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ARTICLE INFO ABSTRACT

Keywords: The manufacturing of the new generation of radiation-resistant structural materials is an extremely interesting

Selective laser melting and challenging topic in the field of additive manufacturing research. Understanding the special microstructure

EI_C/ 31_6L characteristics and the influence on the radiation resistance of these additive manufactured materials is still
1Spersion

superficial. In this study, high-quality bulk 316L stainless steels (SSs) strengthened by dispersed nano TiC were
successfully prepared by selective laser melting (SLM). The results of transmission electron micrograph and small
angle neutron scattering showed that TiC existed in the matrix of 316L SSs in the form of nanoparticles with
average size less than 50 nm. TiC particles were distributed inside the subgrains and on the subgrain boundaries.
Smaller helium bubbles were observed after the same flux of He?*" ion irradiation in the case of 316L SSs with 4%
TiC compared with pure SLM 316L SSs. In comparison with the case on the grain boundaries and intragranular,
the helium bubbles at TiC/316L interfaces have the smallest size and the largest density. The results Nano-
indentation results showed that 4% TiC doping had a remarkable inhibiting effect on irradiation-induced
hardening at a low dose. This condition is because numerous interfaces of TiC/316L acted as sink/trap sites

Helium bubble
Irradiation hardening

for the irradiation-induced defects.

1. Introduction

The safety of nuclear reactor structural materials for long-term ser-
vice has always been the focus in the nuclear industry. However, under
complex reactor operating conditions, the materials face harsh envi-
ronments, such as high temperature, high pressure, intense radiation,
and severe corrosion[1-3]. Materials are usually prone to element
segregation[4,5], irradiated swelling[6,7], irradiated hardening[8,9],
and embrittlement[10,11], resulting in the failure of structural mate-
rials. Therefore, high requirements are established for the radiation
resistance of the material.

316L stainless steel (SS) has excellent plasticity, toughness, impact
resistance, corrosion resistance, and low cost. It has been used for the
upper and lower tube seats in pressurized water reactor fuel assembly
and pressure vessel steel in sodium cooled fast reactor. 316L SS is
recognized as an important candidate material for Gen-IV nuclear
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reactors[3,12,13]. However, 316L SS has a series of problems, such as
high neutron irradiation swelling rate, insufficient high temperature
strength, and large hydrogen isotope diffusion coefficient[14,15], with
the severe situation of the service environment in the future advanced
nuclear power systems. The condition seriously affects its service safety
and stability in the extreme environment of reactor.

Dispersion strengthening of matrix materials with nano second phase
is an important idea to overcome the limits of the high-temperature
mechanical properties and radiation resistance of existing materials.
Considering the toughness and stability of the second phase material and
the matching requirements with the thermal expansion performance of
the matrix material, the candidate second phase materials mainly
include TiB,y, TiC, and Y203[16-19]. TiC has become the preferred
reinforcing material due to its good compatibility with 316L SS and, is
expected to improve the yield strength and radiation resistance of SS.
TiC particles dispersed in the steel have a strong ability to capture
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Table 1
Chemical compositions (wt%) of 316L SS power in this study.
Cr Ni Mo Si Mn C S P Fe
316L SS 16.49 10.51 2.70 0.47 1.70 0.02 0.01 0.04 Bal.

Table 2
Process parameters of SLM 316L SS.
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Fig. 1. SRIM calculated (a) Fe''* and (b) He?* damage profile (red line). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

hydrogen and its isotopes, which can greatly inhibit the permeation and
diffusion of hydrogen isotopes in the material[20,21]. Moreover, TiC
particles are dispersed in the SS matrix, forming effective pinning on the
grain boundaries GBs, thereby improving its high-temperature strength
and high-temperature creep resistance, and the strengthening ability
increases with the decreasing of the matrix grain size[22]. Researchers
have found that the high-density TiC/SS interface can be used as a sink
to capture point defects or helium atoms generated by irradiation, which
can promote the annihilation of radiation-induced defects, and inhibit
the formation and growth of helium bubbles[23-25]. However,
reasonably controlling the size and density of the particles is necessary
to achieve strengthening. At present, this condition remains challenging
in processing and manufacturing.

