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The effect of heat treatment at various temperatures (650, 850, 1050, and 1100�C) and dwell times (10 min
and 1 h) on the metallurgical and microstructural evolution as well as on the related tensile properties of
stainless steel 316L processed by selective laser melting (SLM) has been systematically evaluated. The
metallurgical and microstructural features such as defects, stability of the columnar–cellular structure and
substructure, second phase particles, and phase transformation imparted by SLM and heat treatment have
been discussed. It has been shown that the processing conditions specific to SLM significantly alter the
kinetics of phase evolution compared to standard welding techniques which affects the accuracy of the
prediction. The influence of these characteristics on tensile properties and hardness was elucidated. It was
disclosed that with increasing heat treatment temperature there was a gradual increase in elongation but a
decrease in strength related to the dislocation density and the development of the microstructure.
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1. Introduction

316L austenitic stainless steel has a wide range of applica-
tions in several industries, particularly in corrosive environ-
ments, such as oil and gas, marine, chemical, biomedical, and
nuclear energy industries. Recently, it has been extensively
processed by selective laser melting (SLM) for manufacturing
of structural components with complex geometry, superior
mechanical properties, and corrosion resistance. The specific
columnar–cellular microstructure inherited by SLM, combined
with the appropriate process parameters to provide high-density
parts, can result in superior strength and ductility of printed
316L, comparable or better than these of conventionally
manufactured counterparts (Ref 1-3).

Even though an excellent combination of strength and
ductility of the 316L components can be achieved by SLM, the
mechanical and functional properties, especially ductility, can
suffer due to inevitable metallurgical defects such as pores, lack
of bonding, large residual stresses, coarse columnar structure,
and elemental segregation (Ref 2, 4). Heat treatment can be
applied to the as-printed parts to overcome the mentioned
issues. Extensive research to the influence of post-processing

heat treatment on the microstructural transformation (Ref 5-8),
tensile properties (Ref 9, 10), wear behavior (Ref 4, 11), fatigue
properties (Ref 12-14), corrosion resistance (Ref 15, 16), and
impact toughness (Ref 17) of the SLM printed 316L has been
extensively researched to date.

Currently, there is no consensus on the microstructural
evolution and the alternation of the mechanical properties with
different heat treatments of SLM fabricated 316L. In general,
the hardness and both, the tensile and the yield strength
decreased with increasing heat treatment temperature, due to
the reduction of dislocation density, disappearance of cellular
substructures, and grain growth (Ref 18-21). However, there
are a number of studies that show a variety of mechanical
properties depending on the treatment conditions. For instance,
Montero Sistiaga et al. (Ref 17) reported that heat-treated SLM
316L exhibited comparable tensile strength at all annealing
temperatures while the yield strength decreased at higher
temperatures of 950 and 1095�C. Similarly, N. Chen et al. (Ref
22) achieved a 10% increase in yield strength by annealing at
400�C due to the additional formation of nano-sized silicates. A
higher UTS after heat treatment than the one in the as-welded
condition is reported by Leuders et al. (Ref 12).

One of the controversial issues is the effect of heat treatment
on the ductility of the printed 316L. Many studies reported an
increase in elongation of various degrees (Ref 4, 18, 21). K.
Saeidi et al. (Ref 10) observed that the elongation of samples
annealed at 1100�C increased by about 7% compared to the as-
built samples. A similar heat treatment applied by W. S. Shin
et al. (Ref 4) significantly increased the elongation of the
samples printed with various SLM parameters. According to
Ref 19, the ductility of SLM printed 316L increased regres-
sively with increasing heat treatment temperature. Maximum
values of elongation of 51.6% (25.2% more than the as-printed
value), 54.7% (i.e., + 34%) and 57.5% (i.e., + 26.4%) were
achieved by heat treatment at 1200�C for 2 h (Ref 16), 1100�C
for 0.5 h (Ref 4), and 1100�C for 5 min (Ref 20), respectively.
Some studies (Ref 16, 17, 20) highlighted that the uniform
elongation started to improve at higher temperatures of 1100�C
while at lower temperatures there was no change or even
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deterioration. This trend as well as the large standard deviation
of the elongation values were attributed by Montero Sistiaga
and co-workers (Ref 17) to the presence of oxides inclusions.

A negative effect of heat treatment on the elongation of the
printed 316L was also reported (Ref 9, 22, 23). According to
Ref 9, elongation remained unchanged and even dropped at
lower temperatures (below 600�C) and higher temperatures up
to 1400�C, respectively. The material treated at 400 and 800�C
consistently exhibited a loss of elongation compared to the as-
built one (Ref 22).

