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ORIGINAL RESEARCH ARTICLE

Selective laser melting of ferritic/martensitic
oxide dispersion-strengthened steel: Processing,
microstructure, and mechanical properties

Maria Zaitceva*{", Artem Borisov'”, Anatoliy Popovich, and Vadim Sufiiarov

Institute of Machinery, Materials and Transport, Peter the Great St. Petersburg Polytechnic University,
Saint Petersburg, Russia

Abstract

Oxide dispersion-strengthened (ODS) ferritic/martensitic steels have emerged
as a promising structural material for nuclear power applications due to their
high heat resistance. However, the fabrication of complex ODS steel components
remains a significant challenge.T his study presents the influence of the main
selective laser melting process parameters and heat treatment on the densification,
microstructure, and tensile properties at room and elevated temperatures of high
chromium ferritic/martensitic ODS steel strengthened with 0.25 wt.% yttrium oxide
(Y,0,). The optimization of process parameters and platform pre-heating enabled
the production of parts with a density above 98%. The application of pre-heating
allowed for higher scanning speeds to be used to achieve similar relative density
and avoid cracking. Partial recrystallization after heat treatment was noted, affecting
grain morphology by increasing equiaxedness and decreasing size. X-ray analysis
was employed to determine the phase composition. However, the results were
ambivalent and required confirmation by other methods. The addition of 0.25 wt.%
Y,0, resulted in an ultimate tensile strength value of 978 MPa for the as-built material
at room temperature. At elevated temperatures, the properties are comparable to
those of the base steel, indicating the necessity for further research.

Keywords: Selective laser melting; Oxide dispersion-strengthened steel; Tensile testing;
Heat treatment; Additive manufacturing; ODS steel; Laser powder bed fusion

1. Introduction

Ferritic/martensitic oxide dispersion-strengthened (ODS) steels are regarded as
promising candidates for structural materials in next-generation nuclear reactors.
This is attributed to their high radiation resistance and acceptable mechanical
properties at elevated temperatures.! The desirable properties of ODS steels result
from the presence of stable nanosized oxide particles, which inhibit grain boundary
and dislocation migration, thereby maintaining the material’s microstructural stability
during service. In addition, the interfaces between matrix and dispersed oxides can
serve as sinks for radiation-induced defects, which result in increasing irradiation
resistance.? ODS steels based on high chromium ferritic/martensitic steels containing
9 — 12 wt.% Cr have garnered significant interest due to their proven performance in
past fast reactors. Furthermore, ferritic/martensitic steels are highly resistant to void
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swelling,® which is quite necessary for nuclear reactor
application.

At present, the most extensively studied and
widely utilized method of strengthening involves the
incorporation of yttrium-based nano-oxides. Numerous
studies have demonstrated the efficacy of yttrium oxide
(Y,0,) additions in enhancing the mechanical strength
of steels and various other alloys. This enhancement in
strength is accompanied by an improvement in resistance
to radiation-induced swelling under exposure to fission
ions or neutrons. Furthermore, dispersion strengthening
through nano-oxides significantly increases the hardness
of the matrix material, thereby contributing to an
improvement in wear resistance.! The most common
addition of oxides is in the order of 0.25 - 1.0 wt.%. In
addition to yttrium, other elements may be added to form
complex oxides such as Y X O , where X = Ti, Al, Zr, Hf,
V, Si, or Ta.>® The formation enthalpy of this type of oxide
is lower than that of Y,O.,.

The fabrication of ODS steels remains a significant
challenge. The most prevalent method of production
involves powder metallurgy, specifically mechanical
alloying.”"® Creating products with complex geometries
using powder metallurgy methods is an expensive and
time-consuming process. One of the most common
processes used to produce ODS steels is hot isostatic
pressing (HIP)>'"2 and spark plasma sintering.'**®
However, the use of these techniques is advisable in cases
of production of simple and symmetrical shapes.

