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A B S T R A C T   

In this study, the mechanical and corrosion characteristics of a corrosion-resistant layer made of stainless steel 
(STS) 316 L and Fe–Cr–Si alloy powder were investigated using laser-directed energy deposition (DED). In the 
STS 316 L deposited specimen, both the substrate and deposited layer were face-centred cubic (FCC). The 
deposited Fe–Cr–Si layer was clearly separated from the substrate because it was composed of body-centred cubic 
(BCC). Despite the phase differences, the surface of the Fe–Cr–Si-deposited layer showed a lower corrosion rate 
than that of the STS 316 L. All the deposited specimens exhibited typical high-temperature tensile behavior. 
However, the Fe–Cr–Si deposited layer at 600 ◦C showed a notable reduction in strength and increased elon
gation compared to the room temperature (RT) and 300 ◦C test results owing to the carbide concentration and 
phase transformation in the deposited layer. Because nuclear facilities mainly operate at temperatures below 
600 ◦C, Fe–Cr–Si materials can also be used as nuclear piping coating materials. This study provides a mechanism 
for the high-temperature properties and corrosion resistance of the Fe–Cr–Si deposited layer and makes it 
competitive for application in fourth generation nuclear power systems.   

1. Introduction 

Most industrial plants are either petrochemical or nuclear plants, 
because thermoelectric power plants are required to operate in extreme 
environments, such as high temperatures and pressures, with corrosive 
media in contact, and corrosion and cracking or failures may occur in 
various pressure-retaining parts. In particular, nuclear power plant ac
cidents occur owing to the corrosion behavior caused by immersion and 
exposure to high-temperature steam in pressurized water reactor (PWR) 
environments [1,2]. Therefore, it is important to determine the 
high-temperature characteristics and corrosion resistance of 
pressure-retaining materials [3–5]. 

Austenitic stainless steels (STSs) and heat-resistant alloys with 
excellent high-temperature characteristics and corrosion resistance are 
primarily used as piping materials that must withstand high tempera
tures [6–8]. When used in extreme environments, austenitic STS may 
deteriorate owing to the thermal deformation and oxidation [9–11]. 

Therefore, pressure retaining materials with excellent high-temperature 
properties are required. 

Iron–chromium (Fe–Cr) alloys are major candidates for pressure- 
retaining materials because of their excellent creep strength, heat 
resistance, and corrosion resistance [12–15]. To apply Fe–Cr alloys as 
materials for nuclear applications, several studies have been conducted 
to analyse the mechanical and thermal properties of Fe–Cr alloys ac
cording to the Cr content [16,17]. The alloying elements mainly used in 
ultrahigh-strength steels are C, Mn, and Si. Among them, the Si 
component exhibits high solid solution strengthening and work hard
ening and effectively improves the strength and ductility by stabilising 
the retained austenite [18]. Furthermore, the addition of Si to the Fe–Cr 
alloy induces the segregation of Si at the grain boundaries of the alloy, 
which can significantly affect its final properties, such as corrosion and 
mechanical properties [19–21]. The Fe–Cr–Si alloy forms a multi-layer 
protective film (Iron–Oxide/Chromium Oxide/Silicon–Oxide), so it is 
used as a coating material candidate for PWR, primarily at high tem
peratures. In addition, the Fe–Cr–Si alloys are considered potential 
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leaders as nuclear materials because they not only have excellent 
oxidation and creep resistance but also have low thermal neutron ab
sorption capacity [22]. Many studies have been conducted on the 
high-temperature and corrosion properties of the Fe–Cr–Si alloys as 
nuclear materials [23–27]. In particular, small modular reactors (SMR) 
use lead-bismuth eutectic (LBE) as a coolant; therefore, the application 
of the Fe–Cr–Si alloy, which has excellent high-temperature corrosion 
resistance in the LBE environment, should be thoroughly considered. 
Previous studies have indicated that if the Si content of the Fe–Cr–Si 
alloys is lower than 1–1.2 wt%, they cannot have better corrosion 
resistance than the Fe–Cr alloys [22,28]. When the Si content of the 
Fe–Cr–Si alloys is higher than 2 wt%, they show excellent corrosio
n/oxidation resistance in LBE environments [29]. However, there are 
only few studies on improving the high-temperature and corrosion 
resistance by forming a functional layer using the Fe–Cr–Si powder. 
Among the various powder deposition technologies, additive 
manufacturing technology deposits the metal powder by irradiating a 
high-power laser and spraying the metal powder at the laser focus to 
melt the powder. It has the advantages of fast production speed and good 
product properties [30,31]. Unlike deposition technologies, such as 
chemical and physical vapor deposition (CVD/PVD), the deposited 
layers formed through additive manufacturing have excellent mechan
ical properties as no peeling or non-deposited areas are created. 

