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Abstract

This work presents an investigation on the effect of rapid annealing on the microstructure
evolution and mechanical performance of stainless steel 316L (SS316L) fabricated by Laser
Powder Bed Fusion. In this process, it is well documented that the intensive thermal gradient
in the heat flux direction leaves remarkable residual stress and promotes strong texture along
the building direction (BD). In the current research, to swiftly reduce residual stresses, a
short-term heat treatment at 1300 °C for different holding times of 10 to 120 s was designed
and studied. Microstructural observation through the optical microscopy and scanning
electron microscopy, as well as the X-ray diffraction analysis, revealed that rapid annealing
longer than 30 s resulted in the gradual annihilation of the cell walls which are indeed the sub-
grain boundaries (SGBs). In addition, electron backscatter diffraction outputs demonstrated
that rapid annealing significantly reduced the low angle grain boundaries and attenuated the
texture developed along the BD. Moreover, the analysis of grains size and shape illustrated
that annealing up to 30 s recovered the structure. In contrast, longer annealing resulted in
increasing the aspect ratio of grains along the direction with maximum residual strain (i.e. BD)
due to activation of the strain induced grain boundary migration (SIGBM) mechanism. After
the rapid annealing, the mechanical performance of the samples also indicated that annealing
up to 30 s would not reduce the compressive and tensile strength more than 6%. In
comparison, longer annealing resulted in 24% reduction in mechanical properties along with

coarsening of dimples in the fracture surface of the samples.
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1. Introduction

Due to advantages such as excellent oxidation and corrosion resistance, notable mechanical
strength, good formability and weldability, 316L stainless steel (SS316L) is widely used in
biomedical and industrial applications [1-4]. Nonetheless, the low yield strength (YS) is
usually the principal drawback of the SS316L components fabricated by conventional
processes. Hitherto, different supplementary processes have been proposed to resolve this
longstanding challenge [5-7]. However, the employed strategies often led to sacrificing the
ductility in strength-ductility trade-off [8]. Hence, it is believed that a modern production
method with more advanced capabilities to extend the mechanical strength of low-carbon
austenitic steels should be exploited. For this reason, advanced manufacturing technologies
such as Additive Manufacturing (AM) technologies are considered as promising alternatives to
conventional manufacturing processes. In fact, through these technologies, it would be
possible to not only improve the mechanical performance of the SS316L component but also
to produce SS316L components with a high level of complexity [9].

Laser Powder-Bed-Fusion (L-PBF) process uses Computer-Aided Design (CAD) data to build
complex shape components via a layer-by-layer process [10, 11]. In this process, after
spreading a thin layer of metal powder on the building platform or on the already solidified
layers, irradiation of a high-intensity laser beam leads to a selective fusion of the particles
according to the CAD data. In each layer, as the successive layers consolidate on previous
layer, the building platform moves down equal to a layer thickness. This building process
continues until the components reach the designed dimensions by CAD file [12].

During L-PBF process, the extreme thermal gradients and high cooling rates can result in the
generation of large residual stresses and consequently parts distortion [13]. According to the
literature, in the rapidly solidified processes such as welding the level of residual stress is
proportional to the thermal gradient and cooling rate. This problem becomes more serious in
the L-PBF process, mainly owing to its nature as a rapid solidification process. Therefore, so
far, several studies have been carried out to control residual stresses and minimize their value
in L-PBF fabricated samples [14]. Nonetheless, often it is not possible to significantly reduce
the level of residual stress through modification of the process parameters, particularly for
laser printed SS316L samples [15, 16]. Hence, the post thermal treatment has been proposed
as a low cost and reasonable supplementary process to relieve the residual stress and

improve the performance of the L-PBF SS316L samples. Predominantly, post-printing



