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Abstract: The effect of irradiation temperature on the microstructure, hardness, and corrosion
resistance of 316L stainless steels (SS) fabricated by the selective laser melting (SLM) process was
investigated to further understand the radiation degradation of the additive manufactured steels.
The Transmission Electron Microscopy (TEM) results confirmed the cellular sub-grains and the
high-density dislocation networks present in the SLM formed 316L SS. After exposing samples to
Fell* ions irradiation till 1 dpa at room temperature, the ultra-fine sub-grain structure maintains
its configuration, but the dislocations were observed expanding from the vicinity of the sub-grain
boundaries into the grains. In contrast, the expanding phenomenon of dislocations was insignificant
in samples irradiated at 450 °C. The average size of dislocation loops increased from 6 to 8.5 nm
when the irradiation temperature increased, with the number density decreased from 2.7 x 10??/m?
to 1.3 X 10%2/m3. This study reveals that the reduced dislocation loop density and distribution region
caused by the improved temperature will suppress the radiation hardening and corrosion of SLM
316L SSs.

Keywords: additive manufacturing; stainless steels; irradiation temperature; dislocation loops;
hardness; corrosion resistance

1. Introduction

Austenitic 316L stainless steels (SS) have been widely used as structural materials in nuclear
reactors because of their excellent corrosion resistance, mechanical properties, and formability [1-3].
Selective laser meting (SLM) is a rapidly developing additive manufacturing (AM) technique used
in metal alloys, with full freedom for designing, short time for production, and low economic cost,
which is particularly suitable for fabricating the complex components used in nuclear reactors, such
as advanced heat exchangers and spray nozzles [4-6]. In recent years, several studies have been
conducted on the fabrication process, microstructure, mechanical properties, and corrosion resistance
for SLM 316L SS used in reactors, and numerous tests have demonstrated the excellent performance of
this steel type for various applications [7-13].

Despite its many benefits, however, the 316L SS used in reactors will suffer long-term irradiation,
which could lead to radiation defects, radiation hardening, radiation-induced solution, and degradation
of corrosion resistance [14—17]. These radiation effects bring about microstructural and property
changes, thereby accelerating the failure of materials. A large number of studies have been conducted
to determine the radiation effects on traditional 316L SS. Jin et al. [18] observed the distribution of
dislocation loops in 316L SS specimens using transmission electron microscopy (TEM) and clarified
the effect of irradiation dose and temperature on the dislocation loops. Nanoindentation and
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potentiodynamic polarization tests have respectively been used to evaluate the mechanical and
corrosion resistance properties of post-irradiated 316L SS by Jiao et al. [19]. The radiation effect on
316L SS prepared via the traditional process has been widely studied, and a considerable amount of
experimental data are available for various engineering applications. However, the irradiation effect on
SLM 316L SS is still unknown and has rarely been researched. In previous work, Sun et al. performed
the He ions irradiation experiments at 450 °C to demonstrate the internal effects of the microstructure
on bubbles distribution and hardness of SLM 316L SS [20]. Song et al. [21] performed Fe ions irradiation
experiments at 360 °C to study the irradiation-induced microstructure and irradiation-assisted stress
corrosion cracking (IASCC) behavior of AM 316L SS; the authors found that the hot-isotropic pressing
(HIP) method could enhance the radiation tolerance and IASCC performance of the AM specimens.
Considering the complexity of radiation environments in reactors, the effect of irradiation on SLM
316L SS has yet to be explored. The effects of irradiation temperature on the microstructure, hardness,
and corrosion resistance are likely to pose additional challenges to engineering applications.

This work aims to determine the influence of irradiation temperature on the microstructural and
property changes in SLM 316L SS. In this study, we performed Fe ions irradiation experiments with
a dose of 1 dpa at room temperature (RT) and 450 °C. The evolution of microstructure, hardness,
and corrosion resistance of steel samples were then investigated by TEM, grazing incidence X-ray
diffraction (GIXRD), and nanoindentation and potentiodynamic polarization tests.

