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The 316L stainless steels (SS) have become one of the most common structural materials in nuclear system
applications due to their excellent physicochemical performance. Selective laser melting (SLM) preparation,
mechanical properties, and irradiation resistance of 316L SS reinforced by second-phase particles have aroused
extensive attention. Here, the mechanical properties of 316L SS with different LaBg contents processed by SLM
before irradiation and the irradiation-induced swelling after 50 keV He" irradiation at room temperature were
investigated. Results showed that the microstructure was refined with the LaBg addition, and the size of 316L SS
subgrains decreased with the increase of LaBg. LaBg reinforced 316L SS (316L-LaBg) exhibited higher hardness
and yield strength compared with 316L SS without LaBe addition. After 50 keV He" irradiation, the irradiation-
induced swelling rate of 316L-LaBg was lower than that of 316L SS without LaBg addition, indicating that LaBg
improved the irradiation resistance of 316L SS. Consequently, our study indicated the potential of using 316L-

LaBg as irradiation-resistant material.

1. Introduction

The current research commonly focuses on the strength and irradi-
ation resistance of second-phase reinforced metal materials in the field
of nuclear materials [1,2]. Based on the latest second-phase enhance-
ment theory, the nano second phase refines the matrix structure and
greatly improves the strength of materials by pinning dislocations to
hinder their movement [3-7]. Second-phase particles have significant
effects on improving the strength and toughness of metal materials [8,
9]. AlMangour et al. [10] prepared nanocomposites with high
compressive yield strength and ductility at room and high temperatures
by adding TiB, to 316L stainless steel. In addition, the nano-sized sec-
ond-phase particles can greatly promote the annihilation rate of
irradiation-induced defects in materials, which results in the improve-
ment of their irradiation resistance [11-14]. Therefore, strengthening
metal materials by adding second-phase particles is a feasible method.

316L stainless steels (SS) are one of the most common structural
materials in nuclear system applications due to their excellent

performance and low price [15]. However, the structure of nuclear en-
ergy equipment, such as spent fuel storage racks, is sophisticated and
presents difficulties in the formation with traditional manufacturing
processes. Additive manufacturing (AM) technology possesses advan-
tages in reducing production steps and improving the flexibility for
complex geometric structures [16]. Selective laser melting (SLM) [17] is
an emerging AM laser technology characterized by design freedom and
one-step forming, which can reduce the cost and time consumption of
nuclear structural material. Thus, it has great application prospects and
potential in manufacturing nuclear energy equipment [18]. On the other
hand, a strong neutron radioactivity exists in the spent fuel storage
environment. Therefore, the strength and irradiation resistance of spent
fuel storage materials must be improved to ensure the reliability of spent
fuel storage materials in long-term services. The preparation and me-
chanical properties of AM metal materials reinforced by second-phase
particles have aroused widespread attention [19-21]; however, the
studies on their irradiation resistance are limited.

LaBs has a high melting point, good chemical stability, strong
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irradiation resistance and other excellent properties [22,23]. This
compound is expected to improve the strength and irradiation resistance
of 316L SS, specifically by adding the second-phase LaBg particles into
316L SS [24-28]. Therefore, this paper adopted SLM process to prepare
316L SS materials added with LaBg particles. The changes in mechanical
properties of 316L SS under different forming processes were explored,
and the effects of LaBg content on the microstructure, mechanical
properties, and irradiation resistance of 316L SS were evaluated with the
microscopic, mechanical and irradiation swelling studies.

2. Materials and experiments

The diameters of 316L SS powders used in this work were between
30 and 50 pm, and the average size of LaBg powders was 50 nm. The two
kinds of powders were mixed and ball milled in argon atmosphere. The
milling speed and time were 200 rpm and 500 min, respectively, with a
1:1.5 ball material ratio. Fig. 1(a) and (b) show the micro morphology of
316L/LaBe mixed powders after ball milling.

