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316L stainless steel materials are widely used in impact-resistant structures. Heat treatments could affect themechanical properties
of 316L stainless steel parts formed by selective laser melting (SLM), which is vital for ensuring service safety. ,is study aimed to
analyze the mechanical behavior of SLM 316L stainless steel under different heat treatment methods. ,erefore, test specimens
were prepared using the SLM technique and then annealed at 400°C for 1 h. ,e solution was treated at 1050°C for 20 min. ,e
dynamic compressive mechanical properties of the deposited, annealed, and solution-treated specimens were tested at high strain
rates by using a split Hopkinson pressure bar (SHPB) experimental apparatus. Moreover, the microstructures of the previously
mentioned samples were analyzed by optical microscopy and scanning electronmicroscopy.,e experimental results showed that
the three-state samples exhibited strain rate sensitivity in the dynamic mechanical tests and that solution treatment could alter
their mechanical properties significantly. In addition, the microstructure of the deposited specimens presented cylindrical cellular
crystal features, which have a higher dislocation density. Hence, the yield strength of deposited specimens is higher than that of the
solution-treated ones. After annealing, the microstructures of the samples did not change obviously, and their dynamic yield
strength remained almost unchanged. After solution treatment, its cellular crystal disappeared and dislocation density dropped
dramatically, resulting in a sharp decrease in yield strength. Finally, this research can provide a theoretical reference for
broadening the practical application of SLM 316L material parts.

1. Introduction

Selective laser melting (SLM) is one of the essential
technologies in the field of additive manufacturing (AM).
,e metal parts formed directly by the technique exhibit
high dimensional accuracy, good surface quality, and
almost 100% density [1–3]. SLM 316L stainless steel, as a
typical AM metal, is widely used in the aerospace and
marine machinery fields due to its good mechanical
properties [4–8]. ,e metal components of the SLM 316L
stainless steel are often subjected to harsh service con-
ditions during use, requiring higher demands on their
mechanical properties. However, the mechanical prop-
erties of SLM 316L stainless steel vary considerably after
heat treatment methods [9, 10]. ,erefore, it is essential to
clarify the effect of heat treatment on the dynamic

mechanical properties of SLM 316L stainless steel for
ensuring its service performance.

At present, extensive studies have been conducted on the
microstructure and mechanical properties of SLM 316L
stainless steel. Salman et al. [11] studied the microstructure
and quasistatic tensile properties of SLM 316L stainless steel
at different annealing temperatures and found that tensile
strength decreased with increasing temperature. Kong et al.
[12] researched the microstructure and mechanical prop-
erties of SLM 316L stainless steel at different solution
temperatures and determined that yield strength decreased
with rising temperature. Tascioglu et al. [13] investigated the
effects of heat treatment on the microstructure and wear
behavior of SLM 316L stainless steel. ,ey found that the
effect of porosity on wear behavior was more dominant than
that of microhardness. Wang et al. [14] compared the yield
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strength and tensile toughness of 316L stainless steel spec-
imens prepared via SLM and casting.,e results showed that
the tensile mechanical properties of SLM 316L stainless steel
were better than those of the conventional cast stainless steel.
Based on the previously mentioned literature, the me-
chanical properties of SLM 316L stainless steel have been
comprehensively investigated. However, there are few
studies on the dynamic compressive mechanical properties
of SLM 316L stainless steel.

,erefore, the microstructure and dynamic mechanical
properties of SLM 316L stainless steel after different heat
treatments were investigated in this work. Test samples
formed by SLM were annealed at 400°C for 1 h and solution
treated at 1050°C for 20min. ,e dynamic compressive
mechanical properties of the deposited, annealed, and so-
lution-treated samples were tested by a split Hopkinson
pressure bar (SHPB) experimental device at strain rates of
1000, 2000, and 3000 s−1. ,e microstructures of the pre-
viously mentioned samples were analyzed via optical mi-
croscopy and scanning electron microscopy. ,e
microscopic mechanism of the heat treatments on dynamic
compressive mechanical properties was investigated to
provide a theoretical reference for ensuring its service
performance and broadening the application of SLM 316L
stainless steel.