Another critical limitation is the relatively poor
weldability of ODS steels, which increases the cost and
complexity of manufacturing components with intricate
geometries. Consequently, there is growing interest in
exploring the feasibility of producing ODS steels through
additive manufacturing (AM) techniques. AM has already
shown itself to be a state-of-the-art manufacturing process
that allows the production of complex-shaped products
with high mechanical properties. One of the most
commonly used technologies for the production of metal
products is selective laser melting (SLM). The process
consists of layer-by-layer laser processing of powder
material according to a CAD model. SLM technology is
already widely used in areas such as aerospace, medicine,
and turbine engineering. An important feature of the SLM
process is the high cooling rates (10° - 10% K/s).*¢

A number of published studies demonstrate the
feasibility of producing ODS steels by SLM.'* A study
suggests that optimization of the process parameters
could lead to a density of more than 98%." The results
also showed the possibility of obtaining a material with a
uniform distribution of nanosized oxides. However, the

size of oxides in the materials obtained by SLM is larger (in
the order of 30 - 60 nm), compared to particles obtained by
powder metallurgy methods (typically 1 - 10 nm)."*** The
size of the yttrium-based dispersoids influences coherency,
and the size above 20 nm results in agglomeration and
coarsening,?’ which reduces the positive effect of their
implementation.

A notable challenge associated with the use of powders
derived from mechanical alloying is their splintered
morphology,” resulting from the high mechanical stresses
applied during the process. This irregular particle shape
leads to poor flowability, which may be a limitation for
the applications of mechanically alloyed powders in
AM.? Furthermore, studies have demonstrated that the
morphology and particle size distribution of the powder
material significantly influences the final properties of
products fabricated through AM methods. To address
these limitations, mechanically alloyed powders require
spheroidization before use.? The plasma spheroidization
process involves a melting stage during which oxide
particles tend to coagulate and migrate to the surface of
the molten material due to their relatively lower density
compared to the metallic matrix. Consequently, the
resulting spherical powder exhibits non-uniform oxide
dispersion,? which can negatively impact the mechanical
properties of the final product.

For the production of ODS steels by SLM, not only can
mechanically alloyed powders be used, but also various in
situ synthesis methods when oxides are forming during the
printing process. In Jia et al.’s study,” pre-alloyed powders
were used for the in situ synthesis of nanoparticles in ODS
steel during SLM by controlling the partial pressure of
oxygen to prevent the abnormal growth of particles. This
approach resulted in the formation of a microstructure
characterized by finer nanoparticles, a higher volume
fraction, and a more uniform spatial distribution and
size consistency compared to the majority of ODS steels
manufactured using SLM with mechanically alloyed
powders. The influence of the properties of in situ formed
nitride and oxide particles in the ODS steel produced by
laser powder bed fusion in a nitrogen-rich atmosphere
(with Y,0, = 0.45 wt.%) was studied by Cakmak et al.*®
The incorporation of nanosized Y,0, reduces the length
of typical for SLM as-built parts columnar grains (from
70 um to 40 um).”* In addition to Y,0,, Al-O aluminum
oxides, and Y-Al-O vyttrium aluminum oxides were
observed in the microstructure. A significant challenge
in the production of ODS steel through in situ synthesis
during the SLM process lies in the inherent complexity of
the technological workflow. This complexity necessitates
precise monitoring and control of all process parameters
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to ensure the consistency and stability of the material’s
quality.

In addition to mechanical alloying, soft-mixing
techniques are employed to produce ODS steels by SLM.”
This approach facilitates uniform adhesion of oxide
particles onto the surface of steel powders, in contrast
to alloying processes involving dispersed particles of the
matrix material. By maintaining the original spherical
morphology of the powder particles, the soft-mixing
method ensures good flowability. The advantage of this
method of powder preparation is the relatively simple
and fast mixing process compared with mechanical
alloying. Zhai et al® investigated the influence of
interface wettability of 316L ODS steel strengthened by
Y,O, on tensile properties. Poor interface wettability of
the nanoparticles and the basic steel was the reason for
the Y,0, agglomerations forming, which led to internal
defects. Besides, the increases in yield strength (YS) and
ultimate tensile strength (UTS) were neglectable, and the
nanoparticle agglomeration significantly decreased the
elongation. The results of the investigation and comparison
of tensile properties and tribological behavior of the
two alloys (basic and ODS) fabricated by SLM showed a
significant reduction in wear rate (by 51%) when 0.3 wt.%
Y,0, nanoparticles were added compared to the matrix
alloy.!

The acoustic mixing method has been successfully
utilized to achieve a uniform distribution of oxides in a
NiCoCr medium-entropy alloy”® The introduction of 1
wt.% Y,0, led to a significant enhancement in mechanical
properties, as confirmed by tensile testing. Notably, the
addition of Y,O, resulted in a marked improvement
in strength, particularly at elevated temperatures,
highlighting the efficacy of this approach in optimizing
high-temperature performance.