The samples were manufactured using a selective laser melting
(SLM) machine (NCL-M2120 equipped with maximum power of 200 W).
A total of 140 and 180 W power were selected for printing samples. Each
layer (n) was rotated 67° with respect to the previous layer (n-1) as
depicted in Fig. 1(c). All the samples were processed by SLM. After
optimizing LaBe content, the 316L SS with three LaBe contents (0%,
0.01%, and 0.1%, weight fraction) were selected for subsequent exper-
iments. In the following, LO, L0.01, and LO.1 are used to represent 316L
SS samples with 0%, 0.01%, and 0.1% LaBg addition, respectively. Fig. 1
(d) shows the bulk samples processed by SLM.

Irradiation experiments were performed on the 320 kV platform at
the Institute of Modern Physics, Chinese Academy of Sciences (CAS).
The samples were irradiated with 50 keV He" to 30 dpa at room tem-
perature. According to the calculation results of SRIM program [29], the
damage peak was at the depth of 160 nm and He" concentration peak
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was 0.8 at.% at the depth of 200 nm. Characterizing the
irradiation-induced swelling of the materials is one of the methods to
study their irradiation resistance. Therefore, half of the surface of each
sample was covered by aluminum foil during the irradiation to char-
acterize the degree of swelling.

The phase structures of polished samples were identified by X-ray
diffraction (XRD, Rigaku Ultima IV with Cu K-alpha radiation) operated
at 40 kV voltage and 40 mA current. Vickers hardness and small punch
test (SPT) were used to characterize the mechanical properties of the
samples. SPT was carried out on a Shimadzu universal mechanical
experiment machine with a maximum load of 5 kN, and the size of the
wafer sample was $10 x 0.5 mm®. The microstructures of samples were
characterized by SEM (TESCAN LYRA3 GM at a working voltage of 20
kV) and transmission electron microscopy (TEM, FEI Talos F200X
operated at 200 kV), and the distribution of elements was analyzed by
energy dispersive X-ray spectroscopy (EDS). Atomic force microscopy
(AFM, Bruker Dimension Icon) was adopted to measure the relative
height of boundary between irradiated and unirradiated regions. The
average relative height was measured from five different positions on
the boundary between irradiated and unirradiated regions for each
sample to avoid accidents.

3. Results
3.1. Microstructures

Fig. 2(a) shows the XRD results of samples before irradiation. All the
samples showed FCC austenite diffraction peaks of y(111), y(200), and
v(220). Different SLM processes showed no evident influence on the
phase structures but changed the intensity of the diffraction peak and
full width half maximum (FWHM). In all the samples added with LaBg,
the characteristic peaks of LaBg were inconspicuous because minor
phases were undetectable at volumes <5 wt%, given the limitation of

Fig. 1. (a) and (b) Scanning electron microscopy (SEM) images of 316L/LaB¢ mixed powder after ball milling. (c) SLM scanning strategy. (d) Bulk sample processed

by SLM.
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Fig. 2. (a) XRD results of 140 and 180 W samples. SEM images and corresponding subgrain size distribution of (b) L0, (c) L0.01, and (d) LO.1 sample. (e) Statistical
distribution results of subgrain size of L0, L0.01, and L0.1 sample. (f) TEM image of 316L SS subgrains.

the detection instrument.

Fig. 2(b)-(d) show the SEM microstructures of L0, L0.01, and L0.1
samples at 180 W, respectively. The cellular subgrain structure, which is
a unique structural feature of SLM-processed materials, can be observed
clearly in all the samples. The subgrain sizes and distribution of LO,
L0.01, and LO.1 samples were counted, and the statistical results are
shown in Fig. 2(e). The subgrain sizes of all the samples were mainly
concentrated in the 400-500 nm range. With the increase of LaBg con-
tent, the proportion of subgrains with sizes of 500-600 nm decreased,
whereas the proportion of subgrains measuring around 300 nm
increased. The average subgrain sizes of LO, L0.01, and LO.1 samples
were calculated as 0.41, 0.38 and 0.35 pm, respectively. This finding
indicates that the addition of LaBg reduced the subgrain size, which
proves that the addition of second-phase particles has the positive effect
of grain refinement.