2. Experimental Materials and Methods

2.1. Preparation of Experimental Materials and Samples.
Test specimens were prepared using an SLM machine called
iSLM280, equipped with a 200W fiber laser and a high-
precision laser scanning system. ,e 316L stainless steel
powder used for the machine was prepared by gas atom-
ization, and its microscopic morphology is shown in Fig-
ure 1. ,e powder has good sphericity and fluidity, with a
particle size distribution ranging from 15 µm to 53 µm. ,e
chemical compositions of this powder are listed in Table 1
[15, 16].

According to the experimental requirements, two kinds
of cylindrical specimens were fabricated. ,e quasistatic test
specimens were designed as cylindrical specimens with a
diameter of 12mm and a height of 15mm according to the
standard of GB/T 7314-2017. ,e compression test of me-
tallic materials was conducted at room temperature. ,e
dynamic test specimens were designed as cylindrical spec-
imens with a diameter of 12mm and a height of 5mm, based
on the requirement of the L/D (length/diameter) ratio in the
range of 0.3–0.8. ,e process parameters used to form the
specimens are given in Table 2. In addition, the alternating
stripes scanning strategy was used for the forming process
(Figure 2). Each layer was scanned using simple alternating
scan vectors, and the scanning direction rotated 90° after
each layer [17, 18].

2.2. Experimental Methods

2.2.1. Heat Treatment and Microstructure Observation.
,e heat treatments of the specimens were carried out in a
vacuum tube heat-treatment furnace called BTF-1200C–S-

25-90, and the tube was required to be evacuated to isolate
the air before the experiment. ,e following two heat
treatment methods were adopted in this paper. Stress relief
annealing raised the temperature to 400°C at a rate of 10°C/
min and then maintained this temperature for 1 h. After
that, the specimens were cooled in the furnace to 200°C and
then taken out to be air-cooled to room temperature (25°C).
,e solution treatment was carried out at a rate of 10 °C/min
to 400°C. ,en, the temperature was rapidly increased to
1050°C at a rate of 10°C/s, held for 20min. Finally, the
specimens were cooled to room temperature by water
cooling. ,e specific heat treatment process is summarized
in Table 3.

,e treated specimens were divided into three groups
based on state: deposited, annealed, and solution-treated.
,e observation surface of the specimen was mechanically
polished to obtain a bright mirror surface with good
reflectivity. ,en, the specimens were etched with aqua regia
solution (3mL HCL+ 1mL HNO3) for 6-10 s to produce
metallographic specimens. ,e microstructural morphology
of the specimens and their elemental distribution were
analyzed under a Zeiss 40MAT inverted optical microscope
and a Zeiss EVO180 scanning electron microscope,
respectively.

2.2.2. Testing of Dynamic Mechanical Properties.
Quasistatic compression experiments tests were carried out
on 316L stainless steel specimens (12×15mm2) in three
states at room temperature (25°C) by using the MTS
Landmark® 370.5 electrohydraulic servo experimental sys-
tem (Figure 3). ,e specimens were fixed at the center of the
base, and lubricant was applied at the contact surfaces to
reduce the end friction; thus, the specimens were ensured in
a unidirectional force state. An external tensiometer was
added to the equipment to ensure the accuracy of the ex-
perimental results. Moreover, three sets of experiments were

10 µm

Figure 1: Microstructure of SLM 316L stainless steel powder.

Table 1: Chemical components of 316L stainless powder (mass, %).

Element C Cr Mn Mo Ni Fe
Mass (%) 0.022 17.16 1.45 2.71 12.2 Bal.
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repeated for each state specimen. According to the specimen
size, the chunk loading speed was set to 0.015mm/s, and the
control strain rate was 0.001 s−1.

,e SHPB experimental apparatus was used to perform
dynamic compressionmechanical experiments at high strain
rates. ,is apparatus consists of a loading device (air gun),
compression bar system (impact, incidence, and transmis-
sion bar), data acquisition system, and damping absorber, as
shown in Figure 4 [19, 20]. ,e material of each bar was low
alloy steel with an elastic modulus of 210GPa, density of
7.83 g/cm3, and wave speed of 5100m/s.