Presently, the details of AM processes of high chromium
ferritic/martensitic steels remain underexplored. These
steels are susceptible to cracking, which complicates their
production by methods such as SLM. There are virtually
no studies devoted to the investigation of the production of
ODS steels based on high-chromium ferritic/martensitic
steels, despite their promising application in nuclear power
engineering.

This research is aimed at studying the possibilities
of fabrication of ferritic/martensitic ODS steel by SLM
and analyzing the structure and tensile properties of the
obtained material, including at elevated temperatures
(720°C). The present study also employed platform pre-
heating as a method to mitigate cracking and enhance
material density. Given the significance of this steel in the
context of next-generation reactor applications, the tensile

properties were assessed within the anticipated operational
temperature range. This study will serve as a basis for
subsequent studies aimed at studying the specifics of the
production of high chromium ferritic-martensitic ODS
steels.

2. Materials and methods
2.1. Materials

In this study, ferritic-martensitic steel powder with the
chemical composition presented in Table 1 was employed
as the base material. The base gas atomized ferritic/
martensitic steel powder had a particle size distribution of
22 - 63 um.

For the production of ODS steel through SLM, the
base steel powder was mixed with 0.25 wt.% Y,O, using
an acoustic mixing process. The acoustic mixing process
was performed on a laboratory unit. The particle size
distribution study was carried out on an Analysette 22
NanoTec plus analyzer (Fritsch GmbH, Idar-Oberstein,
Germany) operating in the particle measurement range
from 0.01 to 2000 um. The flowability of the powder was
determined using a Hall flowmeter.

2.2.SLM and heat treatment

The SLM process was performed on a 3DLAM Mid
system (Biograd CJSC, St. Petersburg, Russia) equipped
with a platform pre-heating module capable of achieving
temperatures up to 300°C and a laser with a maximum
output power of 500 W. To optimize the process parameters,
two sets of samples were fabricated: One without the
platform pre-heating and another with the platform pre-
heating of 300°C. Each set comprised 20 cubic samples
(10 mm x 10 mm X 10 mm) produced directly on the
baseplate without supporting structures. Scanning speed
and laser power were systematically varied, while the
hatching distance was maintained at 120 um, and the layer
thickness was fixed at 30 wm. The applied SLM process
parameters are detailed in Table 2. A stripe-hatching
pattern with a 67° rotation between layers was employed
to enhance mechanical properties and minimize residual
stresses.”

Since the energy input to the material significantly
affects melt pool formation and the properties of the
resulting structure, the volumetric energy density
(VED, J/mm?®) was calculated using the following equation:

VED =P/(vx h x t), M

where P = laser power (W); v = scanning speed (mm/s);
h = hatch distance (mm); and ¢ = layer thickness (mm).

The typical heat treatment mode for this material
involves quenching at 1050 — 1100°C for 30 min, followed
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Table 1. Chemical composition of the base ferritic/
martensitic steel

Element C Si Mn Cr Ni Mo Nb V P Fe

wt. % 0.12 02 02 121 01 13 035 0.2 0.001 Bal

Table 2. Process parameters of selective laser melting

Parameters Range

150 - 225 W
420 - 820 mm/s

Laser power
Scanning speed
Hatch distance 120 um

Layer thickness 30 um

by high-temperature annealing at 720°C for 60 — 180 min.*
In the present study, the heat treatment was performed in a
vacuum at 1050°C for 30 min with subsequent quenching,
followed by high-temperature annealing at 720°C for
60 min. The heat treatment process was carried out using a
vacuum furnace Carbolite Gero LHTW 200 - 300/22-1G
(Carbolite Gero Ltd., Derbyshire, UK).

2.3. Characterization

Subsequent to the printing process, the samples were
separated from the platform by wire-cut electrical
discharge machining. The estimation of the density of all
samples was performed by the Archimedes method. Cubic
samples with dimensions of 10 mm x 10 mm x 10 mm
were prepared for microstructural investigations, phase
composition analysis, and microhardness testing. The
samples were pressed into epoxy resin and then subjected
to grinding and mechanical polishing. Porosity and inner
defects fraction were calculated of the pore fraction in
relation to the whole image plane using Image] image
analysis software on optical microscope images with x50
magnification. The grain size estimation was performed
using optical micrographs along the building direction.