The microstructure was characterized by TEM to further understand
the microstructure of the material. The subgrains can be observed
distinctly in the TEM image shown in Fig. 2(f). The calculated size of
subgrains was about 400 nm, which corresponds to the SEM results. In
addition, numerous particles were homogenously distributed in the
material (Fig. 3(a)). EDS showed that the particles were silicon oxide,
whose formation was caused by the reaction between the trace silicon in
the powder and oxygen in the SLM process. Specifically, oxygen was
probably derived from natural oxides on the surface of the powder and
oxygen impurities in the SLM process atmosphere. Although conducted
in a vacuum treatment prior to printing, there may still be residual

(a)
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oxygen. Due to the strong affinity between O element and Si, the Si
element in the powder naturally combines with O to form an oxide
during the laser melting process. A similar phenomenon was observed in
the report of Sun et al. [30] and Lin et al. [31].

3.2. Hardness and SPT

Fig. 4 shows the Vickers hardness of samples with the increase of
LaBg content under different powers. In the case of 140 W, the hardness
of samples increased as the amount of LaBg increased. When 0.01% LaBg
was added, the hardness of L0.01 sample significantly improved from
231 HV to 238 HV. While the content of LaBg increased to 0.1%, the
increase of hardness was not evident. According to Hall-Petch model
[32], the grain refinement is an important strengthening mechanism. In
previous studies, Ertugrul et al. [33] found that the addition of the
second-phase TiC particles refined the grain size of 316L based coating.
At the same time, TiC addition increased the hardness of the 316L based
coating by about 100 HV. Therefore, the average subgrain size of 316L
SS gradually decreased as LaBg increased, which improved the hardness
of the material. In the case of 180 W, the hardness of L0.01 sample was
higher than that of LO sample. However, when LaBg content increased to
0.1%, the hardness of L0.1 sample decreased from 259 HV to 243 HV
compared with that of L0.01 sample. On the premise that the process has
been optimized, the slight increase in the number of hole defects during
solidification of the sample may be responsible for the decrease in
hardness. This finding indicates that the content of LaBg cannot be
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Fig. 3. (a) TEM image of 316L sample. Corresponding EDS mapping of (b) Fe, (¢) Cr, (d) Ni, (e) Mo, (f) O, and (g) Si.
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Fig. 4. Vickers hardness of 140 and 180 W samples with different
LaBg contents.

increased constantly under this process. Although the hardness of L0.1
sample decreased, it was higher than that of LO sample under the same
condition. In addition, a laser with a power of 180 W melt the powders
more completely compared with 140 W, resulting in a material with
lower porosity and higher hardness.

As the hardness of the samples manufactured at 180 W is higher than
that of the samples at 140 W, indicating that the quality of 180 W
samples was better than that of the 140 W samples, subsequent studies
were only conducted on the samples manufactured at 180 W. Fig. 5(a)
and (b) show the fracture surface morphology of the small punch sam-
ples. The fracture surface was crescent shaped. A large number of
dimples can be observed on the fracture surface in Fig. 5(b), indicating
that it is a ductile fracture. Fig. 5(c) shows the load-displacement curve
of LO, L0.01, and LO.1 samples at 180 W, from which the mechanical
properties of the samples can be evaluated. Table 1 shows the yield load,
ultimate load and fracture energy of samples calculated from Fig. 5(c).
The yield load reflects the yield strength of the material. Table 1 shows
that with the increase of LaBg, the yield strength of the sample increased,
indicating that the addition of LaBg enhanced the yield strength of the
material. The ultimate load and fracture energy reflect the ultimate

International Journal of Advanced Nuclear Reactor Design and Technology 3 (2021) 74-79

Table 1
Yield strength, ultimate load and fracture energy of 316L SS with different LaBg
contents calculated from Fig. 5(c).