This study investigates the high-temperature tensile properties and 
corrosion behavior of multilayer clads produced by laser DED using 
Fe–12Cr–2Si and STS 316 L powders. The mechanism of the high- 
temperature and corrosion characteristics is studied, and the applica
bility of the developed technology is presented. 

2. Materials and methods 

The diameters of the Fe–Cr–Si powder particles developed through 
gas atomisation, and the STS 316 L powder particles provided by 
Sandvik Osprey, were in the range 60–170 μm and 45–150 μm, 
respectively. The chemical compositions of the STS 316 L and Fe–Cr–Si 
powders used in this study are listed in Table 1. The STS 316 L was 
applied to the pipe; the nuclear materials were used as the substrates, 
which were Cr 16.9 wt%, Ni 11 wt%, Mo 2.8 wt%, Mn 1.5 wt%, Si 0.6 wt 
%, Al 0.02 wt% (Ti + C + O) 0.015 wt%, and balanced Fe. The STS 316 L 
and Fe–Cr–Si deposited specimens were fabricated using N1000 equip
ment (Makers & Solutions, Korea) equipped with a 1 kW diode-fibre 

laser system with laser diameter of 1.0 mm. The process parameters 
for the fabrication of the various deposited specimens were as follows: 
laser power 400 W, scanning speed 14 mm/s, powder feed rate 6 g/min, 
and hatch spacing 0.5 mm. This relatively low-heat-input process vari
able was selected to minimise Ni dilution from the substrate to deposited 
layer. This is because if the martensitic phase transformation was pro
moted by Ni dilution, the corrosion resistance of the Fe–Cr–Si deposited 
layer may have deteriorated. Two-layer cladding was produced using a 
zigzag hatch pattern. To prevent overheating, the second layer was 
deposited by rotating the deposition direction by 90◦ after the comple
tion of the first layer, as shown in Fig. 1. The microstructural behaviours, 
hardness distributions, and corrosion properties of the two deposited 
specimens were investigated. 

The macroscopic shapes of the two specimens deposited using the 
Fe–Cr–Si and STS 316 L powders were observed using the backscattered 
electron (BSE) mode of scanning electron microscopy (SEM). In addi
tion, line and mapping analyses were performed using electron probe 
microanalysis (EPMA) to confirm the component behavior of each 
deposited specimen according to the powder type. The microstructure 
and phase transformation behavior of each deposited specimen were 
confirmed using inverse pole figures (IPF) and phase maps of electron 
backscattered diffraction (EBSD). X-ray diffraction (XRD) analysis was 
performed at a scan speed of 2◦/min across a range of 20–90◦, with a 
voltage of 40 kV and current of 30 mA using Cu Kα radiation to un
derstand the detailed crystal structure of each deposited specimen. 