2. Experimental Methods

2.1. Materials Fabrication

In this work, a 5 X 3 X 3 cm® cuboid segment of a 316L SS sample was printed from nitrogen
gas-atomized spherical 316L steel powder via the SLM process using a BLT-S300 facility (Bright Laser
Technologies Co., Xian, China). The commercially available powder (AMC powders Co., Beijing, China)
used in this experiment has a particle size of 15-53 um, and the following chemical composition
in (wt.%): 0.017 C, 17.17 Cr, 10.45 Ni, 2.22 Mo, 1.20 Mn, 0.52 Si, 0.014 S, 0.0315 P, and Fe balance.
The process parameters were optimized to achieve denser samples. The laser power was fixed to
250 W. No preheating was applied to the building platform. The scan speed and line spacing were
set as 850 mm/s and 0.1 mm, respectively. The thickness of each layer was 0.04 mm. After forming,
the sheet samples with a dimension of 1 x 1 x 0.05 cm?® for the irradiation experiments and other
characterization processes were cut from the SLM 316L SS sample by wire cutting, ground with various
grades of SiC papers, and then mechanically polished to obtain a mirror finish.

2.2. Irradiation Process

Ion irradiation experiments were performed on the 320 kV high-voltage platform at the Institute
of Modern Physics, Chinese Academy of Science (CAS). The samples were irradiated by 3 MeV Fe!!*
ions with a fluence of 0.94 x 10'° ions/cm? at RT and 450 °C (roughly 0.45 Tp, of 316L SS). Since iron is
the main element in 316L SS, Fe ions irradiation avoids the negative impact by introducing impurities
during the irradiation process and hence is closer to the actual neutron irradiation environment. During
the radiation process, the beam area was approximately 1.8 x 2 cm?, the average beam current was
1.4 uA, and the temperatures were maintained within +10 °C for each radiation condition. Figure 1
shows the depth profiles of damage events in the samples under a series of Fe ions irradiation conditions
calculated by SRIM [22]. The depth of the peak damage level is approximately 880 nm. According to
the results of SRIM, the irradiation damage rate is 2.35 x 10~* dpa/s and the total irradiation damage
can reach 1 dpa, which corresponds to the irradiation damage after one year in the reactors [23]. In this
work, we studied the behaviors of 316L SS at 450 °C because the irradiation damage at this temperature
region is the most significant according to previous studies [24].
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Figure 1. Depth profiles of damage events under a series of Fe ions irradiation conditions.

2.3. Characterization Methods

To identify the phase structures of pre- and post-irradiated samples, grazing incidence X-ray
diffraction (GIXRD) with CuKe (A = 1.54 A) radiation was used with the incident angle fixed at 1°.
Various TEM (Tecnai G2 F20 S-Twin, Suzhou, China) techniques were used to examine the grain
structure and dislocation loops of the samples at an operating voltage of 200 kV. The pre-irradiated
samples were prepared for TEM using the standard double-jet procedure (MTPA-5, Shanghai Jiaotong
University). To investigate the microstructure of post-irradiated samples, cross sectional TEM foils
were prepared via the focused ion beam method (FIB, FEI Helios Nanolab 600, Shanghai, China).
The thickness of FIB foils was set to 100 nm. For each sample, ten TEM pictures at different region were
used to determine the dislocation density. Provided the thickness of TEM foil is regarded as 100 nm
approximately, the dislocation density was obtained using the dislocation loop number to divide the
product of the picture area and foil thickness.

Hardness tests were performed using the Nano Indenter G200 (Agilent, Suzhou, China) with
a Berkovich-type indenter [25]. The continuous stiffness measurement technique with a maximum
indentation depth setting at 1250 nm was used for the pre- and post-irradiated samples [26]. The indents
were spaced 30 um apart, and over five indents were applied to each sample.

The potentiodynamic polarization tests were performed using a standard three-electrode cell
with a platinum grid as the counter electrode and saturated calomel electrode (SCE) as the potential
reference. The tests were conducted in NaCl (0.9 wt.%) solution at 25 °C. The samples were soaked for
1 h in NaCl solution, then the potentiodynamic polarization tests were carried out at a scan rate of
1 mV/s when a fairly stable potential could be obtained. The electrode potential performed with a
variation of voltage of =700 mV to 800 mV.