LaBg content (wt.%) Yield load (N) Ultimate load (N) Fracture energy (mJ)

0% 276.87 1410.62 1326.52
0.01% 390.94 1659.69 1668.82
0.1% 470.47 1229.22 1533.96

tensile strength and ductility of the material respectively. After adding
0.01% LaBg, the ultimate tensile strength and ductility of the samples
improved, proving the strengthening effect of LaBg. According to the
SEM results, LaBg affects refining of subgrains by increasing the number
of interfaces in the material. Given the pinning effect of subgrain
boundaries and nano precipitated phase on dislocation movement, the
yield strength of the material was improved [24,28,34]. Previous studies
have also shown that the addition of the second-phase particles refined
the grain size and increased the yield strength of 316L SS [10,35].
However, when LaBg content increased to 0.1%, the ultimate tensile
strength and ductility of L0.1 sample decreased, which may be caused by
the slight decrease in material density due to hole defects during so-
lidification of the sample. Overall, the addition of LaBg improved the
mechanical properties of the studied materials.

3.3. Irradiation-induced swelling

AFM test was performed at the boundary between irradiated and
unirradiated regions to characterize the degree of irradiation swelling of
the samples. The results are shown in Fig. 6. According to the statistics
results, the step heights of L0, L0.01, and LO.1 samples were measured to
be 49.872, 41.303 and 27.145 nm, respectively. The corresponding
swelling rates were calculated as 13.12% (LO), 10.87% (L0.01) and
7.14% (L0.1). The irradiation swelling rates of L0.01 and LO.1 samples
decreased compared with that of the LO sample, indicating that LaBg
inhibited the irradiation swelling of 316L SS. LaBg may inhibit the
nucleation and growth of helium bubbles, thereby reducing the swelling
of the material. Specifically, LaBg promotes the annihilation and reor-
ganization of point defects, resulting in the decreased number of effec-
tive defects. On the other hand, LaBg captures He atoms and vacancies
and inhibits their accumulation and growth. Note that the peak at the
boundary of the irradiated and unirradiated regions may be caused by
the accumulation of target atoms alongside aluminum foil as the sample
swelled during the irradiation [36]. In addition, as the content of LaBg
increased, the swelling rate of the sample decreased, which indicates

(c) 1.8
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Fig. 5. (a) and (b) Fracture surface morphology of the small punch samples. (c) Load-displacement curve of 316L SS with different LaBg contents.
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Fig. 6. AFM images near the boundary between irradiated and unirradiated regions of (a) LO, (c) L0.01 and (e) LO.1 sample. (b), (d), and (f) Corresponding surface
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that LaBg improved the irradiation resistance of the material to a certain
extent.

4. Conclusion

LaBg reinforced 316L SS (316L-LaBg) processed by SLM was irradi-
ated by 50 keV He " to 30 dpa at room temperature. A series of experi-
mental studies was conducted on the mechanical properties and
irradiation swelling of 316L SS with different LaBg contents. On this
basis, we observed that 316L-LaBg exhibited improved mechanical
properties and irradiation resistance compared with 316L SS without
LaBg addition. The main conclusions of this study are as follows:

1. 316L SS processed by SLM has a special cellular substructure. With
the increase of LaBg content, the size of subgrains decreased, which
indicates that LaBg possesses the effect of grain refinement.

2. The hardness, yield strength, and tensile strength of the samples
improved after the addition of LaBg. Thus, LaBg enhanced the me-
chanical properties of 316L SS. This result is due to the subgrain
refinement and increased interface density of 316L SS caused by
LaBg. Thereby the movement of dislocations was further hindered,
which led to the improvement of the mechanical properties of 316L
SS.

3. The irradiation swelling rate of 316L SS decreased from 13.12% to
7.14% as the content of LaBg increased from 0% to 0.1% after 50 keV
He" irradiation. LaBg reduced the swelling rate of 316L SS by
inhibiting the nucleation and growth of helium bubbles. The results
showed that LaBg improved the irradiation resistance of 316L SS.
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