To confirm the hardness distribution of each deposited specimen 
owing to the major microstructure types, the hardness was measured at 
intervals of 100 μm from the upper bead of the deposited layers to the 
substrate. The Vickers hardness was measured using a load of 200 gf 
(1.960 N) with 10 s loading cycles. A wide and thick multilayer depos
ited plate measuring 90 mm × 200 mm × 4 mm (t) was fabricated for the 
tensile test specimens of length 80 mm, width 20 mm, and thickness 1 
mm, as shown in Fig. 2. It was essential to fabricate wide and thick 
deposited plates to verify the high-temperature (RT/300 ◦C/600 ◦C) 
tensile properties of the deposited plates manufactured using each 
powder (STS 316 L/Fe–Cr–Si). The tensile properties at each tempera
ture were analysed based on a self-prepared tensile test specimen, and 
the tensile test was conducted at each temperature at a strain rate of 
0.05 mm/s; the results are presented in Fig. 2. In addition, the deterio
ration mechanism of the high-temperature tensile behavior was identi
fied through microstructural analysis near the fracture area, and the 

Nomenclature (abbreviations) 

STS Stainless steel 
DED Directed Energy Deposition 
FCC Face-centred cubic 
BCC Body-centred cubic 
PWR Pressurized water reactor 
Fe–Cr Iron-chromium 
SMR Small Modular Reactor 
LBE Lead-bismuth eutectic 
CVD Chemical vapor deposition 
PVD Physical vapor deposition 
SEM Scanning electron microscopy 
BSE backscattered electron 

EBSD Electron backscattered diffraction 
IPF Inverse pole figure 
KAM Kernel average misorientation 
XRD X-ray diffraction 
EPMA Electron probe microanalysis 
OCP Open-circuit potential 
HAZ Heat-affected zone 
Ecorr Corrosion potential (mV) 
Icorr Corrosion current density (nA/cm2) 
RT Room temperature 
YS Yield strength 
TS Tensile strength 
Ef Elongation (fracture) 
QC Quasi-cleavage  

Table 1 
Chemical composition of stainless steel 316 L and Fe–Cr–Si powder used in this study.  

Composition (wt.%) Fe Cr Ni Mo Mn Si P S C 

STS 316 L powder Bal. 16.80 10.4 2.2 1.6 0.94 0.02 0.004 0.019 
Fe–Cr–Si powder Bal. 12.32 - - - 2.58 - - -  
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correlation between the fracture shape and microstructure was 
confirmed through fracture analysis. 

To characterise the general corrosion properties of each deposited 
layer, potentiodynamic polarisation experiments were performed using 
a Gamry Reference 600+ instrument. For the polarisation test, 0.5 M 
Na2SO4 was used as the electrolyte for the polarisation test. The cell was 
composed of three electrodes: multilayer clad of Fe–Cr–Si and STS 316 L, 
saturated KCl-filled Ag/AgCl as a reference electrode, and platinum 
mesh as a counter electrode. The experiments were conducted after 1 h 
of immersion in the test electrolyte, and the open-circuit potential (OCP) 
was measured to confirm the cell stability. Subsequently, a potentio
static EIS was performed, and the polarisation test across the potential 
range of − 0.5–1.5 V vs. OCP at a scan rate of 0.833 mV/s was performed. 

3. Results and discussion 

3.1. Microstructural and compositional behavior of each clad 

Fig. 3 shows the melt-pool shapes of the deposited specimens pro
duced using the STS 316 L and Fe–Cr–Si powders. Each deposited layer 
was fabricated by stacking two layers to observe the microstructural 
behavior of each specimen. Macro-defects, such as internal pores and 
cracks, were not observed in any of the specimens. However, because the 
melting temperature of the STS 316 L (1380 ◦C) is generally lower than 
that of the Fe–Cr–Si (1500 ◦C), it was confirmed that the thickness of the 
deposited layer using the STS 316 L powder was approximately ~100 
μm thicker than that of the Fe–Cr–Si specimen. As shown in these results, 
the difference in the deposition thickness is related to the melting point 
of each powder, because the transfer rate and particle size of each 
powder are almost the same. Visual inspection revealed that coarse 

Fig. 1. (a) Schematics and (b) deposition method of laser direct energy deposition process.  

