metals

Article

Microstructure and Mechanical Properties of Selective Laser
Melted Reduced Activation Ferritic/Martensitic Steel

Zihao Yuan 1%, Chenyu Xiao 1 Hao Liul, Xuejing Sun 1 Guangyi Zhao L Hongbin Liao 1 Wei Qian 1,
Jingkun Yuan 2, Changshi Lao 2 and Huajie Wang 1-*

check for
updates

Citation: Yuan, Z.; Xiao, C.; Liu, H.;
Sun, X.; Zhao, G.; Liao, H.; Qian, W,;
Yuan, J.; Lao, C.; Wang, H.
Microstructure and Mechanical
Properties of Selective Laser Melted
Reduced Activation
Ferritic/Martensitic Steel. Metals
2022,12,2044. https://doi.org/
10.3390/met12122044

Academic Editor: Zhanyong Zhao

Received: 30 October 2022
Accepted: 23 November 2022
Published: 28 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Southwestern Institute of Physics, Huangjing Road Number 5, Chengdu 610041, China

Additive Manufacturing Institute, College of Mechatronics and Control Engineering, Shenzhen University,
Shenzhen 518060, China

Correspondence: yuanzihao@swip.ac.cn (Z.Y.); wanghuajie@swip.ac.cn (H.-W.);

Tel.: +86-28-82850482 (Z.Y. & H.W.)

Abstract: Cube and tensile samples of reduced activation ferritic/martensitic steel were formed at
different laser powers and scanning velocities using a selective laser melting process; the microstruc-
tural characteristics and tensile properties of the cube and tensile samples were investigated in this
study. The experimental results showed that the SLMed CLF-1 samples that formed with selected
laser melting were near-fully dense, and the relative density of the SLMed CLF-1 samples exceeded
99%. Meanwhile, there were numerous nano-sized spherical and needle-like precipitate dispersions
distributed in the grains and boundary of the grains, and the precipitates were mainly composed of
M23C6 carbide and MX carbide. The microstructure was composed of columnar grains and equiaxed
grains arranged in a sequence, and the smallest average size of the grains was 15 & 2.1 pm when
measured at 320 W of power and 800 mm /s scanning velocity. In addition, the sample at 320 W of
power and 800 mm/s scanning velocity exhibited higher yield strength (875 & 6.0 MPa) and higher
elongation (25.6 &= 0.8%) than that of the sample at 200 W of power, 800 mm/s scanning velocity,
yield strength of 715 £ 1.5 MPa, and elongation of 22.6 = 1.2%.
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1. Introduction

In the past decades, reduced activation ferritic/martensitic (RAFM) steel has been
widely selected as primary structural materials in the nuclear industry, including test blan-
ket modules (TBMs), nuclear power cladding, and cores, owing to its good advantages of
low activation, good radiation resistance, and outstanding mechanical and thermophysical
properties [1-4]. The service environment of RAFM steel structure that are used in the
nuclear industry usually needs to withstand high thermal load, and it needs to match
the plasma configuration [5-8]. Therefore, RAFM steel structures have complex curved
surfaces and require high precision. These conditions bring great challenges to traditional
processing techniques, and new forming strategies to solve this conflict are desired in the
manufacturing of reduced activation ferritic/martensitic steel. Additive manufacturing
(AM) can form complex components with high design flexibility because of the layer-by-
layer processing methods. The AM approach is mainly divided into laser-directed energy
deposition (LDED) and selective laser melting (SLM) according to the powder feeding
forms. The LDED technique is widely used in the manufacture and repair of large parts
because of the high deposition rate and high degree of freedom of the powder feeding
nozzle. The SLM method is suitable for manufacturing precision parts owing to its small
molten pool [9-12]; therefore, SLM has been used to confirm the feasibility of producing
the RAFM steel component [13-15].