Taken together, these studies indicate that heat treatment has
great potential to improve the elongation of SLM processed
316L. However, the evidence on its influence is inconsistent,
which complicates the selection of the heat treatment param-
eters to achieve the required property level. In the present study,
316L was processed by SLM and subsequently heat-treated at
various temperatures and dwell times to increase the elongation
for medical application. Therefore, the study aims to system-
atize the knowledge by accompanying the obtained results with
a critical review of data from published studies.

2. Experimental

2.1 Material

Gas atomized 316L stainless steel powder (m4p material
solutions GmbH, Germany) with a particle size ranging
between 15 and 45 lm was used for the present study. The
particle distribution of the powder was as follows: D10 = 21.1,
D50 = 30.1, D90 = 41.4 lm. The powder consisted of spher-
ical- particles with some smaller satellite particles attached, as
shown in Fig. 1. The chemical composition of the as-received
powder is listed in Table 1.

2.2 SLM Process

The specimens for the study were produced in the SLM125-
Realizer machine (Realizer GmbH, Germany) equipped with a
400 W fiber laser with a wavelength of 1070 nm. The smallest
spot of the laser beam in the focal plane is 30 lm in diameter.
The building volume of the machine is 12.5 cm 9 12.5 cm 9
20.0 cm. The tensile specimens were built in vertical orien-
tation in argon atmosphere with a maximum oxygen content of
0.15%. The geometry was selected according to DIN 50,125
(Ref 24), as presented in Fig. 2a. These specimens were used
for the microstructural observations and the hardness measure-
ment (Ref 24).

The 316L specimens were printed on a stainless steel 316L
substrate plate. Layer thickness, laser power, and scanning
speed were set at 50 lm, 150 W, and 1000 mm/s, respectively.
The melting line distance in the layer (hatch distance) was
80 lm. The ‘‘chessboard’’ strategy was applied where the
stripes had a width of 5 mm and a length of 10 mm with an
overlap of 0.02 mm. Each layer was rotated at an angle of 27�
with respect to the previous one, as shown in Fig. 2b.

2.3 Post-processing Heat Treatment

The cylindrical tensile specimens were mechanically sepa-
rated from the platform, which was alleviated by support
structures with a length of 4 mm. This ensured the separation of
the samples without the introduction of mechanical stresses.

The printed specimens were not subjected to any mechanical
operations before heat treatment. The post-processing heat
treatment was performed in a Nabertherm furnace of Fischer
Scientific GmbH (Schwerte, Germany) under argon atmo-
sphere. It was carried out at holding temperatures of 650, 850,
1050, and 1100�C for 10 min and 1 h. The treated samples
were cooled to room temperature in air while those treated at
1050�C were additionally water quenched to study the
influence of the cooling medium on the behavior of the second
phase. All heat treatment conditions are summarized in Table 2
presented in Results and Discussion.

2.4 Microstructural and Mechanical Characterization

The samples for the microstructural investigations and
hardness measurements were cut from the center of the tensile
specimens parallel to the build direction using a slow-speed
diamond saw under water cooling, as illustrated in Fig. 2c. The
position of the samples was chosen so that the microstructure
could be examined directly in the gauge area and correlated
with the mechanical properties. Subsequently, the samples were
prepared for optical microscopy (OM) by a multi-step metal-
lographic procedure with a final polishing step of 0.05 lm and
etched with the V2-Beize reagent heated to 60�C for 10 s.

Porosity was analyzed on the polished unetched samples in
the transverse and longitudinal directions relative to the build
direction (see Fig. 2c). It was subsequently characterized by
image analysis and measured by means of ImageJ software
(Version 1.53 k, National Institutes of Health, USA). The area
fraction of porosity was determined from ten images in each

Fig. 1 SEM image of the 316L powder subjected to SLM

Table 1 Chemical composition of the as-received powder
in wt. %

C Si Mn Ni Cr Mo Fe

0,02 0,7 1,1 11,1 17,0 2,3 Basis

4296—Volume 32(10) May 2023 Journal of Materials Engineering and Performance



orientation taken at different locations, and the results obtained
were averaged.

The characterization of the microstructure and the second
phase particles was performed with the scanning electron
microscope (SEM) TESCAN MIRA II (Brno, Czech Republic)
equipped with an INCA Oxford detector for energy-dispersive
x-ray spectroscopy (EDS) and with the confocal 3D laser
scanning microscope type KEYENCE VK-X1000 type (Neu-
Isenburg, Germany).