Fig. 2. Dimensions of prepared tensile test specimen.  

Fig. 3. Melt-pool shapes of deposited layers produced using: (a) stainless steel 316 L powder and (b) Fe–Cr–Si powder.  
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equiaxed grains were formed in the upper region of the STS 316 L s layer; 
coarse grains were not generated in the same region as the Fe–Cr–Si- 
deposited layer. This phenomenon may depend on the microstructure of 
each deposited layer. Later, the results of the microstructural behavior of 
the deposited specimen were analysed using EBSD. The interface be
tween the substrate and deposited layer of the STS 316 L specimen was 
difficult to distinguish, whereas that of the Fe–Cr–Si specimen was easy 
to distinguish. This was because the composition of the STS 316 L 
powder was similar to that of the substrate, whereas the composition of 
the Fe–Cr–Si powder was different from that of the substrate, as shown 
in Table 1. This was because the major microstructures generated by the 
compositional differences in each deposited layer were different. 

Fig. 4 shows the crystal structure acquired by XRD in the STS 316 L 
and Fe–Cr–Si deposited layers under the optimal conditions. The sub
strate was composed of a face-centred cubic (FCC) single phase with 
diffraction peaks (2θ = 43.5◦, 50.7◦, and 74.6◦). Through analysis of the 
XRD patterns, it was confirmed that the STS 316 L deposited layers were 
mainly composed of the FCC phase, whereas the Fe–Cr–Si deposited 
layer was composed of body-centred cubic (BCC) peaks (2θ = 44.5◦, 
64.6◦, and 81.9◦). However, a low-intensity FCC peak (2θ = 43.5◦) was 
observed owing to the FCC phase formed by the dilution of the Ni 
composition in the Fe–Cr–Si deposited specimen. Based on these results, 
it can be predicted that a small amount of austenite phase trans
formation probably occurred because of the Ni dilution. 

Fig. 5 shows the line component analysis of the specimens deposited 
using the STS 316 L and Fe–Cr–Si powders acquired through EPMA. The 
EPMA line analysis was performed along the blue line from the upper 
regions of the second deposited layer to some areas of the substrate, as 
shown in Fig. 3. The STS 316 L powder is mainly composed of various 
alloy components, such as Fe, Cr, Ni, Mo, and Si, whereas the Fe–Cr–Si 
powder is composed of Fe, Cr, and Si components. Therefore, the 
component behavior of each deposited specimen was confirmed by the 
main components, such as Fe, Cr, Ni, and Si. The Fe, Cr, Ni, and Si 
components between the deposited layer and substrate showed similar 
behavior in the STS 316 L specimen, whereas in the Fe–Cr–Si specimen, 
each component appeared to show an irregular cycle from the interface 
of the deposited layer and substrate to the specific upper area (first 
layer). A clear distinction between each deposited layer in the Fe–Cr–Si 
specimen was possible because the Ni component of the substrate was 
diluted in the first deposited layer during additive manufacturing. The 
region showing a sharp difference in the Fe, Cr, and Ni components in 
the first deposited layer of the Fe–Cr–Si specimen was similar to the 
white and black bands in the lower region of the first layer in Fig. 3b. In 

the white/black bands in Fig. 3b, it can be seen that Ni-rich and Ni- 
depleted regions coexist. 