annealing of SS316L specimens is performed in a temperature range of 300-1200 °C for 30
minutes to 6 hours [17-19]. Reijonen et al [20] investigated the effect of applying different
stress-relieving procedures and introduced the hot isostatic pressing as the most effective
standardized heat-treatment for the 316L built components. Chao et al. [21] examined the
annealing temperature of 400 °C and 650 °C for 2 hour and solution annealing at 1100 -C for 5
min. According to their report, applying such an annealing resulted in 24%, 65% and 90%
stress reliving, respectively. Riabov et al. [22] declared that during annealing of the SS316L
samples at 400, 800 and 1200 °C, oxygen and nitrogen content gradually increases. In
addition, by annealing the sample over 400 °C, cellular structure was removed and elemental
segregation at the cell walls was no longer detectable. It has also proven that, annealing up to
600 °C has not any major impact on the microstructure [23-25]. However, annealing between
600-1000 °C activates elemental diffusion and gradually eliminates the cell walls, leading to a
sharp decline of mechanical strength. Keep on annealing above 1100 °C removes all L-PBF
microstructure footprints and renders a conventional-like microstructure [23].

However, it is reported that long-term annealing is faced with two major challenges, such as
grain growth and significant microstructural changes [26]. In fact, the high cooling rate during
the L-PBF process results in a rapid solidification after the laser/material interaction and in
the formation of an ultrafine sub-grain structure [27]. It should be highlighted that the
presence of this ultrafine structure in the SS316L samples results in its superior properties.
However, the long term annealing thoroughly removes such a desirable structure and thwarts
the L-PBF supremacy [17]. Furthermore, AM techniques typically benefit from the exclusion
of multiple time-consuming steps in the production cycle and combination with a long-term
complementary procedure will reduce their productivity. Thus, in this study, the authors
applied a rapid annealing heat treatment at elevated temperatures on L-PBF SS316L samples.
Microstructural observations were characterized using Optical Microscopy (OM), Field
Emission Scanning Electron Microscopy (FE-SEM) equipped with Electron Backscatter
Diffraction (EBSD) detector and Energy Dispersive Spectroscopy (EDS). Phase evolution and
lattice distortion were detected by X-ray Diffraction pattern (XRD) analysis. To find the
correlation between the structural transformations and the mechanical behavior of the rapid
annealed samples, tensile and compression tests were employed. In the current research, the
authors surveyed the potential of rapid annealing as an effective way for relieving the residual

strain in L-PBF fabricated SS316L samples along with preserving mechanical strength.



2. Experimental procedures,

2.1.  Samples preparation

In this work, a spherical, gas atomized SS316L powder was used as a feedstock material (Fig.
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Fig. 1. SEM micrograph (a), size distribution diagram (b), element distribution map (c) and EDS
elemental analysis (d) of the steel 316L powder used in L-PBF process.

The PSD of the starting powder was analyzed using PAX-it software, and the result is
presented in Fig. 1(b). As can be seen, the particle size range of the starting powder lies in the
range of 15-65 pm, which is a typical particle size range for L-PBF. The chemical composition
of the atomized powder is presented in Fig. 1(c). The samples were manufactured using a
Sharebot METALONE Laser printing machine, equipped with a fiber laser with a wavelength of
1080 nm, maximum laser power of 250 W, the maximum scanning speed of 5 m/s and spot
size of 40 pm.

Here, cubic samples with a dimension of 10x10x10 mm were fabricated using a stripe pattern
and 90° rotation after printing each layer. Schematic illustration of the scanning strategy is

depicted in Fig. 2.



Hatching distance

<3
>

10 mm

| Building direction

10mm

r T0mm =|
Fig. 2. Schematic representation of the samples fabricated with L-PBF method.

Before producing samples, a Design of Experiments (DoE) considering a different combination
of process parameters was performed. As a result, the optimum process parameters to
produce dense samples were achieved. In this DoE, several cubes were produced using a
constant hatching distance of 100 pm, and a layer thickness equal to 30 pm. The laser power
varied between 70 and 100 W, and the scan speed between 300 and 400 mm/s. To evaluate
the effect of the combination of process parameters, the Volumetric Energy Density (VED) was

considered and calculated using the following equation [28]:

P
v xd xt

(1)

where P is the laser power (W); v the scanning speed (mm/s); d the hatching distance (mm)
and t the layer thickness (mm). In this work, to facilitate the sample removal and guarantee
the mechanical support and heat dissipation, the samples were produced on support
structures. After the building, all the cubes were removed from the building platform using
Wire Electrical Discharge Machining (EDM). Fig. 3(a-b) shows the images of the as-built cubes

for the microstructural analysis and compression test, and flat tensile samples, respectively.