Electron backscatter diffraction (EBSD) analysis was per-
formed using the EDAX EBSD system (AMETEK Materials
Analysis Division, Mahwah, NJ, USA) with a step size of
0.4 lm. TSL-OIM (AMETEK Materials Analysis Division,
Mahwah, NJ, USA) software was used for the analysis. Inverse
pole figure (IPF) maps with a minimum confidence index (CI)
of 0.2 were produced for each area investigated. A lower-
boundary misorientation angle of 2� was used to eliminate the
noise effect.

Fig. 2 (a) Geometry of the printed specimens; (b) printing strategy; and (c) location of sampling for the microstructural investigations and
hardness measurement

Table 2 Mechanical properties of 316L as-printed and heat-treated under various conditions

Processing condition
Defect fraction,

%
Hardness, HV

1
Yield strength YS,

MPa
Ultimate tensile strength UTS,

MPa
Elongation e,

%

As-printed 0.43 231 444 638 38,8
650�C, 10 Min, air 0.41 226 464 635 34,0
650�C, 1 h, air 0.47 215 452 631 36,4
850�C, 10 Min, air 0.39 207 406 605 40,6
850�C, 1 h, air 0.51 204 397 610 44,9
1050�C, 10 Min, air 0.29 193 372 593 47,9
1050�C, 1 h, air 0.24 186 337 577 49,6
1050�C, 10 min, water 0.35 187 354 583 47,8
1050�C, 1 h, water 0.43 188 308 560 50,8
1100�C, 10 Min, air 0.52 187 346 583 46,7
1100�C, 1 h, air 0.67 166 283 552 50,2
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The Vickers microhardness was measured on both, the as-
printed and the heat-treated samples with a load of 9.807 N
(HV 1) for 15 s. The results of five measurements on each
sample were used to estimate an average value. Tensile tests
were carried out at room temperature on an Instron ElectroPuls
E10000 tensile testing machine (Norwood, USA) which has a
maximum linear static capacity of 7 kN. The crosshead speeds
during the tensile test were selected according to DIN EN ISO
6892-1 (Ref 25). The specimens were not machined before the
test. The tests were performed up to the rupture of the
specimens. The mechanical properties (ultimate tensile
strength, yield stress, and elongation) were determined as
average values of five specimens.

3. Results and Discussion

3.1 As-welded State

3.1.1 Density. Table 2 shows the area percentage of
defects consisting mainly of pores and lack of fusion (in %).
As follows from the data, the SLM parameters applied to 316L
resulted in manufacturing of dense parts (> 99.5%). It should
be noted that the density was higher in the cross section than in
the longitudinal section of the printed samples which can be
attributed to a higher area fraction of ‘‘lack of fusion’’ defects
between the separate melt pools. The pore size varied from a
few micrometers to a maximum size of � 50 lm.

3.1.2 Grain Structure. Figure 3 demonstrates a colum-
nar–cellular structure typical for the material processed by
SLM. The columnar grains of a wide size range are aligned
with the build direction and some of them grew epitaxially
through the melt pools, reaching a width of � 30 lm and a
length of � 100 lm. The proportion of high-angle grain
boundaries (HAGBs) significantly outweighs that of low-angle
grain boundaries (LAGBs), as determined by EBSD (the
corresponding IPF map is shown in Fig. 5a).

The SEM image taken at higher magnification (Fig. 3c)
revealed equiaxed cells with a size � 0.6 lm inside the

columnar grains. It is now well established from a large
number of studies that dislocation tangles, which arise in large
quantities due to the rapid solidification rate of up to 107 K/s
typical for SLM, are concentrated at the cell boundaries (Ref
26, 27). Interestingly, Y. M. Wang and co-workers (Ref 3)
demonstrated that these dislocation walls do not generate local
misorientations at the boundaries but within the cells. There-
fore, they cannot be treated as subgrains, but are strong
obstacles to dislocation movement.

The cell boundaries were decorated with bright spots. The
contrast indicates that the spots were enriched in Mo and Cr
which tend to segregate due to their low solubility in the
austenitic matrix and rapid solidification rate. The enrichment
of the cell walls with Cr and Mo as well as with Si and Mn
observed in many works was explained by the rapid solidifi-
cation (Ref 1, 3, 7, 16). Hence, the cell boundaries can be
regarded as chemical segregations within a homogeneous
matrix.