Huang et al. [13] utilized the SLM method to fabricate an RAFM steel component
in 2018; while the SLMed RAFM steels have poor formability with many porosities and

Metals 2022, 12, 2044. https:/ /doi.org/10.3390/met12122044

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met12122044
https://doi.org/10.3390/met12122044
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met12122044
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12122044?type=check_update&version=1

Metals 2022, 12, 2044

2 0f9

cracks, Thomas et al. [15] produced RAFM steel walls and solid buildings using SLM. The
SLM-built RAFM steel achieved poor anisotropy and lower ductility (7%) compared with
the forgings in elongation (~20%) [16]. Huang et al. [14] reported that the defects can be
dramatically eliminated by hot isostatic pressing, and as a result the tensile strength of
the as-deposited material is improved. However, the use of hot isostatic pressing process
causes the tensile strength to deteriorate, and it cannot guarantee the elimination of all the
porosities and micro-cracks. Meanwhile, this treatment increases the cost and processing
time and contradicts the concept of AM one-time molding. Therefore, it is necessary to
systematically study the relationship between the SLMed RAFM steel processing, structure,
and performance. In this study, RAFM steels were fabricated using the SLM method under
various laser powers and scanning velocities, and the microstructure and tensile properties
were investigated using scanning electron microscope (SEM), optical microscopy (OM),
and X-ray diffraction (XRD) analyses to further understand the relationship between the
processing, microstructure, and properties. The evolution behavior of grain morphology
was also revealed in detail based on the experimental results.

2. Materials and Experimental Procedures
2.1. Materials

The RAFM steel raw material CLF-1 was developed by the Southwest Institute of
Physics in this experiment. CLF-1 is intended to be used as the first-wall material for
fusion reactors in the future. The manufacturing methods for CLF-1's powder particle
are usually one of two methods: gas atomization (GA) and plasma-rotating electrode
process (PREP) [17]. The GA approach is the most common method of powder production.
Compared with the GA method, the PREP technique has many advantages, such as higher
sphericity and lower porosity [17,18]. Considering the characteristics of sphericity and
porosity, the powder was produced using the PREP method and was provided by the
Institute of Metal Research, Chinese Academy of Sciences. The purpose of this research
was to apply RAFM steel in a reactor. The interaction between the neutrons and Mo, Nb,
and N elements of the RAFM steel in the reactor will lead to radioactivity in RAFM steel;
therefore, the Mo, Nb, and N elements of the RAFM steel would be replaced with W, Ta,
and V for the purpose of reducing the activation of RAFM steel. Table 1 lists the chemical
compositions of the CLF-1 powder. It can be clearly seen from Table 1 that the CLF-1 steel
in this investigate was a low-carbon martensitic steel, and the components of CLF-1 steel
were C, Cr, W, Ta, V, Mn, and Fe, and the mass fraction of Fe was 88.16%.

Table 1. Chemical composition of the CLF-1 steel powder.

Element C Cr A\ Ta A Mn Fe
Wt% 0.11 9.4 1.5 0.15 0.21 0.47 88.16

Figure 1 shows the scanning electron microscope picture of the CLF-1 powder pro-
duced using the PREP method. It can be clearly seen from Figure 1 that the average particle
size range of the powder particles is 31.3 pm, and the powder particles have good sphericity.
There is no obvious hollow in the powder particles.

Figure 1. Scanning electron microscope picture of the CLF-1 powder produced using the PREP method.
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2.2. Experimental Procedures