,e SLM 316L stainless steel cylindrical specimen
(φ12× 5mm2) was clamped between the incident and
transmission bar. ,e lubricant was applied to the contact
area at both ends of the specimen to reduce the end-face
friction effect.,e air gun pushes the impact bar to strike the
incident bar. ,e process generates a one-dimensional (1D)
stress wave σi transmitted through the specimen to the
transmission bar. When the stress wave passes through the
specimen, part of the stress wave is reflected into the incident
bar, forming the reflected stress wave σr, and the rest is
transmitted into the transmission bar, forming the trans-
mitted stress wave σt. ,e three stress waves generated
elastic strain εi, εr , and εt in the incident and transmitted
bars, respectively. ,en, the strain rate _ε(t), strain ε(t) , and
stress σ(t) were obtained by calculating the strain signal
through (1). Afterward, the data is transformed into a stress-
strain curve through data processing [21, 22]:

_ε(t) �
c0

L0
εi − εr − εt( ,

ε(t) �
c0
L0


t

0
εi − εr − εt( dt,

σ(t) �
A

2A0
E εi + εr + εt( ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where c0, E, and A are the elastic wave velocity, elastic
modulus, and cross-sectional area of the compression bar
and L0 and A0 are the length and cross-sectional area of the
specimen.

3. Experimental Results and Analysis

3.1. Microstructure and EDS Analysis. Figure 5 displays the
microstructure of the deposited SLM 316L stainless steel and
its EDS analysis. ,ere are many cellular structures in the
specimen, polygonal in the transverse section and parallel
boundaries along the longitudinal section, in Figures 5(a)
and 5(b). ,us, the three-dimensional view of the cellular
structure is similar to a honeycomb along the temperature
gradient, as shown in Figure 5(c). Depending on the ob-
servation direction, the morphology of the cellular structure
is different [23]. It can be a circle, ellipse, or two parallel
lines. Moreover, the diameter (width) of individual tiny

Table 2: Technology parameters of 316L stainless steel by SLM processing.

Laser power (W) Scan speed (mm/s) Layer thickness (μm) Hatch spacing (mm)
200 1000 50 0.1

Layer n

Layer n+1

Layer n+2

Figure 2: Schematics representing the alternating stripes scanning
strategy.

Table 3: ,e heat treatment process of 316L stainless steel pro-
duced via SLM.

Number Heat treatment process Cooling
method

I Deposited —
II Stress relief annealing at 400°C for 1 h Air cooling

III Solution treatment at 1050°C for
20min Water cooling

Sp
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en

Figure 3: Quasistatic compression experiments.
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crystals was measured to be approximately 0.5 μm [24, 25].
Meanwhile, Figure 5(d) illustrates the typical direction of
honeycomb crystal growth between adjacent pool bound-
aries along the building direction. ,e cell growth in the
adjacent regions is highly variable and presents a random
distribution.

Moreover, EDS characterized the element content at the
subgrain boundaries. At the given length scale (Figure 5(e)),
the results show that there is no obvious change in the
content of each element (Figure 5(f)). However, the relevant
literature pointed that Cr and Mo were enriched at the
subgrain boundaries; there is about 2 wt% more Cr content
at the subgrain boundary, and the Mo content was ap-
proximately 1.7 times higher at the subgrain boundary [26].
Combined with the experimental results, the analysis in this
paper suggests that the grain boundaries of SLM 316L
stainless steel have elements enrichment. However, the
change of contents is too low to reflect in the graph.

,e analysis indicates that the honeycomb crystal
structure was produced by the unique processing method of
SLM. In general, temperature gradient (G) and crystal
growth rate (R) play a key role in determining the solidi-
fication morphology, and a high G/R ratio leads to the
formation of cellular structures [27]. SLM, a rapid additive
manufacturing technique, has a fast cooling rate of the metal
solute that generates extremely high-temperature gradients.
,is solidification method promotes the growth of micron-
sized cellular structures and causes them to exhibit a hon-
eycomb arrangement. Moreover, the honeycomb structures
occur by epitaxial growth. ,e crystal orientation of the
previous layer is closely related to the heat flow direction of
the next layer, which suggests that the base layer plays the
leading role in the growth direction of the cellular structure

[28]. However, the heat flow direction in the nonuniform
temperature field is usually random during the SLM forming
process, so the cellular growth direction is randomly
distributed.