EPMA-based mapping was performed to confirm the component 
behavior of each deposited specimen. The segregation behavior of the Ni 
component was representatively indicated to ensure the reliability of the 
preceding line analysis (Fig. 5), as shown in Fig. 6. As the powder 
composition was similar to that of the substrate, there was no noticeable 
dilution region of Ni or other components in the STS 316 L specimen. 
However, because the Fe–Cr–Si specimen showed a significant differ
ence between the powder composition and that of the substrate, the Ni 
component of the substrate was clearly diluted in the deposited layer, as 
shown in Fig. 6b. The segregation rate of Ni was high in the first layer 
close to the substrate, and the ratio of the Ni component significantly 
decreased in the second layer, as shown in Fig. 5b. This is because, in the 
second deposited layer, only the Ni component segregated from the first 
layer was diluted; thus, the ratio was inevitably reduced. The region of 
the black/white band (Fig. 3b), and the region, in which the period of 
each component in the first deposited layer (Fig. 5b), showed a sharp 
difference were the same as those indicated by the white dotted box in 
Fig. 6b. Therefore, the black band represents the region where the 
segregation of the Ni component is low, and the white band represents 
the region where the segregation rate of Ni is high. It can be seen that 
various components are extremely diluted at the interface between the 
substrate of the Fe–Cr–Si specimen and first deposited layer, and it must 
be considered that a phase transformation may occur in the deposited 
layer because of this phenomenon. 

Fig. 7 shows the microstructure and phase transformation behavior 
acquired by the IPF and phase map of the EBSD in the layers deposited 
using the STS 316 L and Fe–Cr–Si powders. A phase transformation 
behavior analysis was performed from the upper region of the second 
deposited layer to the area containing part of the substrate along the 
area indicated by the red dotted line, as shown in Fig. 6. Because the 
powder composition was similar to that of the substrate, both the sub
strate and deposited layer were FCC in the STS 316 L specimen. As 
mentioned in the Materials and Methods section, the second layer was 
deposited through 90◦ rotation, considering the coarsening of the 
columnar grains of the second layer because the cooling rate became 
slower toward the top of the deposited layer. The fact that the deposition 
direction of the second layer was rotated by 90◦ can be observed from 
the grain growth direction because the coarse columnar grains of the 
second layer showed an elongated shape along the deposition direction. 

This phenomenon can also be explained using the kernel average 
misorientation (KAM) map from the EBSD. The dislocation density of the 
grains in the first layer was higher than that of the coarse grains in the 
second layer because the fine columnar grains in the first layer grew at a 
higher cooling rate. Conversely, in the Fe–Cr–Si specimen, the substrate 
and deposited layer were the FCC and BCC, respectively. As shown in 
Fig. 5b, in the Fe–Cr–Si specimen, the Ni component of the substrate was 
diluted with the first layer during the buildup of the first deposited layer. 
During this process, an unmixed zone was formed where the powder was 
incompletely mixed with the substrate, mainly at the interface between 
the substrate and first deposited layer with an extreme dilution of 
composition, and was composed of the FCC phase. In our previous 
research, when Fe–Cr–Si powder was deposited on a substrate mainly 
composed of austenite, an unmixed zone was generated at the interface 
between the substrate and deposited layer [27]. The created unmixed 
zone remains FCC; in the case of a small amount of diluted Ni compo
nent, it becomes a martensite nucleation site and participates in the 
martensite phase transformation. Dense martensite was mainly formed 
in the first layer because of the large amount of Ni dilution in the first 
layer and deformation owing to the build-up of the second layer. The Ni 
dilution rate of the second deposited layer is lower than that of the first 
layer, as shown in Fig. 6b. Therefore, several primary δ-ferrites were 
observed in the second layer. Primary δ-ferrites and martensite can also 
be distinguished on the KAM map. In general, martensite has a higher 
dislocation density; therefore, it has a lighter colour range than the 

Fig. 4. Crystal structure acquired through X-ray diffraction patterns of depos
ited layers produced using stainless steel 316 L and Fe–Cr–Si powders. 
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primary δ-ferrite. The mechanical and corrosion properties differ 
depending on the major microstructures of the deposited layers in each 
specimen. 

Fig. 8 shows the hardness measurement area and hardness distri
bution of the specimens deposited using the STS 316 L and Fe–Cr–Si 
powders. The average hardness of the STS 316 L used as a substrate was 

Fig. 5. Component behavior of deposited layers produced using: (a) stainless steel 316 L and (b) Fe–Cr–Si powder.  

