμb
ffiffiffiffiffiffi
Nd
p

; (5)  

where Δσy is the increase in yield strength; α is the defect barrier 
strength; M is the Taylor factor (3.06 for equiaxed BCC and FCC struc-
ture metals); μ is the shear modulus; b is the module of Burgers vector; 
and N and d are the density and diameter of the defect cluster, respec-
tively. For 316L SS, M, μ, and b are constants; and α, N, and d are 
different in SLM and CR. If only the influence of the dislocation loop is 
considered, then the yield strength increment of SLM 316L at RT is 
nearly 2.9 times that of CR 316L SS. However, the hardening of CR is 
higher than that of SLM because the factors causing hardening in the 
material are located not only the dislocation loop but also in the 
precipitated phase, such as martensite. Studies have shown that the α of 
the dislocation loop is 0.25–0.5, whereas α of the precipitated phase is 
approximately 0.3–1 [31,53]. Given that CR 316L SS at 3.7 dpa had 
approximately 55% martensite, the hardening degree was higher than 
that of SLM 316L SS. At RT, SLM 316L SS produced some twins, which 
increased hardening. Therefore, hardening at RT was greater than that 
at 350 �C even in the case of a smaller loop density. 

5. Conclusions 

In this study, the degree of phase transition, swelling, and hardening 
between irradiated SLM and CR 316L SSs were compared at RT and 350 

Fig. 11. Element mapping results of SLM 316L SS after Ar þ irradiation to 3.7 dpa.  
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�C with 5 MeV Xe23þ ions. GIXRD, AFM, nanoindentation, and TEM 
were used for the comparison. The ion doses were calculated at 0.69 and 
3.7 dpa. Compared with CR 316L SS, SLM 316L SS exhibited higher 
phase stability due to the fine-grained strengthening effect. The swelling 
degree of SLM 316L SS at RT was higher than that of CR 316L SS because 
of the differences in the dislocation density, diffusion coefficient (Dg), 
and concentration (Cg) of interstitial clusters, such as loops between the 
two steels. The swelling degree of the two steels was almost the same at 
350 �C due to the decrease in differences in dislocation bias and Dg. The 
hardening of CR 316L SS was stronger than that of SLM 316L SS with a 
lower dislocation loop density at RT and 350 �C. The formation of 
radiation-induced martensite caused the hardening of CR 316L SS. 

The radiation swelling of austenitic steels is a huge problem during 
nuclear reactor operation; thus, the radiation swelling properties of SLM 
316L SS must be further adjusted. In future studies, aging treatment on 
SLM 316L SS may be an effective technique to improve the ratio of the 
large-angle grain boundary (�5�) and change the boundary distribution, 
which is expected to further improve the radiation swelling resistance of 
AM 316L SS. 
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