Figure 6 shows the microstructure of annealed SLM 316L
stainless steel and its EDS analysis. In Figures 6(a) and 6(b),
the cellular structure is still present in the annealed tissue
with a polygon in the transverse section and the parallel
boundary along the longitudinal section, showing the same
honeycomb arrangement as the deposited state specimens.
Furthermore, the diameter (width) of individual cellular
grain remains at approximately 0.5 μm. In Figure 6(c), the
growth direction of this honeycomb structure is diverse at
the adjacent pool boundaries, showing a random distribu-
tion along the building direction. Similarly, EDS analysis was
performed at the subgrain boundaries. ,e element occu-
pancy remains essentially the same as that of the deposited
state specimens. ,e analytical ranges are shown in
Figure 6(d) and the results in Figure 6(e).

It can be concluded that the microscopic morphology of
the annealed specimens and their elements composition did
not change significantly compared with the deposited spec-
imens. ,e cellular structure in SLM metals tends to de-
compose after high-temperature treatment due to
nonequilibrium solidification, similar to other substable
structures. However, the cellular structure is thermally stable
at high temperatures, owing to this relatively low stored
energy [29]. ,e analysis reveals that stress relief annealing at
a constant temperature of 400°C is not sufficient to break the
stability of the cellular structure. ,is temperature is not
reaching the phase transformation point of the austenitic
crystals. ,e cellular structure cannot decompose, and the
tissue does not recrystallize and coarsen. ,erefore, the
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Figure 5: Microstructure and EDS analysis of the deposited SLM 316L stainless steel samples. (a) Transverse section of a cellular structure,
(b) longitudinal section of a cellular structure, (c) three-dimensional view of cellular structure, (d) growth direction of cellular crystal
between adjacent molten pool boundaries, (e) scope of the EDS line scan, and (f) elemental analysis of the EDS line scan.
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anisotropic cellular structure still exists in the annealed mi-
crostructure. Consequently, the morphology of the annealed
tissue and its elements content remains unchanged.

,emicrostructural morphology and EDS analysis of the
specimens after solution treatment at 1050°C for 20min are
shown in Figure 7. ,e typical cellular structure features
disappeared, as displayed in Figures 7(a) and 7(b); however,
other crystalline structures can be observed, with individual
grain sizes varying from 10 μm to 40 μm. ,e change of
microsize indicates that the anisotropic honeycomb cellular

structure decomposed after the solution treatment. More-
over, a mass of nanosized particles precipitated out and was
extensively present at the grain boundaries, as shown in
Figure 7(c), similar to other literature studies [30]. Fur-
thermore, the scanning analysis of grain boundaries and
interiors found no significant differences in the alloying
element composition of the specimens within the mea-
surement range (Figures 7(c) and 7(d)). It can be seen that
there is no phase transformation of SLM 316L stainless steel
after heat treatment.
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Figure 6: Microstructure and EDS analysis of the annealed SLM 316L stainless steel. (a) Transverse section of a cellular structure, (b)
longitudinal section of a cellular structure, (c) growth direction of cellular crystal between adjacent molten pool boundaries, (d) scope of the
EDS line scan, and (e) elemental analysis of the EDS line scan.
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,e analysis shows that the solution heat treatment tem-
perature of 1200°C breaks the thermal stability of the honey-
comb structure, and the subboundaries of the cellular grains
melt away.,erefore, there is no localmorphological difference
in the solution-treated 316L stainless steel in the solution
microstructure due to the disappearance of the cellular
structure. At the same time, the higher holding temperature
achieves the environmental condition required for austenite
nucleation and coarsen. ,e cellular structure melts, and the
austenite grains grow, forming a large coarsening structure in
the microscopic region. In addition, after solution treatment,
the specimens formed an equiaxed austenite structure, which
was different from the other two specimens. Based on the
previously mentioned analysis, the change in microscopic
dimensions of solution-treated 316L stainless steel will defi-
nitely lead to a change in mechanical properties.

3.2. Analysis of Dynamic Mechanical Properties. ,e reli-
ability of the SHPB experimental technique should satisfy the
1D stress wave assumption and homogeneity assumption [31].