Fig. 6. Ni segregation of deposited layers produced using various powders: (a) stainless steel 316 L, and (b) Fe–Cr–Si powders.  

Fig. 7. Phase transformation behavior of deposited layers produced using: (a) stainless steel 316 L, and (b) Fe–Cr–Si powders.  
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approximately 210 ± 2 Hv0.2, and it decreased to approximately 200 ±
1 Hv0.2 in the region close to the boundary between the substrate and 
deposited layer. This was because most of the coarse grains in the heat- 
affected zone (HAZ) generated by cladding heat were included. How
ever, in the deposited layer of each specimen, the hardness distribution 
differed significantly depending on the main phase (FCC or BCC). The 
hardness of the first layer with fine columnar grains was approximately 
8 Hv0.2 higher than that of the second layer with coarse equiaxed grains 
in the STS 316 L specimen. The deposited layer of the Fe–Cr–Si specimen 
showed the highest hardness values of 433 ± 1 and 420 ± 1 Hv0.2 in the 
upper part of the second and first layers, respectively. This is because a 
large amount of dense martensite is formed in the upper and lower re
gions of the deposited layer. Because the main phases of each deposited 
layer are clearly divided into austenite and martensite, the corrosion 
characteristics may differ depending on the main phases. 

4. Corrosion behavior of each clad 

Fig. 9 shows the potentiodynamic polarisation test results, which 
were conducted in a 0.5 M H2SO4 solution of STS 316 L and Fe–Cr–Si 
deposited specimens; the Tafel fitting results are listed in Table 2. Both 

the STS 316 L and Fe–Cr–Si deposited layers showed similar corrosion 
potential (Ecorr) of 24.4 mV and 14.6 mV, respectively. However, the 
corrosion current density (icorr) of the Fe–Cr–Si-deposited specimen was 
significantly lower than that of the STS 316 L specimen. The icorr value of 
the Fe–Cr–Si specimen was 38.2 nA/cm2, whereas that of the STS 316 L 
specimen was 111.0 nA/cm2. Using Faraday’s law, icorr can be converted 
to the corrosion rate, and the Fe–Cr–Si deposited layer was found to have 
a significantly lower corrosion rate than the STS 316 L layer. This is 
probably owing to the formation of oxide films, such as Cr2O3 and SiO2 
in the Fe–Cr–Si deposited layer. In the passive region (Potential >0.5 V 
vs. Ag/AgCl), each cladding exhibited a similar passive current density; 
however, the breakaway potential of the Fe–Cr–Si deposited layer was 
higher than that of the STS 316 L layer. This explains the reasons for the 
passive films formed on the Fe–Cr–Si deposited layer being more stable 
than those formed on the STS 316 L layer. 

5. Mechanical properties of each clad 

Fig. 10 shows the tensile behavior at room temperature (RT), 300, 
and 600 ◦C of the deposited specimens using the STS 316 L and Fe–Cr–Si 
powders. The tensile test temperature was similar to that of the high- 
temperature environment of current nuclear power plants. The high- 
temperature tensile specimens were extracted from the deposited spec
imens of each powder. In the STS 316 L deposited specimen, as the 
temperature of the high-temperature tensile test increased from RT to 
600 ◦C, the yield strength (YS) and tensile strength (TS) decreased from 
520 to 430 MPa and from 665 to 517 MPa, respectively. However, the 
elongation (Ef) increased from 23.7 to 31.8 %. This trend in the STS 316 
L deposited specimen was consistent with the general high-temperature 
tensile behavior results. However, because the Fe–Cr–Si-deposited 
specimen was mainly composed of ferrite and martensite with a BCC 
structure, its high-temperature tensile behavior was expected to differ 
from that of the STS 316 L specimen. For Fe–Cr–Si specimens, YS and TS 
decreased from 681 to 260 MPa and 857 to 327 MPa, respectively, as the 

Fig. 8. Hardness behavior of deposited layers produced using stainless steel 316 L and Fe–Cr–Si powders: (a) hardness measurement area and (b) hardness dis
tribution in deposited specimens. 