Phase analysis was conducted using a Bruker D8
Advance X-ray diffractometer (XRD; Bruker Corporation,
Billerica, MA, USA) with Cu-Ko. radiation (a = 1.5418 A)
in the range 20 = 30° - 100°. A scanning interval of 0.02°
was used. Before microstructural analysis, the specimens
were etched using a 3:1 solution of hydrochloric acid
and nitric acid. The microstructural characterization was
carried out utilizing a Leica DMI5000 optical microscope
(Leica Microsystems GmbH, Wetzlar, Germany) and a
Tescan Mira3 LMU scanning electron microscope (SEM)
(TESCAN GROUP, Brno, Czech Republic).

The hardness of the samples was evaluated using a
Buehler Micromet 5103 hardness tester (Buehler Ltd.,
USA) employing the Vickers hardness method. The tests

were carried out at a load of 10 N with a dwell time of 5 s.
Uniaxial tensile tests were performed on three specimens
for each condition to determine the tensile strength, YS,
and relative elongation of the specimens. The specimens’
blank parts were initially printed, heat-treated, and then
machined. These tests were performed under ambient
conditions using a Zwick/Roell z100 tensile testing
machine. Tensile testing at an elevated temperature of
720 + 10°C was carried out using a Zwick/Roell z050
machine (ZwickRoell GmbH & Co., Ulm, Germany). For
all the specimens, tests were carried out under a crosshead
displacement velocity of 0.8 mm/min on the elastic section,
and 2 mm/min on the plastic section. An examination of
the fractured surfaces from the tensile tests was conducted
using SEM.

3. Results and discussion
3.1. Material preparation

The application of acoustic mixing facilitated the
production of steel powder with a spherical morphology
and uniformly distributed oxide particles on the surface, as
demonstrated by the SEM image (Figure 1). The presence
of nanosized oxides on the particle surfaces resulted in
a slight reduction in the powder’s flowability, from 12
s/50 g to 16 s/50 g. Zhai et al.*® reported the flowability
of ODS 316L-Y,0, steel powder was not decreased after
low-energy ball milling. Nevertheless, the outcome can
be ascribed to the diminished wettability and flowability
of Y O,, which, being located on the surface of the base
material particles, predictably reduces the flowability of
the obtained material. However, flowability remains for
utilization in the SLM process.

3.2. The influence of SLM process parameters on
relative density

The effects of laser power and scanning speed on relative
density are presented in Figure 2. Laser power varied in the
range from 150 to 225 W. As the laser power increases, the
relative density increases until it reaches a threshold value
of VED. In general, the density of samples fabricated using
laser powers of 200 W and 225 W is higher compared to
those produced with laser powers of 150 W and 175 W.
Scanning speed varied in the range from 420 to 820 mm/s.
Contrary to the influence of laser power, increasing
scanning speed resulted in lower density. A similar
tendency has been observed in another study.”

When samples were fabricated without platform pre-
heating, all of them exhibited horizontal surface cracks,
caused by thermal stresses arising from high temperature
gradients during the SLM process. To address this issue, a
set of samples was fabricated using a platform pre-heating
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Figure 1. SEM-BSE images of the mixed ODS-steel powder. Magnification: 2000x, 5000x, 20000

Abbreviations: BSE: Backscattered electrons; SEM: Scanning electron microscopy.

PW Without platform preheating
225 965 97.1 97.3 97.4 97.5
200 96.8 97.1 97.3 97.4 96.9 s
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175| 982 98.0 97.9 97.5 96.2 .
10 987 | 972 [ess | Tess | ea2 -
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Figure 2. Effect of laser power (P) and scanning speed (V) on the density of as-built SLM material

Abbreviation: SLM: Selective laser melting

at 300°C to reduce the temperature gradient during
printing.

In Figure 3, the effect of VED of the SLM process on
relative density is shown. When pre-heating was applied,
the trends of influence of laser power and scanning speed
on the density of as-built SLM material were the same as
it was observed without pre-heating. However, density
depending on these parameters, did not exhibit very
pronounced variations. The lowest density was obtained
with the VED lower than 70 J/mm?. It can be attributed to a
lack-of-fusion defect formation. This type of defect can be
seen in Figure 4, which resulted in a significant reduction
in material density. Conversely, samples produced at
high energy densities (higher than 110 J/mm®) exhibited
spherical pores as a result of changing melting from
conduction to key-hole mode and attributed to material
overheating.