3.1.3 Second Phases. It is known that 316L tends to form
various second phases through rich alloying (Ref 28). However,
the rapid solidification during SLM suppresses the precipitation
of inclusions. Inherently, nano-sized particles containing O, Si,
and Al (also Mn, Cr, and N) are usually present in the as-
printed 316L (Ref 10, 16, 20, 26). A variety of the compositions
are reported so these particles are variously referred to as
silicon oxide (Ref 29), Si-O-Mn silicates (Ref 22), amorphous
Mn-Si-rich precipitates (Ref 9), oxynitrides of Ti, Al, and Mo
(Ref 23), MnSiO3 particles (Ref 27). Nano-oxide inclusions are
typically observed at cell boundaries and are thought to have
some strengthening effect (Ref 27, 29). In addition, W. S. Shin
et al. (Ref 4) detected fine M23C6 carbides by optical and SEM
observations; however, their chemical composition was not
measured.

In the current study, the particles were observed in the
structure of the as-welded 316L (blue inclusions in Fig. 4).
They were found to form as oxidation products during etching.
These particles were not introduced into the structure by the
SLM process and were therefore not considered relevant to the
properties of the SLM parts. Otherwise, no particles were found
in the as-printed microstructure.

Fig. 3 Columnar–cellular structure of the as-printed 316L microstructure: (a) light optical overview image; (b) SEM overview image (red
rectangles highlight the inclusions of d-ferrite); and (c) SEM image of fine cells inside the columnar grains (red dotted line represents the melt
pool boundary)
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3.1.4 Phase Composition. It is known that the austenitic
structure of molten 316L can undergo a partial transformation
of austenite to d-ferrite according to the ternary Fe-Cr-Ni
diagram at 70% Fe (Ref 28). Three analyses have been used to
date to determine the phase composition of selective-laser-
melted 316L: optical or SEM observations, EBSD, and x-ray
diffraction (XRD) techniques. The majority have found that the
as-welded microstructure is pure austenite (Ref 2, 4, 10, 29). In
contrast, a small amount of d-ferrite was reported by K. Saeidi
et al. (Ref 26) using EBSD analysis which was considered more
reliable compared to XRD. Furthermore, the presence of ferrite
has been obtained by microstructural investigations in Ref 1, 5,
8, 23; however, with such small d-amounts this seems to be an
uncertain technique, considering the variety of etching tech-
niques and their influence on the determination of microstruc-
tural constituents. Thus, the question of phase composition
remains controversial.

In the present work, phase analysis by EBSD was carried out
on the bottom, middle, and top of the sample in the as-welded
state to show the possible difference due to the different thermal
conditions. It was assumed that the multiple re-heating may
promote the formation of d-ferrite, which means that a higher
fraction of ferrite should be found at the bottom of the sample.
However, the volume fraction of ferrite was 0.002, 0.006, and
0.005 in the lower, middle, and upper part of the sample,
respectively. A measurement error has to be taken into account
because the defects are calculated as ferrite. Figure 5b shows the
distribution of the phases at the top of the sample. As can be
seen, there was only an insignificant amount of d-ferrite along
the dendrite boundaries, which is supported by the segregation
of ferrite-promoting elements such as Mo and Cr. Thus,
Kurzynowski et al. (Ref 23) associated the intercellular micro-
segregation of Cr, Si, and Mo with the formation of eutectic d-
ferrite. The precipitation of ferrite stabilizers also supports the
formation of single austenite. Some traces of d-ferrite were
observed in SEM analysis (red rectangles in Fig. 3b) as these
inclusions were rich in Cr and Mo. Therefore, a negligible
amount of ferrite is homogeneously distributed within the
austenitic matrix of as-printed 316L.

The predicted ferrite content for as-welded 316L according
to the WRC-1992 diagram is 6 FN (ferrite number), as shown
in Fig. 6. According to the Technical Report ISO/TR 22,824

(Ref 30), the error range of the diagram is about ± 4 FN in the
range from 0 to 18 FN, so the predicted range is between 2 and
10 FN. 316L has mixed ferrite–austenite solidification mode
that allows avoiding hot cracking. Indeed, the SLM processed
parts were crack-free despite being almost fully austenitic. This
can be explained by the bead geometries and volumes of the
deposits produced by SLM which are favorable to reduce
restraint stresses and thus avoid cracking. The absence of d-
ferrite has shown that SLM conditions involving rapid heating
and solidification significantly alter phase evolution compared
to standard welding techniques and therefore require new tools
for the prediction of phase composition.