Fig. 3. Image of the 3D printed samples through L-PBF.

According to the literature, a temperature range of 800 to 1200 °C and an annealing time of 30
to 120 min have been usually considered for the solution treatment of L-PBF stainless steel
specimens [27]. Instead, in this work, due to the higher kinetics of restoration at elevated
temperatures, the samples were annealed at 1300 °C for 10 to 120 s followed by air cooling
down to room temperature. In fact, the goal of this rapid heat treatment was to relieve the
residual stress in a short time with a minimum change in the microstructure and mechanical

properties of the as-built SS316L samples.

2.2.  Microstructural and mechanical performance evaluation

The morphology and composition of the as-received powder and as-built SS316L samples
were analyzed using a Carl-Zeiss FE-SEM equipped with an EDS analysis detector. For the
microstructural analysis, both XY and XZ cross-sections of the as-built cubes were cut, ground
and polished according to the standard procedure for the metallography of 316L stainless
steel [29]. Thereafter, the porosity content of the samples was evaluated on the as-polished
samples using Image Analysis method. To reveal the microstructure, all the samples were
chemically etched in a solution composed of 50 vol.% hydrochloric acid, 40 vol.% nitric acid
and 10 vol.% acetic acid for 10 s. A Leica DMI 5000M Optical Microscope (OM) was used to
trace the microstructural variations. Structural transformations were evaluated using a
PANalytical X'Pert PRO X-ray Diffractometer (XRD) equipped with a Cu-Ka radiation source (A

= 0.15406 nm) over a 20 range from 35° to 100°. Effect of rapid annealing on the grain size



distribution and crystallographic orientation of the L-PBF fabricated specimens were probed
by Electron Backscatter Diffraction (EBSD) analysis. The EBSD measurements were carried
out using a JEOL 7000 FE SEM system equipped with a detector for EBSD. The EBSD
measurements were performed at an acceleration voltage of 20 kV and a step size of 1 pm.
The AZTEC data acquisition software (Oxford Instruments plc) was employed in this work.
The outputs were analyzed by TSL Orientation Imaging Microscopy (OIM) Analysis 7 software
from EDAX. EBSD mappings of the as-built and subsequently annealed samples were
sectioned along the Building Direction (BD)-Transverse Direction (TD) plane. Mechanical
properties of the samples were evaluated via tensile and compression tests employing an
Instron 8562 device with a crosshead velocity of 2 mm/min. For each sample, at least three
specimens were examined to ensure the repeatability of the results. In order to explore the
effect of the annealing on the mechanical performance of the SS316L samples, tensile and
compressive Yield Strength (YS) and Ultimate Tensile Strength (UTS) of the heat-treated

specimens were measured and compared with those of as-built ones.

Results and Discussion

2.3. Process parameters optimization

Fig. 4 displays the OM cross-section of the as-polished SS316L cubes produced using various

combination of process parameters.
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Fig. 4. Effect of different scanning speed (v), laser power (w) and energy density (VED) on the

variation of porosity fraction along building direction in BD-TD plane.

As shown in this figure, the samples porosity content calculated through image analysis lies in

the range of 0.47-1.02%. Moreover, Fig. 5 exhibits volumetric porosity variation as a function

of energy density. It is evident that in the samples produced with the lowest laser power (70

W), the porosity content increases by increasing the laser scanning speed. The presence of

irregular shape porosities in these samples suggests that the energy density provided to the

material for melting was insufficient and as a consequence resulted in the formation of

process-induced porosity that is also known as lack of fusion porosity (LOF) [30]. It is evident




that by increasing the energy density up to a certain level, it would be possible to facilitate the