Platform pre-heating not only resolved the surface
cracking issue but also enhanced the material density,

100
oo O
° °
981 Ll ° ° °
" T " omg my -

° o [ ] u
° 96
2
"
a:) "= =
< %4 °
o
2
=]
©
&) 92 -

90 .

n ® preheating 300°C
B without preheating
88 T T T T T
40 60 80 100 120 140 160

VED, J/mm3

Figure 3. Effect of VED on the relative density of as-built SLM material
with and without platform pre-heating

Abbreviations: SLM: Selective laser melting; VED: Volumetric energy
density

Volume 4 Issue 1 (2025)

doi: 10.36922/MSAM025060004


https://dx.doi.org/10.36922/MSAM025060004

Materials Science in Additive Manufacturing

SLM of ODS steel: Process and properties

.

without preheating

51 J/mm?
s

preheating 300°C

149 J/mm?
0.5%

Figure 4. Macrostructure of the as-built SLM samples. VED and porosity values of the samples are presented. Magnification: x100

Abbreviations: SLM: Selective laser melting; VED: Volumetric energy density

as evidenced by the density measurements presented in
Figure 3 and the microstructural observations in Figure 4.
It was demonstrated that when the same SLM process
parameters with pre-heating are employed, the relative
density is increased. This, in turn, facilitates the use of
higher scanning speeds to achieve equal density. This
finding is also consistent with the results obtained by Qin
et al.** The range of VED from 80 to 110 J/mm°, and pre-
heating allow for building samples with a density above
98%. Numerous studies have shown™ that the application
of HIP results in decreasing porosity of AM parts, thereby
enhancing their mechanical properties.** This process is
planned to be studied in future research.

The obtained specimens exhibit no visible defects, such
as cracks or lack-of-fusion. While the highest material
density was obtained at VED values in a range of 90 -
100 J/mm?, all samples printed within this energy range
exhibited discontinuities between the contours and the
bulk material. In addition, their surface quality was inferior
compared to samples fabricated at higher VED values. To
align both density and surface quality, a hybrid approach
was implemented wherein the contours were built with the
higher VED, and for the bulk material fabrication, VED of
90 J/mm?® was applied. This method resulted in improved
material density by minimizing internal defects and
enhanced surface quality. All subsequent analyses were
conducted on samples fabricated using this optimized
mode.

3.3. Microstructural characterization

The X-ray diffraction (XRD) analysis revealed that
all samples exhibited the same phase composition,

a-Fe (110)
ao-Fe (200) a-Fe (221

3

©

>

‘D

C

.9:3 JL A A A~
—— SLM+HT
—SLM

powder
y-Fe(111)
-——.._.E,J il A A Al
30 40 50 60 70 80 90 100

26,°

Figure 5. X-ray diffraction lines of mixed powder and fabricated
specimens
Abbreviations: HT: Heat treatment; SLM: Selective laser melting

characterized by peaks corresponding to the body-
centered cubic lattice of iron, as shown in Figure 5. No
carbide phases were detected on the XRD, likely due to the
low volume fraction and nanoscale size (up to 300 nm) of
carbide particles. Apparently, the mass fraction and size
of precipitates are lower than the XRD analysis method
allows to determine.*>* Similarly, determining Y,O, peaks
is also challenging.

After heat treatment, a displacement of the peaks
slightly toward higher 20 angles was observed. This
phenomenon may be explained by the removal of internal
stresses. The peak corresponding to the position of the
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face-centered cubic iron phase peak (20 = 43.1°) in the
powder probably indicates the presence of a small amount
of residual austenite. However, after SLM, this peak
intensity undergoes a notable reduction. This is probably
due to the lower cooling rates of SLM compared to gas
atomization. This observation signifies a modification in
the material’s structural configuration, probably related to
the redistribution of chromium and carbon in the process.
The evident broadening of the peaks of the material after
heat treatment signifies a reduction in grain size, which
was further supported by the microstructural observations
presented in Figure 6.