It is important to emphasize that this work was carried out
with a specific and single batch 316L powder while there are
applicable composition ranges for 316L material. The amount
of austenite-promoting elements versus ferrite-promoting ele-
ments and the specific levels of trace elements such as sulfur
and phosphorus in the feedstock material used could have an
influence on the solidification mode, the appearance of hot
cracks, or the occurrence of intermetallic phases (Ref 31).
Therefore, systematic investigations should confirm whether
higher or lower Creq/Nieq ratios have an influence on the
microstructure and structure soundness of the deposits obtained
with SLM.

3.2 Heat-Treated State

In the present study, the purpose of heat treatment was to
increase the elongation of the SLM processed 316L. The
parameters were selected based on literature data from the
following points of view: annealing at 650�C was to relieve
stresses; 850�C temperature was applied to reduce stresses and
maintain the favorable cellular structure; the temperature of
1050�C was to dissolve potential detrimental second phases
(water cooling suppresses their re-formation) and avoid the
formation of d-ferrite; heating at 1100�C was performed to
check the possibility of phase transformation.

3.2.1 Density. The defects inherited by the SLM process
such as porosity and lack of fusion are a vital factor affecting
the fracture behavior and mechanical properties of the SLM
printed parts. In the present study, it can be concluded that the
heat treatment has no effect on the density of the SLM parts, as
follows from Table 2. No relationship was identified between
the area fraction of defects and the heat treatment parameters.
The analysis of the unetched macrographs revealed that the
number of very small pores with a size of a few micrometers
increased after heat treatment which did not influence the
values calculated on the basis of size. This could be due to
oxidation during heating even though argon was used. This
result is in agreement with that of Ronneberg et al. (Ref 19) and
Chao et al. (Ref 20). However, E. Tascioglu et al. (Ref 11)
found that the porosity of the SLM parts was gradually reduced
by increasing the heat treatment temperature due to the
homogenization of the structure. Similarly, in Ref 4, the
number of defects such as partially molten particles and pores
was reduced by the heat treatment. In Ref 5, 16 even the
opposite is stated: the heat treatment had a detrimental effect on
the porosity.

3.2.2 Grain Structure. Figure 7 and 8 shows the
microstructures of the as-printed samples heat-treated for 10
and 60 min, respectively. As can be seen, the melt pool
boundaries inherited from the SLM gradually disappear due to

Fig. 4 Laser scanning image indicating oxide particles on the
surface of as-printed 316L
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the treatment at 850�C for both 10 and 60 min. They are no
longer visible in the structure heated at 1050�C while the coarse
grains still remain. The phenomenon of disappearance of melt
pool boundaries during heat treatment is reported in the
literature as a result of atomic diffusion from approx. 600�C
(Ref 8, 9, 11, 16, 17, 20). The size of the columnar grains
gradually increased when treated up to 1050 �C which is
consistent with previous studies (Ref 4, 9, 16, 20). However,
according to the studies (Ref 17, 19), the microstructure was
not subjected to grain enlargement by heating up to 1040-
1095�C but at higher temperatures. A comparison between the
grain size in the as-welded and in the condition treated at
1100�C is not possible, as there was a significant transformation
of the grain structure at this temperature.

According to previous findings, the cellular structure begins
to disappear when heated above 400�C (Ref 22) or rather
above � 600�C due to rearrangement or annihilation of
dislocations and diffusion of elements until complete dissolu-

tion at 1000-1100�C. At the same time, progressive coarsening
was observed (Ref 19, 20, 23). In the present study, the cellular
structure was found to have high thermal stability as it was still
visible after heating at 1100�C for 1 h (Fig. 9b). For instance,
the cellular microstructures were no longer observed in the as-
printed material heated at 1100 �C for 6 h (Ref 9). It outlines
that the dwell time has as important impact as the temperature
regarding the survival of cells. As can be seen in Fig. 9b, there
are segregations of Mo and Cr at the cell boundaries, but their
fraction was considerably lower than that in the as-printed state.
It is believed that slow dissolution of Mo and Cr provides a
pinning effect that preserves the cellular structure up to very
high temperatures. D. Kong et al. (Ref 32) have associated the
high thermal stability of the cellular structures with relatively
low stored energy in the SLM printed material, The cells had an
elongated shape in contrast to the equiaxed cells in the as-built
state; however, this could be a consequence of the different
growth direction of a columnar grain in which the cells were

Fig. 5 (a) IPF map combined with grain boundaries distribution (blue lines represent LAGBs) and (b) corresponding phase composition at the
top of the as-printed 316L