3. Results and Discussion

3.1. Microstructure of Pre-Irradiated Samples

The typical microstructure of pre-irradiated 316L SS samples fabricated by SLM was investigated
by SEM and TEM. Figure 2a shows SEM images of the polished and etched surfaces of the sample
in which a fine cellular sub-grains structure is revealed. The average size of cell structures from the
region in Figure 2a was approximately 400 nm. The formation mechanism of sub-grains structure of
SLM specimens is due to the cellular growth mode under the high temperature gradient and high
growth rate condition, which have also been found in welded 316L SS [27,28]. However, compared
with that in welded 316L SS, the size of cellular structure in the SLM 316L SS samples is much smaller,
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due to the higher rapid solidification rate of approximately 107 K/s during the fabrication process [29].
In addition, a surface tension driven instability termed as the Benard-Marangoni surface instability
(BMI instability) is also crucial to the formation of cellular patterns [28]. To study this sub-grain
microstructure further, Figure 2b shows TEM images of samples prepared by a standard double-jet
procedure. It is clear that sub-grains were surrounded with high density and enlarged dislocations
networks, which can pin the dislocation during the deformation and thus increase the yield strength
and hardness [10,30].
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Figure 2. Microstructure of pre-irradiated SLM 316L SS. (a) SEM image reveals the cellular sub-grains.
(b) STEM image shows the cellular sub-grains, nano-inclusions, and dislocations. The yellow square
indicates the nano-inclusions. (c) Result of EDS line scanning shows the concentration of elements
against distance corresponding to the red line shown in the graph (b). (d) HRTEM image of an area
in the middle of nano-inclusions. The inset shows a complete amorphous structure in the middle of
a nano-inclusion.

The TEM/energy dispersive X-ray spectroscopy (EDS) linear scanning was used to analyze the
concentration of elements in the sub-grain boundaries (SGBs). It is worth noting that there is no
discernible segregation of Cr or Mo for the region of SGBs, which is different from the results of
Saeidi [31]. Qiu et al. [32] did not observe the presence of such elemental segregation either and
reported that the chemical heterogeneity due to the dislocations acts as sinks for solute diffusion,
which is influenced by >3 boundaries, the elastic strain energy, the grain boundary energy, and several
factors, such as the observed locations. In addition, some nano-inclusions are also found in the STEM
image. The results of EDS line scanning show that the nano-inclusions contain Si, Cr, O, and Mn.
We analyzed multiple nano-inclusions in the specimens; the elemental species observed remained
consistent. Figure 2d shows a high-resolution TEM (HRTEM) image taken at the boundary region
of a nano-inclusion, in the inset, a selected area electron diffraction (SAED) pattern taken from the
middle of the nano-inclusion. These images confirm that the nano-inclusions are amorphous. The high
temperature applied during the fabrication process and residual oxygen gas in the chamber may play
a key role in the formation of nano-inclusions.
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3.2. Microstructure of Post-Irradiated Samples

Bright-field images of the SLM 316 SS samples after Fe ions irradiation at RT and 450 °C with a
dose of 1 dpa are shown in Figure 3a—d. Here, the cross sectional TEM specimens were thinned by
FIB. Figure 3a-b shows that the size and morphology of cellular sub-grains and nano-inclusions of
post-irradiated samples remain relatively constant compared with those of pre-irradiated samples.
The same findings were observed in SLM 316L SS irradiated by He ions at 450 °C [20]. According
to previous studies, the ion irradiation could induce annealing in materials, and, subsequently,
recrystallization [33,34]. Considering that defects are trapped by sinks, the ion irradiation-based
enhancements in diffusivity in the steady state can be defined as [21]:

D = i—zK + Dy, (1)
1w
where D’ is the total diffusion coefficient, Dy is the thermal diffusion coefficient, K is the damage rate,
and kizv is the sink strength for vacancies and interstitials. The sink strength of cellular sub-grains can
be presented as [35]:
kr, = 24/d?, ©)

where d is the average size of the sub-grains. The D, can be calculated according to the following
Arrhenius equation [36]:
Dy = Do - exp[-Q/(RT)] 3)

where the activation energy Q = 308 kJ/mol and the pre-exponential factor D, = 5.3 x 107* m?%/s.
Thus, D, is calculated to be 2.96 x 10726 m?2/s at 450 °C and D’ is calculated to be 3.14 x 10718 m?/s,
which is significantly larger than the thermal diffusion. According to Equation (2), D’ is equivalent to
the thermal diffusion at a temperature of approximately 850 °C. Although this temperature is above
the typical recovery temperature 0.4 T, (around 450 °C) of 316L SS, the cellular sub-grains remain
stable and do not recrystallize after irradiation. Saeidi et al. [27] also observed cellular structures in
SLM 316L SS with heat treatment at 800 °C. Furthermore, the surrounding dislocations at SGBs differ
under diverse irradiation temperature. Figure 3a shows that the density of dislocations increased
under Fe ions irradiation at RT, and that dislocations extended toward the interior of sub-grains.
However, the density of dislocations in Figure 3c decreased at 450 °C, and no dislocation extension was
observed. Since the diffusivity of the vacancies caused by Fe ion irradiation are enhanced at improved
temperature [37], most interstitials were recombined by the movable vacancies, and thus the extending
rate of the dislocation slows down.

Figure 3. Cont.
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Figure 3. Microstructure of post-irradiated SLM 316L SS. (a) TEM image reveals the cellular sub-grains
irradiated by Fe ions at RT with a dose of 1 dpa. (b) TEM image shows the nano-inclusions irradiated
by Fe ions at RT with a dose of 1 dpa. The inset is obtained from the middle of nano-inclusion, and
shows a complete amorphous structure. (c) TEM image reveals the cellular sub-grains irradiated by Fe
ions at 450 °C with a dose of 1 dpa. (d) TEM image shows the nano-inclusions irradiated by Fe ions at
450 °C with a dose of 1 dpa. The inset is obtained from an area with the embedded nano-inclusion in
the surrounding steel matrix, which shows a complete amorphous structure.

Figure 4 shows the distribution of dislocation loops in the post-irradiated samples; no other
types of radiation defects could be observed. The loops are concentrated at the depth of 700-900 nm,
consistent with the SRIM results. Figure 4a,c was used to calculate the size distribution of the dislocation
loops; the corresponding results are illustrated in Figure 4b,d. The size of loops found in the samples
irradiated at RT with a dose of 1 dpa was mainly distributed at around 5-7 nm, and the maximum
size of dislocation loops of these samples reached 13 nm. In samples irradiated at 450 °C, the average
loop size increased and peaked at 16 nm. The number density of dislocation loops in SLM 316L SS
samples irradiated at RT/1 dpa and 450 °C/1 dpa were estimated to be approximately 2.7 X 10%2/m3
and 1.3 X 10%2/m3, respectively. Table 1 compares the average size and density of loops between SLM
316L SS samples and traditional SS samples. The mean loop size increased with increasing irradiation
temperature in present work. The size and density of loops found in this work are similar to those of
CW 316 SS irradiated by Xe ions at RT with a low dose of 0.67 dpa [38]. However, the average loop
size in the SLM 316L SS sample was smaller than that in a SA 304 SS sample irradiated at a higher
temperature [39]. In previous research, researchers also observed that SGBs and nano-inclusions could
serve as sinks for He bubbles [20]. Thus, the increasing fraction of interfaces in the SLM sample
compared with that in traditional samples may be crucial in the decreased mobility of radiation defects,
which reduce loop size.

Table 1. Average size and number density of dislocation loops in Fe ions irradiated SLM 316L and
traditional SS samples.