The microstructure of the samples after SLM with pre-
heating is characterized by columnar grains oriented along
the building direction, as shown in Figure 6A and B, which
are typical for this group of materials in SLM production."”
The appearance of melt pools and heat-affected zones,
typically observed after SLM, is not strongly evident in
our samples.”” However, the addition of Y,O, decreased
the grain length compared to the base material.* The base
steel produced by SLM without pre-heating exhibited
an average grain length of 156 um and an average grain
width of 30 um.*® After the incorporation of 0.25 wt.%
Y,0,, the average grain length decreased to 112.0 + 20 wm,
and the average grain width increased to 57.0 = 11 um.
In a previous study, Ghayoor et al.*® reported a significant

R 7 3 e
Figure 6. Microstructure of samples: (A) SLM sample without pre-heating, (B

Abbreviation: SLM: Selective laser melting

)

change in grain shape from columnar to equiaxed when 5
wt.% yttrium was added to 304 L steel. A decrease in grain
length has also been observed in other research.” The
application of platform pre-heating results in a decrease
in the temperature gradient, consequently leading to the
creation of more favorable conditions for epitaxial growth
during the transition between layers and the formation of
elongated grains along the building direction. The sample
obtained by SLM with pre-heating is characterized by an
average grain length of 133.2 + 55 um and an average width
of 21.1 + 8 um. After heat treatment, the material became
partially recrystallized and the shape of the grains was
almost equiaxed. The grain size reduction in heat-treated
samples, as compared to materials before heat treatment,
is shown in Figure 7. The average grain length and width
decreased to 39.9 £ 11 um and 18.5 + 7 um, respectively.
The structure obtained after heat treatment became
more similar to the structure of materials fabricated by
conventional manufacturing methods.* Besides, the
formation of small equiaxed grains was also observed. Y,0,
probably act as crystallizing centers during heterogeneous
nucleation, resulting in smaller equiaxed grains.

3.4. Mechanical properties

Finally, the tensile properties of the samples produced by
SLM with and without subsequent heat treatment were
assessed. The results of tensile testing at room and at

Stress, MPa
O
8
!

300 4

250 4

200 4

150

100

50

Strain, %

S e e e NI B e e
10 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Strain, %

Figure 7. Stress strain curves for samples after SLM without and with heat treatment tested at: 20°C (A) and 720°C (B).

Abbreviations: HT: Heat treatment; SLM: Selective laser melting
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operating (720°C) temperatures are presented in Figure 7
and Table 3. The results of the tests conducted on specimens
produced without pre-heating are not presented. This
decision is due to the presence of a significant number of
cracks in the specimens, which made the tests invalid.

The as-built SLM ODS specimens exhibited a brittle
behavior. At room temperature, fracture occurred at 978
MPa with no evidence of plastic deformation before fracture.
This UTS value was comparable to the values for the similar
ferritic/martensitic ODS steel plates and tubes manufactured
through powder metallurgy (UTS = 991 MPa),* but the
problem was YS and elongation was absent. Following
heat treatment, the mechanical response of the SLM ODS
specimens during tensile transition to a ductile mode. The YS
and UTS achieved were lower than the base steel produced
through powder metallurgy techniques (YS = 525 MPa, UTS
= 711 MPa, € = 16%).* The elongation of the heat-treated
SLM ODS specimens remained significantly lower than that
of the powder metallurgy-derived base material. The findings
revealed the substantial impact of incorporating 0.25 wt.%
Y,0, on the tensile properties. In a prior investigation of
base steel produced by SLM, the maximum tensile strength
was also observed for the specimen after SLM without heat
treatment. The UTS was 567 MPa, aligning with the absence
of plastic characteristics.”® Consequently, the incorporation
of Y, O, resulted in a 72% increase in UTS compared to the
base steel.

The mechanical properties of heat-treated SLM
samples, when tested at elevated temperatures, were not
very significant. The tensile properties of the material
tested at 720°C after SLM were comparable to those of
base steel obtained by powder metallurgy methods (YS
= 279 MPa, UTS = 284 MPa, € = 25%).*! However, the
elongation was much lower. The relatively low ductility of
all specimens after SLM can be explained by the quenched
state and internal stresses.