Fig. 6 Position of as-welded 316L on the WRC-1992 diagram [28]
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located (Ref 32). Comparison with the original cell size
suggests that the growth of the cells did not occur during heat
treatment, but progressive dissolution (Fig. 9). The structure
was homogenized by treatment at 1100�C for a dwell time of
60 min eliminating microstructural anisotropy. However, the
refinement of the grains was inhomogeneous, and the grain size
varied widely from 2 to 80 lm. Interestingly, recrystallized
grains as well as twin grains were observed in the sample
treated at 1100�C for 60 min (particularly noticeable in the IPF
map in Fig. 8) while no such formation was observed in the
structure treated for 10 min. The large differences in grain size

can be explained by different mechanisms of grain evolution
such as fusion of initial grains and cells, recrystallization,
growth of recrystallized grains, and twinning. Annealing twins
of various morphologies were predominantly located within the
recrystallized grains. Apparently, heating at 1100�C for 10 min
was not sufficient to initiate the recrystallization process.

The SLM conditions lead to a high concentration of
dislocations both at the sub-cell boundaries and inside the
cells. Their distribution is uneven because the cells are
concentrated inside the grains with different dimensions and
orientations depending on the cooling conditions. Therefore,

Fig. 7 Microstructure of the samples annealed for 10 min

Fig. 8 Microstructure of the samples annealed for 60 min
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some SLM grains are more suitable for recrystallization which
requires high dislocation density together with temperature.
This leads to a random appearance of recrystallized grains in
the structure. The recrystallized grains are favorable for
twinning. According to Y. Jin et al. (Ref 33), the formation
of the annealing twins in austenitic stainless steel is more
intense at the beginning of recrystallization and not during
grain growth. The crucial role of the previous strain level in the
generation of the annealing twin density was also highlighted.
Therefore, it can be assumed that the appearance of the twins
marks the formation of the recrystallized grains. Once the
growth of newly formed recrystallized grains had started, the
formation of the twins was inhibited.

A number of studies report the rearrangement of the coarse
columnar grains into an equiaxed grain structure at tempera-
tures of 1200�C and above or at 1110�C for a longer dwell time
of 8 h (Ref 16, 17, 20). Similarly, the twinning phenomenon is
reported to occur at a temperature of 1400�C (Ref 9, 10) or at a
temperature of 1100�C for a longer time of 8 h (Ref 20). This
variety of reported temperatures can be explained by different
initial strain conditions, i.e., the density of dislocations in the
as-printed material, which in turn is determined by the process
parameters.

3.2.3 Second Phases. Even though the evolution of nano-
sized inclusions present in the as-printed 316 structure during
heat treatment has been extensively studied, it remains
controversial. A change in the chemical composition upon
heat treatment was detected in several studies (Ref 16, 20, 27,
34). For instance, D. Kong and co-workers revealed a depletion
of aluminum from O-Al-Si-(Ti, Mn) nanoinclusions (Ref 16) or
decreased content of Mn and Si in complex MnSi inclusions
(Ref 34). It was shown that a size of nano inclusions increased
(Ref 20, 27) or decreased (Ref 34) during heat treatment. N.
Chen et al. (Ref 22) observed an increase in the volume fraction
of Si-O-Mn silicates in the SLM structure annealed at 400�C as

well as proposed a partial dissolution at higher temperature of
800�C. Dissolution of smaller Mn-Si-rich particles was also
revealed by Salman et al. (Ref 9). It can be concluded that these
processes are governed by the chemical composition of
inclusions due to various solubility of the elements contained.

Coarse oxide inclusions found in the SLM structure in the
present work were stable during heat treatment. However, as
they originate from etching and do not affect the mechanical
properties, they are not further discussed.

Otherwise, no phases, especially no detrimental r-phase
were found after heat treatment. In contrast, the precipitation of
r-phase and its precursors during heat treatment has been
demonstrated in a few studies (Ref 4, 20, 23). W. S. Shin et al.
(Ref 4) suggested that the r-phase occurred inside the grains
owing to the transformation from d-ferrite while Q. Chao et al.
(Ref 20) proposed the precipitation mechanism from precursors
in a temperature range of 650-800�C although the as-built
structure was free of ferrite which is usually required for the
formation of r-phase.