For φ14.5mm thin straight bar system, the 1D stress wave
assumption holds. ,e calculated incident + reflect (In+Re)
curve largely coincides with the collected transmission curve
(Figure 8), indicating that the test materials achieved stress
balance throughout the loading process.

,e quasistatic stress-strain curves of the three state
specimens at a strain rate of 0.001 s−1 are shown in Figure 9.
Each curve can be divided into elastic and plastic phases, but
no evident yield platform was found. When the strain is
below 0.02, the stress shows a linear growth with elastic
deformation; it is a typical linear elastic characteristic of
most metal materials. At the plastic phase, no evident
yielding phenomenon was observed in the graphs. However,
the slope of the curve changes obviously, which indicates
that the material is subject to the combined effect of strain
strengthening while yielding occurred. ,is phenomenon is
commonly found in quasistatic compression experiments of
plastic materials. When the curve entered the stable-
strengthened stage, its stress gradually increased with the
plastic deformation, exhibiting strain strengthening char-
acteristics of the specimens.
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Figure 7: Microstructure and EDS analysis of the solution-treated SLM 316L stainless steel. (a) Grain boundary under OM, (b) grain
boundary under SEM, (c) scope of the EDS line scan, and (d) elemental analysis of the EDS line scan.
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,e stress-strain curves obtained from the dynamic
compression tests are shown in Figures 10(a)–10(c). Dy-
namic mechanical properties were analyzed by comparing
with the quasistatic (0.001 s−1) curves. ,e curves at high
strain rates exhibit similar characteristics to the quasistatic
state and can be similarly divided into elastic and plastic
phases [32]. Moreover, compared with the quasistatic ex-
perimental curves, the yield strength of the specimen in-
creased by an average of 50.65% when the loading strain rate
was increased from 0.001 to 1000 s−1 (the deposited speci-
mens increased by 51.60%, the annealed specimens in-
creased by 48.67%, and the solution-treated specimens
increased by 51.68%). It indicates that the material has a
significant strain rate strengthening behavior in dynamic
mechanical tests. However, when the strain rate was

increased from 1000 to 3000 s−1, the yield strength increased
slightly, only about 17.81% (the deposited specimen in-
creased by 15.95%, the annealed specimen increased by
18.01%, and the solution-treated specimen increased by
19.47%). ,is finding strongly confirmed that SLM 316L is a
typical strain-rate sensitive material and has strain rate
strengthening properties. However, this strain-rate sensi-
tivity was not exhibited significantly in the high strain rate
range.

Table 4 provides the peak yield stresses of the deposited,
annealed, and solution-treated 316L specimens in the
quasistatic and dynamic mechanics experiments. ,e effect
of heat treatment on mechanical properties is analyzed by
comparing at the same strain rate.

As indicated in Table 4, the solution heat treatments
significantly affected the mechanical properties of 316L
stainless steel. ,e yield strength of specimens decreased
slightly after stress relief annealing when compared under
the same strain rate conditions (with a decrease of 2.11% at
0.001 s−1, 3.66% at 1000 s−1, 7.21% at 2000 s−1, and 1.43% at
3000 s−1). However, the yield strength of specimens de-
creased significantly after solid solution treatment (with a
decrease of 37.21% at 0.001 s−1, 35.94% at 1000 s−1, 34.93% at
2000 s−1, and 35.49% at 3000 s−1). From the analysis, it can be
concluded that the solution heat treatment can reduce the
yield strength and enhance the plasticity of SLM 316L
stainless steel. Furthermore, according to Figure 10(c), the
solution-treated samples have a more considerable plastic
deformation in the dynamic tests, which indicates that the
samples have a higher toughness.

4. Discussion

Following the primary experimental data, SLM 316L
stainless steel specimens exhibit different mechanical be-
havior in mechanical tests after heat treatment.

,e main factors affecting the mechanical properties
were identified by characterizing the microstructure of
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deposited, annealed, and solution-treated specimens. ,e
cellular structure can lead to substantial differences in the
mechanical properties of SLM specimens, significantly in-
creasing the yield strength. ,e microstructure of the de-
posited specimens is characterized by a honeycomb
structure composed of cellular crystals, and the size of each

grain is about 0.5 μm. Studies in the relevant literature have
concluded that this closely spaced honeycomb structure can
produce large dislocation density in its organization，which
undoubtedly leads to differences in mechanical properties of
samples. When the material is deformed, the dislocation
capability of the grains along the grain boundaries is
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Figure 10: Dynamic stress-strain curve. (a) Deposited state, (b) annealed state, and (c) solution-treated state.