Fig. 9. Polarisation curves for each deposited layer produced using stainless 
steel 316 L and Fe–Cr–Si powders. 

Table 2 
Tafel fitting parameters of potentiodynamic polarisation test results.  

Deposited layer Ecorr (mV vs. Ag/ 
AgCl) 

Icorr (nA/ 
cm2) 

Corrosion rate (mm/ 
yr) 

stainless steel 316 
L 

24.4 111.0 0.051 

Fe–Cr–Si 14.6 38.2 0.017  
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temperature of the high-temperature tensile test increased from RT to 
600 ◦C. Nevertheless, the Ef increased from 10.1 to 30.5 %. This trend in 
the Fe–Cr–Si specimen is consistent with the general high-temperature 
tensile behavior results. The strength of the Fe–Cr–Si specimen 
increased, but the elongation decreased at RT and 300 ◦C compared to 
the STS 316 L specimen owing to the differences in the main micro
structures. However, the strength and elongation were similar to those 
of the STS 316 L specimen at 600 ◦C. These results indicate that the 
Fe–Cr–Si specimen can undergo phase transformation during high- 
temperature tensile testing at 600 ◦C. 

To understand the mechanism of high-temperature tensile properties 
of each deposited specimen at 600 ◦C, Fig. 11 shows the microstructure 
near the tensile fracture of the STS 316 L and Fe–Cr–Si deposited spec
imens. The microstructures were analysed through EBSD using the IPF, 
KAM, and phase maps. Through KAM, the change in the dislocation 
density according to the strain formed by the high-temperature tensile 
test was confirmed, and phase identification was conducted to measure 
austenite and Cr23C6 (red), α′-martensite and ferrite (green), and Cr7C3 
(yellow) using a phase map. 

At 600 ◦C, the fracture areas of all the tensile specimens were 

significantly deformed. As shown in Fig. 7a, the STS 316 L layer 
deposited at RT exhibited an FCC phase with a minimal formation of Cr- 
rich carbides. However, after experiencing high-temperature tensile 
stress at 600 ◦C, the formation rate of Cr-rich carbides was higher than 
that at RT. Despite the high-temperature tensile specimens having the 
same STS 316 L deposited layer, it was confirmed that the fractions of 
Cr-rich carbides and ferrites changed with strain. The dislocation density 
was high at the grain boundaries in the region where deformation began 
owing to the tensile stress, and Cr-rich carbides were generated in the 
same region in the phase map. Generally, in Fe–Cr alloys, fine Cr-rich 
particles are formed along the grain boundaries, and the presence of 
these particles hinders the movement of dislocations during plastic 
deformation, thereby contributing to tensile strength [32–34]. 
Approaching the fracture region, the fractions of Cr-rich carbide and 
ferrite were 18.5 and 2.5 % higher, respectively, than those in the region 
where deformation began because the dislocation density was higher 
overall and at the grain boundaries. 

This phenomenon also occurred in the Fe–Cr–Si deposited specimen. 
In the high-temperature tensile specimen at 600 ◦C, the Cr-rich carbide 
fraction (15 %) near the fracture region showed a 3 % higher result than 

Fig. 10. Tensile properties of deposited specimens tested at RT, 300, and 600 ◦C: (a) stainless steel 316 L and (b) Fe–Cr–Si.  

Fig. 11. Microstructures near the tensile fracture location tested at 600 ◦C in each deposited specimen: (a) stainless steel 316 L, and (b) Fe–Cr–Si.  
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that in the region where the deformation began (12 %). Martensitic STS 
is composed of ferrite and Cr-rich carbide structures during heat treat
ment at 600 ◦C [14,15]. After a high-temperature tensile test at 600 ◦C, 
the tensile strength of the Fe–Cr–Si deposited specimens decreased 
rapidly, and the elongation increased because the temperature and 
applied strain caused the phase transformation and formation of the 
carbides. Because the Cr-rich carbide fraction in the fracture region of all 
the high-temperature tensile specimens was higher than that in the re
gion where deformation began, the effect of strain on the formation of 
carbides may have been an important factor. 