SS316L samples consolidation, leading to a very low porosity content in these samples.
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Fig. 5. Variation of porosity fraction as a function of energy density (VED) for samples
fabricated by different processing parameters.
On the other hand, it was found that raising the energy density to more than = 80 J/mm3 was
accompanied by the formation of gas induced-pores in the as-built SS316L cubes. Formation
of this type of porosity in the as-built samples can be due to evaporation and entrapment of
some alloying elements [31]. Fig. 5 indicates that the densest sample, with minimum porosity
content, could be achieved utilizing an energy density between 70 to 80 ]J/mms3. This
optimized range for energy density would be reliable until the other processing parameters
remain constant. It means that by any change in the layer thickness, scanning strategy, laser
beam diameter and morphology of feedstock material from the optimized condition, a slight

re-optimizing might be required [32].

Microstructural evolutions during rapid annealing

Fig. 6 shows the general microstructure of the SS316L cube produced using the optimum
process parameters. Accordingly, the grains nucleated on the support structures were finer
than those in the middle of the cube. Formation of these fine grains at the bottom of the

samples is due to the presence of a cold building platform that acted as a heat sink. Due to the



higher cooling rate at the primary layers, the formation of finer grains near the building plate
was expectable. After printing the initial layers, gradually the role of the building platform in
dissipating the laser heat became less effective, resulting in heat accumulation in the center of
the samples. This accumulated heat promotes epitaxial grain growth in the direction of the
maximum thermal gradient. Formation of this type of microstructure in the as-built SS316L
samples is also consistent with the results reported by Andreau et al. [33]. In fact, they proved
that in the first layers, the grains were finer with random orientation while after some initial
layers, the grains continue to grow along a preferential direction, creating a strong texture

along the BD (Fig. 6(b)).
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Fig. 6. (a) Optical micrograph, and (b) EBSD colour map [33] representing the grains
morphology and orientation from bottom to center of the as-built SS316L specimen.
Fig. 7 compares the 3D OM micrographs of the L-PBF SS316L samples before and after the
rapid annealing at 1300 °C for different periods of time, from 10 s to 120 s. The top surface of

the specimens (XY plane) indicates that laser tracks are intersecting at an angle of 90°, which

10



is equal to the rotation angle per layer during the building process. Besides, fine equiaxed
grains observed in the XY plane are indeed a transverse section of the columnar grains that
have grown along the BD. As already discussed, it is well documented that the formation of the
elongated grains along the BD is usually due to the presence of a high thermal gradient along
the BD that results in a directional heat dissipation [34]. It is evident that by increasing the
annealing time the columnar grains grew, and the melt pool boundaries faded gradually until

they completely disappeared after 120 s.

Fig. 7. OM micrographs of the L-PBF SS316L sample, (a) in the as-built state, after heat
treatment at 1300 °C for (b) 10, (c) 20, (d) 30, (e) 45, (f) 60 s, (g) 90 s and (h) 120 s.

FE-SEM micrographs in Fig. 8 represent the effect of heat treatment on the cellular and
dendritic structures formed inside the melt pools during the L-PBF process. In fact, as
reported in the literature, the final microstructure of an AM sample can be defined by the local
solidification rate, the temperature gradient at the solid-liquid interface (G), the growth rate of
the solidifying front (R), the undercooling (AT) and the alloy composition. In particular, the
solidification mode and consequently the morphology of the final microstructure depends on

the solidification morphology parameter (G/R) and the cooling rate level (GXR) [35].
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Notwithstanding some local variations in the microstructure of the as-built sample, the high
cooling rate in the L-PBF process, that can reach 10°-10¢ K/s, contributes markedly to the
microstructure refinement and, as a consequence, to the higher mechanical properties
compared to the conventionally manufactured alloy [36]. It is also proved that this kind of
cellular-columnar structure can be formed only when G/R is higher than AT/D, where AT is the
solidification undercooling and D is the diffusion coefficient of the printed material.
Notwithstanding this knowledge, still the prediction of the microstructural features of SS316L
L-PBF samples based on the process parameters is a vital challenge. In particular, the local
changes in G and R values during the building process can lead to the formation of columnar
or equiaxed microstructures in the as-built samples. Fig. 8(a) illustrates a representative
microstructure of the SS316L samples, including cellular and elongated dendrites and the melt
pool boundaries in the as-built microstructure of the SS316L samples. Interestingly, as shown
in Fig. 8(b), both the cellular structure and the melt pools boundaries were stable after
annealing up to 30 s. Instead, a substantial microstructural transition started after 45 s by the
partial coalescence of the melt pool borders (Fig. 8 (c-d)). Fig. 8(e-f) indicate that at longer
annealing, up to 90 s, the melt pool contours disappeared, resulting in the homogenization of