Material Temperature (°C)  Dose (dpa) Size (nm) Density (x10%2/m3)  References
RT 1 6 2.7 .
SLM 316L SS 450 1 85 13 This work
CW 316 SS RT 0.62 5 3.7 [38]

SA 304 SS 350 1.25 9.6 3 [39]
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Figure 4. Distribution of dislocation loops in post-irradiated SLM 316L SS. (a) TEM image reveals
the distribution of dislocation loops in specimens irradiated by Fe ions at RT with a dose of 1 dpa.
(b) Size distribution of the dislocation loops. (c) TEM image reveals the distribution of dislocation

loops in specimens irradiated by Fe ions at 450 °C with a dose of 1 dpa. (d) Size distribution of the
dislocation loops.

3.3. GIXRD Analysis of Pre- and Post-Irradiated Samples

Figure 5 shows the GIXRD patterns of the SLM 316L SS samples obtained from different irradiation
experiments. Comparison of the three patterns reveals that the post-irradiated specimens are primarily
composed of the Face-Centered Cubic (FCC) lattice structure without a detectable second phase.
After irradiation, the (111) peak showed a left shift and moved toward a lower angle. Figure 5b shows
the enlarged (111) peak patterns and confirms that the 20 increases with the decreasing irradiation
temperature. According to the Bragg formula, the decrease of the diffraction angle means the increase
of interplanar spacing which is proportional to the lattice constant. As the displacement damage of
materials increase, the radiation-induced dislocation loops grow and the lattice distortion becomes
larger. The results shown in Figure 5 indicate that the lattice swelling occurred after irradiation.

However, the lattice swelling under high temperature irradiation is less than that under room
temperature irradiation.
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Figure 5. (a) GIXRD patterns of SLM 316L SS samples before and after irradiation. (b) Enlarged (111)
peak patterns of SLM 316L SS samples before and after irradiation.

3.4. Hardness Property Analysis

Since the thickness of irradiated region is less than 1 pm, regular mechanical tests like the tensile
test are unsuitable in this case. To reflect the effects of radiation-induced defects on the mechanical
properties, the nanoindentation test is widely used. Figure 6a shows the average hardness versus depth
of the SLM 316L SS samples subjected to Fe ions irradiation at different temperatures. Here, data of
depths greater than 100 nm were selected due to the uncertainties associated with the shape of
Berkovich diamond indenter. The results clearly demonstrate that the hardness of post-irradiated
samples decreased with increasing depth. We compared the hardness increments of samples irradiation
at RT with those irradiated at 450 °C, and the model developed by Nix-Gao was used to confirm
the hardness of the post-irradiated samples [40]. Figure 6b shows that the bi-linearity region with a
shoulder is around 220-250 nm, which is approximately 1/5 of the irradiation damage depth, for the
samples irradiated at RT and 450 °C; this result reflects the hardness in the region extending down
five times of the indenter depth [41]. The average hardness of the irradiated samples was calculated
as 4.0 GPa and 3.7 GPa. Compared with the hardness of the un-irradiated samples, which was
calculated as 2.8 GPa, the hardness of the post-irradiated samples increased with decreasing irradiation
temperature. The hardness enhancement was 42.8% and 32.1% to the original specimens, respectively.
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Figure 6. (a) Depth profiles of hardness and (b) plots of H2~1/D for SLM 316L SS samples before and
after Fe!!* irradiation at different temperatures.

Irradiation hardening has been reported in many studies, and is known to be related to radiation
defects, such as dislocation loops, acting as obstacles to the movement of dislocations [16,38].
The Orowan equation could be used to estimate the contribution of dislocation loops to irradiation
hardening [40]. For a given material, the change in yield stress is proportional to the square root of the
number density and size of dislocation loops. The yield stress is also proportional to the hardness
of materials. Hence, the dislocation loops could have an important impact on irradiation hardening.
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Table 1 shows that the change in the loop size of the material irradiated at 450 °C is approximately
1.4 times higher than that of the specimens irradiated at RT. However, the change in the loop density
of specimens irradiated at RT is approximately two times higher than that of specimens irradiated
at 450 °C. Therefore, hardening of SLM 316L at a high temperature SS shows a significant recovery
compared with that of samples irradiated at RT. In this work, the SLM 316L SS samples were irradiated
with a higher dose of 1 dpa but achieved lower hardness enhancement compared with that of CW
316 SS irradiated at RT with a dose of 0.62 dpa (as shown in Table 2). The number density and size of
dislocation loops play key role in hardness enhancement.