Fig. 12 shows the fracture-surface morphologies of the deposited 
specimens using the STS 316 L and Fe–Cr–Si powders at 600 ◦C. The 
fracture surface of the STS 316 L deposited specimen exhibited a 
dimpled morphology, which is characteristic of ductile fracture, as 
shown in Fig. 12a. However, localised quasi-cleavage (QC) was also 
observed in the central area of the fracture surface. This result is prob
ably because there is an area where the phase transformation and for
mation of carbides are concentrated in the central area near the fracture 
position in the STS 316 L deposited specimen. In contrast, the fracture 
surfaces of the Fe–Cr–Si deposited specimens were mostly brittle. Most 
of the fracture surfaces exhibited a cleavage shape, and the brittle 
fracture results were significantly influenced by the main microstructure 
of the deposited specimen. 

This trend in the STS 316 L and Fe–Cr–Si deposited specimens was 
consistent with the general high-temperature tensile behavior results. 
However, in the high-temperature tensile results at 600 ◦C, the strength 
decreased, and the elongation tended to increase owing to the density of 
carbides and occurrence of phase transformation. It was confirmed that 
the strength and elongation changed significantly in the Fe–Cr–Si 
specimens, mainly because the main phase changed from martensite to 
ferrite. Considering these problems, it is assumed that Fe–Cr–Si mate
rials can also be used as coating materials for pipes because the pipes of 
nuclear power plants are mainly operated at temperatures below 600 ◦C. 

To improve the high-temperature properties and corrosion resistance 
of the Fe–Cr–Si deposited layer produced through laser DED, we not only 
observed the mechanical properties and corrosion characteristics of the 
Fe–Cr–Si deposited specimen according to the heat input but also 
observed the corrosion resistance at high temperatures in the LBE 
environment. Future research should confirm whether these technolo
gies can be applied to nuclear power plant piping systems. 

6. Conclusions 

In this study, a laser DED process was used to produce corrosion- 
resistant layers on an STS 316 L substrate using STS 316 L and 
Fe–Cr–Si alloy powder. Based on the study of the microstructures, 
corrosion, and mechanical properties of each deposited specimen man
ufactured by the additive manufacturing at RT, 300, and 600 ◦C, the 
following conclusions can be drawn:  

1) Sound-deposited layers without defects were obtained from all the 
specimens. In the STS 316 L deposited specimen, both the substrate 
and deposition layer were composed of the FCC phase, whereas the 
deposited layer in the Fe–Cr–Si deposited specimen was distinctly 
separated from the substrate because it was composed of the BCC 
phase.  

2) Because the average hardness of the 316 L deposited layer was 
approximately 210 Hv, the austenite was similar to that of the sub
strate, and the average hardness of the Fe–Cr–Si deposited layer was 
approximately 420 Hv, which was mainly composed of martensite.  

3) Despite its phase differences, the Fe–Cr–Si deposited layer surface 
showed a lower corrosion rate than the STS 316 L deposited layer. 

4) In the high-temperature tensile test of the Fe–Cr–Si deposited spec
imen at 600 ◦C, the strength decreased and the elongation was 
increased, owing to the density of carbides and occurrence of phase 
transformation. 

5) Surface coatings made from Fe–Cr–Si materials are suitable for nu
clear power plant piping systems mainly operating below 600 ◦C.  

6) The Fe–Cr–Si layer deposited with the laser DED process can be 
applied to the fourth generation nuclear power generation system 
using an LBE, and its scope of application can be expanded to various 
industries requiring high-temperature corrosion performance. 
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