the microstructure.
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Fig. 8. Melt pools evolution in L-PBF SS316L samples, (a) in the as-built state, after annealing at
1300 °C for (b) 30 s, (c-d) 45 s, (e) 60 s, and (f) 90 s.

Fig. 9 shows the SEM image of the as-built SS316L samples indicating the formation of a

zigzag pattern during the epitaxial grain growth by passing through the successive layers. To

minimize the nucleation energy during the solidification, the grains of the new layer

preferentially continue the growth path of the previous grains. Moreover, during the building

13



process, because of using 90° rotation per layer, in each new layer the laser trajectory is
perpendicular to the previous layer. As a result, the growth orientation of the grains as well as
their internal columnar dendrites rotates toward the maximum thermal gradient, which is
generated by the heat source. Consequently, cellular structure as elongated tubes with
polygonal cross-section were formed along the thermal gradient direction (Fig. 9(b)). Where
the laser tracks of the subsequent layers overlap, the grains and dendritic structure resumes

the growth pattern of the previous layer (Fig. 8(d-e)).
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Fig. 9. (a) Zigzag epitaxially grain growth during L-PBF, (b) Schematic of cellular growth during
L-PBF, and (c) stability of the fish scale pattern after annealing for (c) 90 s and (d) 120 s.

In general, thus, the fish-scale pattern originates from a successive change in the growth
direction of the grains by passing sequential melt pools during the epitaxial growth. It is

interesting to point out that this pattern remained stable during the rapid annealing, even

14



after the heat treatments over 45 s that gradually unified the melt pools and eliminated the

laser runways (Fig. 9(c-d)).

Fig. 10(a) is a representative SEM micrograph of the as-built SS316L sample produced via L-
PBF process. As can be seen, the cell size of the as-built sample that was measured using
triangle method [37] is 0.75%£0.09 um. Kim et al. [38] and Yin et al. [39] found that the cooling
rate during the solidification is the key parameter that defines the cell size, and their

correlation can be expressed as follow:
M=ApP (2)

Where A; is the cell size, in um, and g is the cooling rate, in K/s. A and D are two parameters,
with values in the range A = 102-104, and D = 0.25-0.7. In the literature, this equation is well
adapted to assess the relationship between the cell size and cooling rate for various stainless
steels, with A = 80 and D = 0.33 [40]. Therefore, here the cooling rate during the solidification
was also estimated using this equation and the cell size calculated via image analysis. The
outcomes of this evaluation indicated that the formation of 0.752 pum cells resulted from a
cooling rate equal to 1.2X 106 K/s. It is very interesting to notice that the calculated cooling
rate in this work is in a good agreement with those of literature [41].

The influence of rapid annealing on the cellular structure is presented in Fig. 10(b-d). The
comparison of Fig. 10(a-b) illustrates that the cellular network's size and morphology
remained stable during the rapid annealing up to 30 s. As the annealing time extended, the cell
walls gradually disintegrated, and after 60 s, they disappeared to a large extent (Fig. 10(c-d)).
Because of the high kinetic of lattice transformation at elevated temperatures, rapid annealing
even for longer times did not change the initial size of the cellular structures until complete
elimination of the cell walls [42]. According to Zhong et al., these cell walls characterized by a
high dislocation density are the SGBs [43]. In fact, the aggregated dislocations in the SGBs are
essentially immobile and can only move by glide mechanism [23, 44]. Hence, they displayed
higher stability during heat treatment and were eliminated at high temperatures only for

longer periods.
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oC for (b) 30s, (c) 45 s,and (d) 60 s.