Table 4: ,e trend of the peak yield stress (stress, MPa).

Sample status strain rate (s) Deposited state Annealed state Solution-treated state
0.001−1 544.64 533.12 334.75
1000−1 822.78 792.62 507.75
2000−1 924.42 857.80 558.17
3000−1 954.02 940.33 606.63
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hindered [33, 34], resulting in the high yield strength. ,is
phenomenon is called grain strengthening. ,erefore, the
dynamic mechanical properties of the deposited specimens
are superior to those of the heat-treated specimens. How-
ever, in this state, the specimen organization is not ho-
mogeneous and has significant residual stresses that may
lead to instability in their mechanical properties during use
[35, 36].

After stress relief annealing at 400°C for 1 h, the size of
the cellular structure and its anisotropic orientation did not
change obviously. Dislocation density between micro-
structures was unchanged, and the intergranular strength-
ening phenomenon did not improve. So, the dynamic yield
strength did not exhibit a significant downward trend.
However, stress relief annealing eliminated the residual
stresses remaining in the SLM process, affecting the later
processing and use of the formed parts. ,erefore, stress
relief annealing is an ideal heat treatment method that can
ensure high-strengthmechanical properties and improve the
service performance of materials [37]. After solution
treatment at 1050°C for 20min, the cellular structure with
different orientations disappeared, and coarsened austenite
grains appeared. At this moment, the size of the micro-
structure increased from 0.5 μm to 15-40 μm, and the dis-
location density decreases with grain coarsening during
solution treatment. ,e weakening of the resistance to
dislocation slip leads to the low yield strength of the
specimens. However, the specimens under this heat treat-
ment method exhibited good toughness and plasticity,
improving the machinability of SLM metals [38, 39].

In summary, this study investigates the effects of heat
treatment on the static and dynamic mechanical properties
of SLM 316L stainless steel, providing a theoretical reference
to the service performance of SLM 316L stainless steel and
broadening the application range of SLM 316L stainless steel.
However, the dynamic mechanical properties of SLM 316L
stainless steel metal components are only a part of their
comprehensive performance. ,erefore, this is not enough
to provide a deeper understanding of the other excellent
properties. In this regard, research on the quantitative de-
scription of residual stresses in SLM 316L stainless steel and
the relationship between its mechanical properties is a good
direction for further study.

5. Conclusions

,is study investigated the microstructure of SLM 316L
stainless steel in the deposited, annealed, and solution-
treated states and its dynamic compression mechanical
properties. It analyzed the effects of different heat treatments
on the dynamic compression mechanical properties of SLM
316L stainless steel through its microscopic mechanisms.
Based on the results, the following conclusions can be
drawn:

(1) ,e microstructure of the deposited SLM 316L
stainless steel sample is mainly composed of co-
lumnar cells with different growth directions,
exhibiting the characteristics of a honeycomb

arranged structure. After stress relief annealing for
1 h at 400°C, the morphology of the annealed
microregion did not change significantly, and the
cellular crystal structure still existed. At 1050°C for
20min solution treatment, the cellular crystal or-
ganization of the specimen disappeared, and the
coarsened austenite organization can be observed.

(2) ,e yield strength of the deposited specimens tended
to be the highest among the three specimens due to
the high dislocation density of the submicron cellular
grain structure formed during SLM. In this state, the
specimen organization is not homogeneous and has
significant residual stresses that may lead to insta-
bility in their mechanical properties. After stress
relief annealing at 400°C for 1 h, the microstructure
of the annealed specimens did not change signifi-
cantly, and yield strength tended to decrease slightly.
Moreover, this heat treatment can considerably in-
crease the serviceability of the material without
changing its high-strength properties. After solution
treatment at 1050°C for 20min, the cellular grain
structure grew and formed coarse austenite grains.
,e significant dislocation density reduction leads to
a sharp decrease in the yield strength, which is good
for improving the machinability of SLM metal
materials.
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