3.2.4 Phase Composition. As -printed 316L was found to
consist of austenite with a negligible amount of d-ferrite. Heat
treatment at all temperatures had no effect on the phase
composition. This is in agreement with the results of previous
researchers where temperatures up to 1400�C were used (Ref 3,
6, 13). Furthermore, S. Waqar et al. (Ref 18) have outlined that
the cooling rate does not destabilize the austenite phase.
However, the conclusion on the effect of heat treatment on the
phase composition obviously depends on the initial phase
composition of the as-printed structure. For instance, M S I N
Kamariah et al. (Ref 8), who detected some amount of d-ferrite
in the SLM fabricated parts, reported the reduction of the d-
ferrite fraction when the temperature was raised to 1100�C.

One of the controversial issues is the possibility of phase
transformation during heat treatment at 1100�C. In the present
study, heat treatment at 1100�C for both, 10 and 60 min
resulted in no phase transformation, as shown in Fig. 10. This
finding is consistent with Q. Chao et al. (Ref 20) who were able
to detect a nano-sized lath-like d-phase in the material treated at
1400�C while a fully austenitic structure was maintained at
1100�C and various holding times.

This contrasts with the earlier studies by Saeidi et al. (Ref
10) where d-ferrite was detected in the samples treated at
1100�C for 6 min by XRD, EBSD analysis, and was even
observed in the TEM images in the form of fine needles. It was
assumed that an increase in Cr equivalent due to the dissolution
of Mo during heating lowers the minimum transformation
temperature. The chemical composition of the powder used in
the current study was largely the same as that used in the study
(Ref 10). The Mo content of 2.3 was the same. Considering that
the austenite-ferrite transformation starts at � 1260 �C for the
given Cr and Ni equivalents according to the Fe-Cr-Ni ternary
diagram (Ref 28), it is hard to imagine that the dissolution of
Mo (or other ferrite-promoting elements) can shift the trans-
formation temperature to 1100�C. It should be noted again that
the Creq/Nieq ratio can be decisive in each individual case.

3.3 Mechanical Properties

3.3.1 Hardness. Table 2 compares the results of the
hardness measurements. There is a clear tendency for hardness
to decrease with increasing heat treatment temperature, which is
consistent with previously reported results (Ref 4, 8, 11, 16). In

Fig. 9 Cellular structure (a) as-printed and (b) treated at 1100 �C
for 60 min (air cooling) state
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some work, heat treatment-induced softening of selective-laser-
melted 316L started at higher temperatures (Ref 8, 17). A
significant reduction of the dislocation density, i.e., the residual
stresses as well as the disappearance of melt pool boundaries
and the columnar–cellular structure were cited as reasons for
the decreasing hardness. In addition, the reduced volume
fraction of d-ferrite due to heat treatment is also said to be
responsible for softening (Ref 8).

Since the pure austenitic phase was present in all as-welded
and heat-treated samples, the phase composition was not
relevant for the hardness. It is known that the columnar–cellular
structure effectively impedes dislocation motion which
strengthens the SLM manufactured material. The results have
shown that the cells gradually dissolved during heat treatment
even though they still exist at high temperatures (Fig. 9b). The
evolution of the substructure with increasing temperature can
be tracked by the fraction of LAGBs. For example, the fraction
of LAGBs in the as-printed material was 0.248 for a total length
of 5.86 mm while the heat treatment at 1100 �C drastically
reduced it to 0.182 for a total length of 2.97 mm after 10 min
and to 0.125 for a total length of 1.58 mm after 60 min. This
indicates that the developed dislocation network was consid-
erably degraded during the heat treatment resulting in a
continuous decrease in hardness with increasing temperature.

Interestingly, the water cooling slowed down the further
hardness decrease due to the treatment at 1050�C which could
be explained by the introduction of thermal stresses into the
material due to the rapid cooling.

3.3.2 Tensile Properties. Table 2 summarizes the results
of the tensile test and is supplemented by Fig. 11 which
graphically illustrates the correlation between the mechanical
properties and the heat treatment temperature. Both the yield
and the tensile strength decrease gradually while the elongation
increases with increasing heat treatment temperature. The
exception to this tendency was the treatment at 650�C which
increased the yield strength and decreased the elongation while
the UTS was almost the same as for the as-printed specimen.

Defects are a crucial factor for the fracture behavior of SLM
parts. The improvement of mechanical properties by heat
treatment due to the reduction of the number of defects has
been discussed by E. Tascioglu et al. (Ref 11) and Shin et al.
(Ref 4). However, in the current study, no influence of the heat
treatment on the density was found which excludes this factor.
The defects, such as the lack of fusion cannot be altered by
temperature because they sharply reduce the density of the

SLM parts, unlike the pores. The analysis of the defects showed
that small pores were introduced during the heat treatment
which should not notably deteriorate the strength and
ductility.