Fractography was used to study the fracture surfaces of
the specimens. From Figure 8, it can be observed that the
SLM specimen tested at 20°C exhibited an undeveloped
fracture surface. The fracture occurred without necking,
and the fracture mode appears to be of an intergranular
nature. The specimen, after heat treatment, featured a more
developed fracture surface with a few cleavage platforms
and a number of dimples. As the specimen after SLM
underwent tensile testing at 720°C, its fracture surface
exhibited a significant increment in the number of dimples
of a lower size. The fracture character of the specimens is
classified as higher ductility, accompanied by the presence
of brittle fracture areas. The specimen after SLM and heat
treatment tested at 720°C had dimples and micro-voids, an
indication of the ductile nature of the fracture. In all the

SLM ‘ SLM+HT

20°C |

720°C [

Figure 8. Fracture surfaces of samples after SLM without and with heat
treatment after tensile testing at 20°C and 720°C. Magnification: x100
Abbreviation: SLM: Selective laser melting

Table 3. Tensile properties of specimens fabricated in the
present work

Condition Temperature,°C  YS,MPa  UTS, MPa € %
SLM ODS 20 - 978+24 -
720 266+2 272+2 7.7+0.1
SLM 20 440+14 697125 8.6+0.2
ODS+HT 720 14438 15655 29.3%03

Abbreviations: €: Elongation; HT: Heat treatment; ODS: Oxide
dispersion-strengthened; SLM: Selective laser melting; UTS: Ultimate
tensile strength; YS: Yield strength.

cases, no visible cracks, inclusions, or unmelted powder
particles were detected.

The results of the microhardness measurements
supported the conclusions regarding the quenched state
of the material after SLM. The sample produced without
pre-heating exhibited a value of microhardness of 441 +
23 HV. The application of pre-heating was found to result
in a reduction of material internal stresses by decreasing
the thermal gradient, thereby leading to a decrease in
microhardness to 390 = 20 HV. After heat treatment, a
microhardness of 288 + 26 HV was measured.

These results underscore the need for a change in the
heat treatment mode after SLM. The selected heat treatment
mode was found to exert a negative impact on the tensile
properties of the material. The results of the study indicated
the formation of a quenched structure in as-built material
and subsequent quenching within the heat treatment did
not have a positive effect on the structure. Despite the lower
values of average grain length and width, the specimens
after heat treatment exhibited lower UTS values. During
the heat treatment process, which involves quenching
and high-temperature annealing, a recrystallization
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phenomenon occurs, leading to the dissipation of internal
stresses. This resulted in a reduction in tensile strength and
an enhancement in ductility. In this instance, it is probable
that the impact of grain size on strength properties is less
significant than the impact of internal stresses. Therefore,
we propose carrying out only high-temperature tempering
for stress relief in future studies.

The presented results indicate the beneficial effects of
the Y,0O, strengthening. Thus, the process of fabrication
of ferritic/martensitic ODS steels through SLM should
be further investigated. Further research is necessary to
enhance the material’s density and to conduct a thorough
examination of its resulting microstructure. Further studies
employing Transmission electron microscopy, Electron
Backscatter Diffraction, and Small-angle X-ray scattering
are necessary to investigate the size and distribution of the
Y,0,. It is anticipated that in the future, this approach may
facilitate the creation of material that exhibits both high
strength and plastic properties.

4, Conclusion

In the present work, the ferritic/martensitic ODS steel
with 0.25 wt.% Y,O, was fabricated by SLM. The main
conclusions of the study are summarized as follows:

(i) High material density, with a relative value of more
than 98%, was achieved by adopting VED in the range
of 80 - 110 J/mm’ and platform pre-heating. VED
is identified as the most significant factor affecting
relative density in this work

(ii) After heat treatment, partial recrystallization of
grains was noted, as indicated by a shift in grain
morphology from elongated to more equiaxed forms.
In addition, the grain size decreased as a result of
partial recrystallization. The impact of pre-heating on
the process of structure formation was also observed,
resulting in the formation of elongated and narrow
grains

(iii) At room temperature, reinforcement with 0.25 wt.%
Y,0, resulted in UTS values (978 MPa) of as-built
material close to those for the similar ferritic/
martensitic ODS steel plates and tubes fabricated by
traditional methods. The selected heat treatment mode
led to a substantial decrease in strength properties
(UTS = 697 MPa), whereas ductility was increased.
However, the obtained material exhibited brittleness,
indicating the necessity of employing a different heat
treatment mode to ensure both enhanced strength
and plastic properties.
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