RAFM steel powder particles were dried for 2 h at a temperature of 120 °C to remove
moisture at the beginning of the experiment. The selective laser melting experiment was
carried out in a BLT S310 SLM system. This system contains a 500 W fiber laser and stable
powder spreading system. The layer thickness of the powder was set as 30 pm, and the
hatch spacing was 85 um. The laser size was 80 pm. Cuboid samples with dimensions of
10 x 10 x 10 mm3 were fabricated for microstructural analysis, and plate-shaped tensile
specimens were horizontally fabricated (see Figure 2). In order to reduce the stress concen-
tration, the scanning strategy adopted zigzag scanning. The laser powders and the scanning
speeds were selected considering the optimized process parameters. Table 2 lists the pro-
cess parameters used in this experiment, and one cuboid sample was formed for each of
the parameter settings. The densities of the SLMed CLF-1 cuboid samples were measured
using Archimedes” method with distilled water. The phase analysis of the as-deposited
samples was carried out using X-ray diffraction (XRD) with Cu K« radiation, and the type
of XRD used was a Rigaku MiniFlex 600 (Rigaku Inc., Tokyo, Japan); the scanning speed
of the XRD analysis was run at about 10 o/min. The samples were mechanically ground
with #400-2000 before observing the microstructure and polished with 2.5 pm of polishing
paste; they were then etched by the solution Vilella’s reagent (1 g of picric acid, 10 mL of
hydrochloric acid, and 100 mL of ethanol). The microstructure of the sample was examined
by optical microscopy using a Keyence VHX-5000 microscope (Keyence Inc., Osaka, Japan)
and scanning electron microscope (SEM, FE-SEM, ZEISS MERLIN Compact, Oberkochen,
Germany). Hardness tests were carried out using a Struers Duramin-A300 Vickers micro-
hardness tester (Struers Inc., Copenhagen, Denmark) at load of 500 g with 15 s. Tensile tests
of the samples were conducted using an INSTRON11-96 electronic testing machine (Instron
Inc., High Wycome, England). Three tensile specimens were tested for each condition.
The balanced phase diagram and continuous cooling transformation curve (CCT) were
calculated using JMatPro software (V5.1, Sente Software Inc., Surrey, England). JMatPro
is a software based on material type which has been used in different studies and has
good agreement with the predicted material’s characteristics (alloy composition, phases,
phase composition, physical and mechanical properties, etc.) [12]. The element composition
setting in JMatPro, which is used to calculate CCT and the balanced phase diagram, was
same as in Table 2. The material type of calculation was selected to be stainless steel.
The temperature calculation ranged from 10 °C to 1600 °C, and the calculation step was
conducted at 10 °C.

Layer

N+1
N
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o

Figure 2. Schematic illustration of the scanning strategies and fabrication of bulks and tensile specimens.

Table 2. The process parameters used in this investigation.

Laser Power (W) Scanning Velocity Layer Thickness Hatch Spacing (um)
(mm/s) (um)
200 600
800
600 30 85
320

800
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3. Results and Discussion
3.1. Microstructure

Figures 3 and 4 show the morphologies of the CLF-1 grains from the top view and side
view under different process parameters, respectively. As can be seen from Figures 3 and 4,
there were no obvious cracks and pores in the samples, and the relative density of all the
samples exceeded 99%. The sample reached the highest relative density in the conditions
of 320 W power and 800 mm /s scanning velocity, where the relative density was 99.73%.
Meanwhile, the microstructure of the grains had a similar morphology; the average grain
size was smallest in the conditions of 320 W power and 800 mm /s scanning velocity, and
the average grain size was 15 & 2.1 um.

Figure 3. Morphologies of grains under optical microscopy from top view (in XOY section): (a) 200 W
power and 600 mm/s scanning velocity; (b) 200 W power and 800 mm /s scanning velocity; (c) 320 W
power and 600 mm /s scanning velocity; (d) 320 W power and 800 mm /s scanning velocity.

Figure 4. Morphologies of grains under optical microscopy from side view (in XOZ section): (a) 200 W
power and 600 mm /s scanning velocity; (b) 200 W power and 800 mm /s scanning velocity; (c) 320 W
power and 600 mm/s scanning velocity; (d) 320 W power and 800 mm/s scanning velocity.
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The growth mode and structure morphology during the solidification process are
dependent on the temperature gradient (G) and the growth rate (R). The growth rate (R)
can be expressed as [19]:

R =V x cosf 1

where Vs is the scanning velocity and 6 is the angle between V; and R. The temperature
gradient G can be calculated as follows [20]:

2K(T — Tp)?