Table 2. Comparison of hardness enhancement between SLM 316L and CW 316 SS samples.

Material Temperature (°C) Dose (dpa) Hardness Enhancement References
RT 1 50% .
SLM 316L SS 450 1 429 This work
CW 316 SS RT 0.62 62% [38]

3.5. Corrosion Resistance in 0.9 wt.% NaCl Solution

Figure 7 shows the polarization scans of pre- and post-irradiated SLM 316L SS samples collected
in 0.9 wt.% NaCl, and Table 3 lists the corresponding parameters. In the original specimens, the current
density (Jeor) was 0.80 tA/cm?2, which is lower than that of traditional 316L SS samples tested in 9 g/L
NaCl solution with a scan voltages ranging from —1 to 1 V [42]. Qi Chao et al. [29] also observed the
same result when comparing SLM and traditional 316L SS. These findings are related to the different
grain sizes and chemical compositions of the two specimens, which are fabricated by different process.
High solidification rates prevent the formation of MnS and Cr-depletion zones in the SLM fabrication
process, which increase the corrosion resistance of this sample. Table 3 shows that the current densities
of post-irradiated specimens are higher than those of the original samples. Thus, the corrosion rate
of SLM 316L SS samples increased after Fe ions irradiation, which shows a degradation of corrosion
resistance. Moreover, a significant divergence in the current density was observed between the two
irradiation temperatures (56.7 tA/cm? for the samples irradiated at RT versus 8.726 1A/cm? for the
samples irradiated at 450 °C). As described above, much more dislocations were observed in the interior
of sub-grains in the case of RT than the case of 450 °C. These dislocations tangled and connected with
the sub-grain boundaries. In the corrosive environment, this structure accelerates the diffusion of metal
atoms, and thus increases the current density. Another recent study investigating the radiation effect
of corrosion resistance of 316 SS in 3% NaCl also revealed a degradation of corrosion resistance during
Fe ions irradiation [43]. Cr depletion caused by irradiation may also affect the corrosion resistance of
this material. Details of the mechanism for the degradation of corrosion resistance must be determined
in future work.

Table 3. Comparison of Jcor between the pre- and post-irradiated SLM 316L and traditional 316L

SS samples.
Material Temperature (°C) Dose (dpa) Jeor (UA/cm?) Reference
Original SLM SS / / 0.80 This work
AISI SS / / 1218.7 [42]
Post-irradiated RT 1 56.7 This work
SLM SS 450 1 8.726 This work
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Figure 7. Polarization curves of pre- and post-irradiated SLM 316L SS samples.

4. Conclusions

In the present study, the evolution of the microstructure, hardness, and corrosion resistance of
SLM 316L SS samples before and after Fe ions irradiation at different temperatures (RT and 450 °C)
with a dose of 1 dpa was investigated by TEM, GIXRD, nanoindentation, and potentiodynamic
polarization tests. The cellular sub-grains and nano-inclusions maintain stability after irradiation.
The average dislocation loop size increased from 6 nm to 8.5 nm, and the number density decreased
from 2.7 x 10?2/m3 to 1.3 x 10%2/m3 with the increasing temperature from RT to 450 °C. Compared with
the traditional formed 316L SS samples, the increasing fraction of interfaces in the SLM sample reduced
the mobility of radiation defects and thus improved the radiation resistance of 316L SS. Meanwhile,
the evolution in microstructure of the SLM 316L SS specimens under Fe ions irradiation at different
temperatures caused a significant diver in the hardness enhancement and corrosion current density.
Considering the changes of SLM 316L stainless steel under irradiation conditions, it can be found that
both the hardening and corrosion resistance performance are improved compared with traditional
materials. By adjusting the preparation process to control the characteristics of sub-grain boundaries,
the additive manufacturing technique will provide a promising method to promote the irradiation
tolerance in extreme radiation environments.
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