Overall, the decrease in strength with increasing heat
treatment temperature is associated with the reduction in
dislocation density and coalescence of the cell substructure.
The role of the cells in the fracture behavior was emphasized by
Y. Zhong et al. (Ref 29) who found that the size of the dimples
on the fracture surface is directly dependent on the cell size in
the as-manufactured microstructure. Chao et al. (Ref 20)
analyzed many factors with respect to the change in mechanical
properties due to heat treatment such as stress relief, coarsening
of columnar grains and inclusions, phase transformation, and
the formation of secondary phases or precipitates. Substructure
evolution including dislocations density and cell size was
identified as the cause of yield strength reduction, while the
impact of grain growth was neglected. Reduction in ductility
was partially attributed to coarsening of oxide inclusions. As
follows from the data on the fraction and length of LAGBs (see
section Hardness), the dislocation concentration was signifi-
cantly lower inside the cells, although their boundaries slowly
dissolved as they were pinned by segregated elements. The
melt pool and columnar grain boundaries, which are also
obstacles to dislocations, disappeared at lower heat treatment
temperatures in contrast to the cells. Although the cells
survived at high temperatures, the significant reduction in
dislocation density primarily led to a reduction in the strength
of the material.

Elongation reached its maximum value after heat treatment
both at 1100�C for one hour and at 1050�C for one hour
followed by water cooling. The homogenized microstructure
together with twins in the case of the material treated at 1100�C
as well as the reduced dislocation density contributed to the
enhancement of the elongation. This is in line with the study of
Ronneberg et al. (Ref 19) which showed a positive effect of
annealing, involving the elimination of the anisotropy, in the
mechanical properties by dissolving the melt pool boundaries
and the inhomogeneous columnar–cellular structure. Based on
this observation, annealing was proposed as a measure to
suppress the failure tendency along the boundaries. It should be
noted that the remaining cellular structure should positively
affect the elongation. For instance, in the study of Liu et al.
(Ref 1), a scenario was proposed in which the cell walls impede
the dislocation movement but do not stop it completely. As a

Fig. 10 Phase composition of the samples heat-treated at 1100 �C for (a) 10 min and (b) 60 min

Journal of Materials Engineering and Performance Volume 32(10) May 2023—4303



result, the strength is increased but not at the expense of
ductility.

As mentioned above, annealing at 650�C increased the yield
strength but decreased the elongation. It could be assumed that
the precipitation of the r-phase is responsible for this behavior.
According to Chao and co-workers (Ref 20), the formation of
the r-phase at 650-800�C resulted in a remarkable loss of
ductility together with a coarsening of the Mn-Si-O oxides at
the austenite grain boundaries. Nevertheless, it is hard to
believe that a significant r-formation took place as the yield
strength did not suffer but the appearance of fine precursors
such as chi (v) phase can be deduced.

4. Conclusions

The aim of the present work was to improve the elongation
of 316L printed by selective laser melting (SLM) which was
required for numerous applications, including biomedical
purposes. The effects of heat treatment with different temper-
atures and dwell times on microstructural evolution and
mechanical performance under static loading were system-
atized. Based on the results the following conclusions were
drawn:

1. A single-phase austenite with a negligible amount of d-
ferrite was formed along the entire section of the SLM-
produced parts. The as-printed phase composition re-
mained stable during heat treatment at all temperatures
up to 1100�C.

2. The complex structure originating from the SLM process
showed different thermal stability during heat treatment.
The melt pool boundaries and the columnar grains disap-
peared at 850�C and 1050�C, respectively, while the fine
cellular structure was still visible after a one-hour anneal-
ing at 1100�C.

3. No second phase particles were observed in both, the as-
printed and the heat-treated microstructures.

4. Elongation increased strongly with increasing heat treat-
ment temperature while both yield strength and tensile
strength decreased. Defects such as pores and lack of fu-
sion were not affected by the heat treatment so the den-
sity of the SLM parts was not a decisive factor for the

mechanical characteristics. The phase composition was
also not decisive, as it was retained during heat treat-
ment. A significant decrease in dislocation density, espe-
cially within the cells, reduced the strength of the
material.

5. The improvement in elongation by heat treatment at 850–
1100�C was associated with the reduced dislocation den-
sity, homogenization of the grain structure, and surviving
cells. Treatment at lower temperatures cannot ensure the
absence of detrimental precursors.
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