G= eP

@)
where T is the liquid temperature of the alloy, Ty is the initial temperature of the substrate,
¢ is the laser absorption coefficient, and P is the laser power. The liquid temperature T of
the alloy can be estimated by [21,22]:
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where P is the laser power, D is the diameter of the laser beam, and f is the laser absorptivity,
which can be calculated by: & X ¢ x p, where « is heat dissipation coefficient, c is the specific
heat capacity, and p is the density of material.

According to Equation (3), T is proportional to the laser power P; therefore, T increases
with an increase in P. According to Equation (2), the temperature gradient G is proportional
to liquid temperature T? of the alloy; as a result, the temperature gradient G increases
with an increase in laser power P. Hence, one conclusion can be deduced that G and R are
greatest at 320 W power and 800 mm /s scanning velocity conditions. According to rapid
solidification, the grains become smaller as the G x R increases [23].

It can also be seen from Figures 3 and 4 that columnar grains and equiaxed grains
were arranged in sequence along the Y-direction, the equiaxed grains were formed along
the center line of the laser track, and epitaxially grown columnar coarse grains penetrated
through multiple deposition layers; meanwhile, the width of these columnar grains was
about 85 pum, which matched the hatch spacing well. It is worth noting that the direction of
epitaxial growth of the columnar grains was not perpendicular to the deposition direction,
which is related to the direction of heat diffusion during the solidification of the molten
pool. The authors believe that there is a temperature gradient in the molten pool from the
center of the molten pool to the outside during the solidification process which, combined
with the subsequent laser remelting, resulted in the columnar grains and equiaxed grains
being arranged in sequence along the Y-direction.

Figure 5 shows the XRD patterns of the as-deposited CLF-1 steel at 200 W power
and 800 mm/s scanning velocity and 320 W power and 800 mm/s scanning velocity,
respectively. As can be seen from Figure 5, the diffraction peaks were 44.6°, 65°, 82.3°,
which are consistent with the diffraction peaks of ferrite/martensite. Meanwhile, there
was no residual austenite detected due to the high cooling rate during the SLM process.
It can be seen from Figure 5b—d that the diffraction peak shifted toward the large angle
with increasing laser power. The authors believe that as the laser energy density increases,
the redistribution of large-sized atoms (Cr, V, and Ta) and interstitial atoms caused the
interplanar spacing to decrease, which resulted in this phenomenon.

Figure 6 shows the SEM images of the SLMed CLF-1 steels observed from the top
view. It can be seen that numerous nano-sized spherical and needle-like precipitates were
dispersion distributed in the grains and boundary of the grains. These precipitates mainly
play a role in dispersion strengthening by pinning dislocations and subgrain boundaries
to increase the strength [24]. The precipitates of the SLMed CLF-1 steels were mainly as
follows: M»3C¢ carbide, MX carbide, and the laves phase shown in the balanced phase
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diagram (Figure 7). Because laves phases are often generated during the creep process and
have an irregular shape [25], the precipitates were Mp3Cg carbide and MX carbide.
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Figure 5. (a) XRD patterns of the as-deposited RAFM steels, (b) enlargement of the (110) peak,
(c) enlargement of the (200) peak, and (d) enlargement of the (211) peak.
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Figure 6. SEM images observed from the top view. (a) 200 W power and 800 mm /s scanning velocity;
(b) 320 W power and 800 mm/s scanning velocity.
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Figure 7. Balanced phase diagram.
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3.2. Mechanical Properties

Table 3 lists the micro-hardness of the SLMed CLF-1 steel from the bottom to the
top along the deposition direction. As can be seen from Table 3, with the formation of
martensites during the SLM process, the micro-hardness became high. It can be seen from
Table 3 that the increase in laser power had no significant effect on the micro-hardness. The
average micro-hardness of the bottom, middle, and top was 312 & 7 HV, 289 £+ 8 HV, and
293 £ 3 HV at 200 W power with 800 mm /s scanning velocity process, and 323 + 6 HV,
310 &= 3 HV, and 296 £ 5 HV at 320 W power with 800 mm /s scanning velocity process,
respectively. It can also be seen that the micro-hardness from the bottom, middle, and top
of the sample was similar, which indicates that the microstructure uniformity was relatively
consistent during the SLM Process.