Additive manufacturing technology (AM), including selective laser
melting (SLM), has a high level of design-flexibility and rapid proto-
typing of complex structural parts[26]. AM has initiated a wave of

reform in the manufacturing technology of nuclear engineering com-
ponents. Nuclear power giants, such as Oak Ridge Laboratory, West-
inghouse Electric Company, and Framatome Company, are actively
developing AM printing technology and conducting irradiation tests of
AM materials in the reactor. AlMangour et al. prepared TiC/316L by
SLM and systematically studied different printing strategies, preparation
methods and mechanical properties. Nano TiC improves the compres-
sive strength, yield strength and wear resistance[27-31]. In recent
years, nuclear materials researchers have begun to expand the scope of
AM materials from conventional materials such as 316L SS [6,32-34]
and Ni-based alloys[35,36], to a new generation of radiation-resistant
materials, such as oxide dispersion-strengthened steel[37,38]. Howev-
er, some problems, such as particle agglomeration and insufficient
density are found. At present, the technology is still in the exploratory
stage. In the study of the irradiation effect of AM materials, previous
studies found that AM materials have special microstructures, such as
ultra-high density subgrain boundaries(SGBs)[33]. In situ Kr ion irra-
diation studies showed that high-density solidification cellular struc-
tures can reduce dislocation loop density[39]. Thus, cellular dislocation
structure in AM 316L acts as sink/trap sites for the irradiation-induced
defects[40].

On the one hand, the existence of nanoparticles in the second phase
particle-reinforced steel made by AM may differ from the conventional
methods, and the mechanical properties are improved[41-44]. On the
other hands, the interaction between nanoparticles and SGBs leads to
different radiation resistance. Research on this aspect is just beginning,
and the understanding of the performance of special structure is still
insufficient.

In this study, we used SLM technology to synthesize bulk and high-
density TiC/316L SS. The microstructure of the material was studied
by small angle neutron scattering (SANS) and transmission electron
microscopy (TEM). He?' and Fe!'* ion irradiation experiments were
carried out to explore the radiation effects of the material.

2. Experiment
2.1. Material preparation

Commercial 316L powders (particle size of 30-50 pm) and TiC
spherical powders (particle size of approximately 50 nm) were used as
raw materials in this study. Ball milling were conducted in argon at-
mosphere. The doping content was 0%, 2%, and 4% (mass ratio).
Powders were milled with ball-to-powder mass ratios of 5:3 and for 24 h.
The chemical composition of 316L powder is shown in Table 1.

The samples were fabricated on the SLM NCL-M2120 machine with a
maximum power of 300 W. The process parameters of SLM printing are
listed in Table 2.

2.2. Irradiation experiments

Irradiation experiments were conducted on the 320 kV Platform of
Modern Physics Research Institute of Chinese Academy of Sciences.
316L SSs were processed into rectangular pieces of 15 mm (length) x
7.5 mm (width) x 1 mm (thickness) by wire cutting. When the vacuum
degree of the chamber reaches 5 x 107° Pa, 540 keV He?" ions to flu-
ences of 8.88 x 10'> ions/cm? and 2.22 x 107 ions/cm? and 3 MeV
Fe!'* jons to fluences of 1.93 x 10'%ions/cm? and 4.83 x 10'° ions/cm?
were injected at 500 °C, corresponding to approximately 0.2 and 5 dpa.
The corresponding profile of the irradiation-induced damage and the
implanted atom concentration were calculated on SRIM-2013 at the
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Fig. 2. (a) XRD patterns of the three bulk samples. (b) 2% TiC/316L SS bulk samples.

Table 3
FWHM of (111) austenite diffraction peak in three samples.
Samples 20 (°) FWHM (rad)
0% TiC/316L 43.345 0.222
2% TiC/316L 43.200 0.254
4% TiC/316L 43.059 0.313

Quick Kinchin-Pease mode. The influence of TiC content on SRIM results
is insignificant, and only the result of 2 wt% TiC/316L SS is shown in
Fig. 1. The ranges of Fel'™ and He?" ions are approximately 1480 and
1296 nm, respectively.

and ion implantation profile (blue line).

2.3. Phase and microstructure characterization

The phase structures of the milled powders and polished samples
were characterized through X-ray diffraction (XRD) at 40 kV voltage and
40 mA current. The scanning speed was set to 5°/min. At present, TEM
and SANS are the main experimental methods used to characterize the
size and distribution of the second phase in SS. Although the TEM results
are intuitive, the observation area is extremely small, and the results
have no statistical significance. SANS was used to measure the size and
distribution of TiC particles in the matrix. SANS measurements were
conducted on a SANS-Suanni spectrometer at China Mianyang Research
Reactor (CMRR)[45]. The samples for SANS investigation were prepared
as polished bulk with approximately 1 em? in surface area and 1 mm
thickness.

The microstructure of powder samples and bulk samples were
observed by SEM (TESCAN LYRA3 GM) at a working voltage of 20 kV.
Composition analysis was conducted through energy dispersive X-ray
spectroscopy (EDS). Thin samples were observed through TEM (FEI
Talos F200X operated at 200 kV with two-beam conditions). TEM
samples were prepared by using electrolysis double spray instrument
(MTP-1A) and focus ion beam (FIB, Helios G4 UX, Shanghai Institute of
Optics and Fine Mechanics, CAS). The samples of electrolysis double
spray were ground to 40-50 pm with sandpaper, and the circular flakes
with 3 mm diameter were cut out. Perchlorate ethanol mixed solution
(6%) was added. At —25 °C, the samples were broken down by elec-
trolysis (70 V voltage and 100 mA current) to obtain the thin area for
TEM observation.

2.4. Irradiation effects

Nanoindentation tests were performed using a diamond Berkovich
indenter in a Nano Indenter G200 (Agilent Technologies) with a

continuous stiffness measurement (CSM) mode. The high-frequency
harmonic force was added to the quasi-static basis by the continuous
stiffness measurement (CSM), to obtain the values of load, hardness and
elastic modulus of the material at different depths.

3. Results and discussion
3.1. Microstructure and phase composition

After ball milling all the powder for 24 h, SLM technology was used
to print the TiC/316L SS with different doping amount. As shown in
Fig. 2(b), 2% TiC/316L SS bulk samples were prepared. The printed
samples have a good density (>98%) measured by Archimedes drainage
method. It is worth mentioning that the relationship between the
forming quality and the process parameters, such as laser power, scan
speed, hatch sapcing and layer thickness, has been studied and opti-
mized to reach near full density[46-48]. The XRD patterns of the three
bulk samples are shown in Fig. 2(a). Obvious diffraction peaks of
austenite y-Fe were found in the three samples, but no diffraction peak of
TiC was observed. All the samples maintain single-phase structure of
austenite FCC. Among the three samples, the diffraction peaks of (111)
y-Fe with 260 of approximately 43.5° are compared and the results of full
width at half maximum (FWHM) are shown in Table 3. The diffraction
peaks shift to the left after doping. This condition was because the trace
elements C and Ti were dissolved in the crystal lattice during SLM. The
introduction of TiC particles increased the residual stress of the sample.
In accordance with Scherrer formula, the increase in FMHW indicated
the decrease in grain size of the 316L SS[49]. With the increase in TiC
doping content, the refinement effect strengthened. Proving whether
TiC particles refine the grain is necessary.