Table 3. Micro-hardness of the SLMed CLF-1 steel.

Location 200 W 800 mm/s 320 W 800 mm/s
Top 293 £3 296 £ 5
Micro-hardness (HV) Middle 289 £8 310+ 3
Bottom 312+ 7 323+ 6

Figure 8 shows the stress—strain curves of the SLMed CLF-1 steels. As can be seen
from Figure 8, the sample at 320 W power with 800 mm/s scanning velocity exhibited a
higher yield strength of 875 £ 6.0 MPa and higher elongation of 25.6 & 0.8% than that of the
sample with 200 W power, 800 mm /s scanning velocity, yield strength of 715 £ 1.5 MPa, and
elongation of 22.6 &= 1.2%. The ultimate tensile strength samples at 200 W and 320 W power
with 800 mm/s scanning velocity were 710 & 5.1 MPa and 553 & 7.2 MPa, respectively.
The ductility and strength of the SLMed samples was about the same as the forgings [16].
In polycrystals, the yield strength(c;) and the average grain diameter(d) satisfy the Hall-
Petch relationship: os = og + Kd—1/2, where K is the influence coefficient of the grain
boundary on deformation, which is related to the grain boundary structure. The higher
yield strength at 320 W power and 800 mm /s scanning velocity can be explained by the
average grain diameter(d) being smaller than that of the sample with 200 W power and
800 mm /s scanning velocity.

900

= 200 W 800 mm/s

800 | —— 320 W 800 mm/s

700

600 |-
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400
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200

100 |

0 1 1 L 1 L L
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Figure 8. Stress—strain curves of the SLMed CLF-1 steels.

Owing to the unique microstructure formed by the SLM process as shown in Figure 3,
Figure 4, and Figure 6, stress concentration occurred at the interface between the columnar
grains and the equiaxed grains. The ductility increased due to the stress being dispersed
in numerous equiaxed grains. Many fine carbides precipitating from substrate play an
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important role in precipitation hardening to increase the strength. As a result, the SLMed
CLF-1 steel displayed excellent mechanical properties.

4. Conclusions

In this study, the cube and tensile samples of the SLMed CLF-1 steel were formed
with the selected laser melting technique at different laser powers and scanning velocities.
Furthermore, the microstructure and mechanical properties of these samples have been
systematically researched. The conclusions are shown as follows:

(1) The relative density of the SLMed CLF-1 samples exceeded 99%, and there were no
obvious tracks and pores in the samples due to using the PREP powder.

(2) Numerous nano-sized spherical and needle-like precipitates were dispersion distributed
in the grains and boundary of the grains, and the precipitates were mainly composed of
M;3Cg carbide and MX carbide. The microstructure was composed of columnar grains
and equiaxed grains, and the smallest average size of the grains was 15 &+ 2.1 uym under
the procedure parameters of 320 W power and 800 mm /s scanning velocity.

(3) The sample at 320 W power and 800 mm /s scanning velocity exhibited higher yield
strength (875 £ 6.0 MPa) and higher elongation (25.6 & 0.8%) than that of the sample
at 200 W power, 800 mm/s scanning velocity, yield strength (715 &= 1.5 MPa), and
elongation (22.6 £ 1.2%).

The investigation showed that the room temperature comprehensive mechanical
properties of SLMed CLF-1 steel are same as the forgings. The investigation also pro-
vides a new processing strategy for fabricating SLMed CLF-1 steel components. However,
the microstructure of SLMed CLF-1 steel has coarse columnar grains, and the obvious
anisotropy of these columnar grains will cause significant differences in the tensile proper-
ties of different deposition directions. It is necessary to focus on the deposition samples
of different directions in the future. Furthermore, SLMed CLF-1 steels have been used in
high-temperature environments for a long time, and our follow-up work will study the
high-temperature mechanical properties of SLMed CLF-1 steels samples. This work lays
the foundation for the application of SLMed CLF-1 steel in the nuclear industry and serves
as a significant guide suggestion for the research of first-wall cladding material.
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