TEM observation was conducted to further observe the distribution
of TiC particles in matrix materials. The TEM patterns of 2% TiC/316L
SS are shown in Fig. 3. The results showed that no agglomeration phe-
nomenon was observed in the samples, and the nanoparticles with the
size below 50 nm were square. The particles were dispersed inside the
subgrains and on the SGBs, indicating that the dispersion effect of ball
milling was remarkable. As shown in Fig. 3(a), the enrichment of Cr was
obvious, Ni was slightly enriched, and Fe was depleted. In SLM, the
crystal grew rapidly. Insufficient diffusion of large radius atom, such as
Cr, or heavy elements, such as Mo and Ni, caused the enrichment phe-
nomenon at the SGBs due to the extremely high cooling rate and short
alloying time. In the EDS diagram, the elements C and Ti did not
correspond to each other perfectly. This condition is because the
element C is unremarkable under EDS and is interfered by many con-
ditions. However, the square particles were confirmed to be TiC, as
shown in Figs. 3(b) and 3(c) from the high resolution of TiC particles.
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Fig. 3. TEM images of 2% TiC/316L SS: (a) STEM-EDS diagram. (b) high-resolution diagram of TiC particles. (c) SAED diagram corresponding to (b).
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Fig. 4. SANS results of three samples. (a) Scattering intensity and scattering vector I-Q curve. (b), (c), and (d) are the fitting results of 316L, 2% TiC/316L, and 4%

TiC/316L, respectively.

The diffraction spots of selected area electron diffraction (SAED) were
calibrated and the crystal orientations corresponding to TiC lattice were
found, where (hkl) was (220), (222), and (400).

SANS is an excellent method used to further investigate the statistical
feature of the TiC-dispersed phase size and the density in samples with
different TiC contents. In the SANS experiment, only the coherent elastic

interaction between neutron beam and sample was considered. The size
of scattering vector remains unchanged, but the direction changes
before and after small angle scattering. Thus, a scattering vector transfer
Qis found, where Q = %sin@, 4 is the wavelength, and 20 is the scattering
angle. In this work, a spherical model was used to fit the nanoparticles.
The scattering intensity and scattering vector I-Q curves of three
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() are the statistical results of helium bubble size and distribution.

samples are shown in Fig. 4(a). Maximum entropy method was used to
fit the size and strength curve of the secondary phase particles, as shown
in Figs. 4(b), 4(c), and 4(d).

Different structural information can be obtained from different Q
regions. At low Q regions (Q < 0.01 A1), the intensity reflects the in-
formation on geometry and size of the sample. At high Q (Q > 0.01 A™})
regions, the intensity reflects the information on surface roughness and
crystallinity of the sample[50]. Many nanoscale secondary particles
were existed in the 316L sample, which were nano silicon oxides[33],
but the density is one order of magnitude lower than that of TiC.
Whether at low Q or high Q region, the intensity increased with the
increase in TiC doping amount. Although TiC particles were square, the
spherical model was selected in this study due to the limitation of fitting
model, thereby affecting the results. The size of the second phase ranged
from 10 A to 1000 A through fitting. When doping 2% TiC, the size of
nanoparticles was mostly 30-40 nm. At 4% TiC doping, ultrafine par-
ticles with the size of 2 nm were found in the matrix.

The SEM images of the two doped samples are shown in Fig. 5, where
the cellular subgrain structure can be clearly observed, which is a unique
structural feature of SLM materials. The size of subgrains and the dis-
tribution of samples were calculated on Nano Measurer 1.2 software. At
least 250 cellular subgrains were counted for each sample to reduce the
error. The average size of subgrains with 2% and 4% TiC were 0.72 and
0.51 pm, respectively. The grains were refined after doping TiC nano-
particles. A large number of nano particles were dispersed on the SGBs,
corresponding to the results of SANS. Apart from TiC, the doped ceramic
particles induce the precipitation of secondary phase in the matrix when
doping 4% TiC. In accordance with previous SLM study, the precipitates
may be My3Cg carbides[51].

(a) 2% TiC/316L SS; (b) 4% TiC/316L SS.
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3.2. Irradiation effects

3.2.1. Helium bubbles

In the process of He?" ion irradiation, vacancies and other defects
were introduced. These vacancies migrated and combined with helium
atoms to form helium bubbles. TEM samples were sliced by FIB tech-
nique with a thickness of approximately 50 nm.

The TEM images of the samples with 0% and 4% TiC under HeZ*

irradiation dose of 5 dpa at 500 °C are shown in Fig. 6. No helium
bubbles appeared on the surface of the two samples. The helium bubble
appeared at the range of 435-1328 nm away from the surface of 316L SS
sample. The densest region of helium bubbles was 1000-1250 nm,
which was similar to the simulation results of SRIM. The helium bubble
range and the densest range of 4% TiC/316L SS are 448-1367 and
1026-1310 nm. The helium bubbles in the most concentrated area of the
two samples (approximately 1050 nm from the surface) were
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Fig. 9. Average nanoindentation hardness versus the indentation depth of 0% TiC, 2% TiC, and 4% TiC (a) before irradiation, (b) after He?* 0.2 dpa irradiation, (c)
after He?>* 5 dpa irradiation, (g) after Fe''* 0.2 dpa irradiation, and (h) after Fell* 5 dpa irradiation. (d)-(f) and (i)-(j) are the curves of H?-1/D for the average
nanoindentation hardness of all the samples.

Table 4 Table 5

Hardness (GPa) of three materials calculated by the Nix-Gao model. Hardening rate of three materials.
Samples Unirradiated Fell*t Fell* He?* He?t Samples Fell*t Fell*™ He?* He?*

0.2 dpa 5 dpa 0.2 dpa 5 dpa 0.2 dpa 5 dpa 0.2 dpa 5 dpa
Hardness (GPa) Hardening rate (%)

TiC-0% 3.28 4.26 4.24 4.85 5.17 TiC-0% 29.88 29.27 47.87 57.62
TiC-2% 4.1 5.10 5.55 5.92 6.66 TiC-2% 24.40 35.37 44.39 62.44
TiC-4% 4.59 5.44 6.48 5.95 6.83 TiC-4% 18.52 41.18 29.63 48.8

statistically analyzed. The comparison results are shown in Figs. 6(c)
and 6(f). The average size of the helium bubbles with 0% and 4% TiC are
5.89 nm and 3.96 nm. The number density increases from 3.67 x 10%%
m~3 to 4.92 x 10?3 m~3. Therefore, the size and density of He bubbles

changed with the addition of TiC particles.

The area near TiC, the area near SGBs, and other areas at the same
depth were observed through TEM to further understand the influence of
TiC and SGBs on helium bubbles. As shown in Fig. 7, the helium bubbles
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around TiC particles were significantly the densest and smallest in size
compared with other areas, where the mean size was 2.37 nm, and the
density was 3.6 x 10%> m~3. Generally, the defect trapping strength of
the phase boundary is higher than that of the grain boundary. The
interface between TiC and 316L can absorb a large number of helium
atoms to form pressurized helium bubbles, resulting in more helium
bubbles around TiC. The region of SGBs is presented in overfocus and
underfocus conditions in Figs. 7(b) and 7(c) for better identification of
helium bubbles. A larger density of bubbles appeared to be near the
SGBs than other areas in matrix materials. SGBs can be treated as
preferential trap sites for He atoms and irradiation-induced defects due
to the low migration energy of interstitial He atoms, causing them to
quickly move to GBs[52,53]. Helium bubbles were adsorbed at the
interface between the TiC nanoparticles and the 316L SS. The density of
helium bubbles around the nanoparticles is higher than others, but the
size is smallest. A large number of helium bubbles accumulated in the
material leads to radiation-induced swelling. The degree of radiation-
induced swelling of the material is evaluated in terms of the swelling
rate. The helium bubbles are approximately spherical, and the calcula-
tion formula is as follows[54]:
4 3
s =Y 100% = 257 100%
\4 \%4

where S is the swelling rate, AV is the volume of helium bubbles, V is the
volume of observation area, and r is the radius of helium bubbles. The
swelling rate of SLM 316L SS is 5.29% and that of SLM 4% TiC/316L SS
is 2.09%. The interface between TiC/316L hindered the growth and
diffusion of helium bubbles, and significantly reduced the swelling rate
of the material, which is the same as conclusion of the previous re-
searchers[23,55].

The corresponding statistical graphs from some previous related re-
ports[33,56-58] are shown in Fig. 8. to compare the size and density of
helium bubbles in 316L SS under different preparation processes and
different irradiation conditions. General conclusions can be summa-
rized. With the increase in the radiation fluence, the size and density of
helium bubbles increase. SLM 316L has a lower helium bubble density
than the traditional manufactured (TM) 316L, showing better radiation
resistance. The annealed SLM 316L SS forms a relatively loose disloca-
tion network that usually reduces the density of helium bubbles. In this
study, the size of the helium bubble in SLM 316L SS can be further
reduced by doping 4% TiC.

3.2.2. Radiation hardening

The nanoindentation results are shown in Fig. 9. The geometry of
indenter, strain rate, and surface finish of sample greatly influence the
data of the first 80 nm, resulting in anti-nano indentation size effect
(AISE). The condition increases the nano hardness with the indentation
depth. Therefore, the data of less than 80 nm depth were discarded.
Fig. 9(a) shows that the hardness of the samples increases with the
doping content of TiC before irradiation. As shown in Fig. 9, the hard-
ness gradually decreases with the increase in depth after 100 nm and
tends to be flat. This phenomenon is called the indentation size effect
(ISE). This effect can be explained by the geometric necessary disloca-
tion theory model proposed by Nix and Gao[59].

H = Hy\/1+h"/h,

where H is the hardness, Hy is the hardness at limit infinite depth, h is the
indentation depth of the indenter, and h” is the characteristic length,
which is determined by the shape of the indenter and the type of ma-
terial[59,60]. The method proposed by Kasada et al. was used to draw
the relationship curve between H? (the square of hardness) and 1/D (the
reciprocal of indentation depth)[61] to obtain the real hardness of ma-
terials quantitatively. The curves of the irradiated samples are bilinear,
whereas the "H?-1/D" curves bend downward at 300-400 nm due to
unirradiated softer substrate, which is similar to the results of other
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studies[58]. The hardnesses of the three materials under different irra-
diation conditions are given in Tables 4 and 5. All the samples have
different degrees of radiation hardening. Under the same irradiation
damage, the radiation hardening rate caused by He?" is higher than that
of Fel'" irradiation; this condition is possibly due to the influence of He
bubbles. In addition to point defects such as vacancies and interstitial
atoms, He impurities and vacancies will also form He-Vacancy clusters,
resulting in worse mobility and greater obstacles to dislocation slip, so
the hardening phenomenon by He?* irradiation is more obvious. Under
low-dose irradiation conditions, the hardening rate of the samples de-
creases with the increase in the doping content of TiC. The sample with
4% TiC still has a lower irradiation hardening rate under He?" irradia-
tion dose of 5 dpa. From the results of this study, 4% TiC can inhibit
radiation hardening, whereas TiC may fail under high dose.

4. Conclusion

In this work, bulk and high-density nano TiC dispersion strengthened
316L SSs were prepared by using SLM technology. High-quality
manufacturing can be achieved by directly mixing nano TiC powders
into 316L SS powder for ball milling and printing. The TEM and SANS
results show that TiC is uniformly distributed in 316L SS. The addition of
TiC can refine the SGBs.

The microstructure and radiation effects of SLM TiC/316L SS were
studied under Fe!'* and He?* irradiation conditions. In comparison
with 0% TiC doping, 4% TiC/316L SS samples exhibited smaller-sized
helium bubbles and increased helium bubble densities. Specifically,
the helium bubbles around TiC particles were significantly the densest
and smallest in size. SLM 4% TiC/316L SS effectively inhibited hard-
ening at low dose.

Overall, SLM TiC/316L SS exhibited excellent radiation resistance,
confirming its suitability for the intended applications. However, in-
depth studies, including the influence of TiC particles on the forma-
tion and growth of helium bubbles, should be conducted and observed
by in situ TEM.
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