Apart from the cell size, it is also believed that the cooling rate has a vital effect on other
microstructural features of the as-built samples. In general, standard rapid solidification of an
austenitic stainless steel can lead to the formation of two microstructures, according to its
chemical composition; austenite (y) and 8-ferrite [45]. In fact, during the L-PBF process, since
the cooling rate is much higher than in the case of conventional manufacturing processes, the
molten material solidifies in a non-equilibrium state. As a result, the prediction of the phase
composition of the as-built samples are very challenging. In the literature, Schaeffler diagram
and pseudo-binary predictive phase diagram have been used to roughly evaluate the phase
composition and solidification mode of the SS316L during the rapid solidification [46]. In this
work, in order to predict the theoretical gross quantity of §-ferrite at first Cr and Ni
equivalents were calculated using the equations that are presented elsewhere [47]. According

to the Schaeffler diagram, pseudo-binary diagrams and equivalent contents of Cr and Nj, it was

16



found that the theoretical residual 6-ferrite content of the as-built samples should lie in the 5-
10% range. Moreover, the ratio of Creq/Nieq. was calculated to be 1.52. According to the
pseudo-binary phase diagram and the calculated Creq./Nieq. of the as-built samples, the SS316L
alloy used in this work was placed within the FA region, i.e. that of austenite + lathy ferrite. It
means during the solidification, the primary §-ferrite solidifies in the melt pool. Thereafter, in
the L+6 zone, the last fraction of liquid becomes rich in y-stabilizer elements such as Ni, N and
C, and solidifies later in the y structure. However, it should be underlined that the presence of
a rapid directional solidification together with the reheating of the solidified layers during the
building process can promote the segregation of alloying elements and consequently the
variation of the microstructural features. SEM images of Fig. 11 confirms the presence of
some white phases settled at the SGBs. In particular, EDS elemental analysis revealed that cell
boundaries were decorated with Cr and Mo as well as a small amount of Si (Fig. 11(c)). There
are various theories about the presence of Si in the SGBs. Salman et al. [18] suggested that
since Si is a ferrite stabilizer, it probably leaves the liquid phase during the solidification and
precipitates at the SGBs. Saeidi et al. proved that during solidification, Si and Cr migrate from
the adjacent areas to cell walls and form spherical amorphous nano-inclusions [36]. The
simultaneous presence of Ni, Mo and Cr-containing silicate nano-inclusions can play a
synergistic pinning role at the SGBs. As a result, intertwined stabilized dislocations in cell
boundaries will act as a strong barrier to the movement of free dislocations. Recent studies
have also confirmed that cellular network can enhance the resistance of materials to
deformation by delaying or preventing the migration of free dislocations formed under

external force [17, 48, 49].

17
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Fig. 11. (a) Accumulation of heavy elements on the cell boundaries (in white colour) and (b) at

higher magnification; (c) EDS elemental analysis of the white phase depicted in (b).

The comparison of the XRD patterns of the atomized powder with the as-built specimen
through L-PBF suggests that the quantity of the primary 6&-ferrite in the as-built SS316L
sample was slightly lower than in the SS316L powder (Fig. 12(a)). On the other hand,
structural analysis via SEM equipped with EBSD detector verified the presence of a slight
amount of 6-ferrite on the cell boundaries (Fig. 12(b)). Accordingly, the unevenly distributed
green dots in the austenitic substrate (blue background) represent §-ferrite with body-
centred cubic (BCC) arrangement. As shown in Fig. 12(c), a high temperature annealing
longer than 120 s could annihilate the cellular structure and facilitate the diffusion of stacked

elements from the sub-grain boundaries into the austenitic substrate.
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Fig. 13. (a) XRD patterns of the L-PBF fabricated samples after different annealing times and (b)

changes of crystallite size and dislocation density during rapid annealing for different times.
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XRD analysis that was performed on the samples before and after the heat treatment
elucidates the lattice transformations during the rapid annealing (Fig. 13). According to Fig.
13(a), owing to the Faced-Centered Cubic (FCC) structure of austenite, regardless of
specimen, (111) plane has the maximum peak intensity ratio (I/Imax) between atomic planes.
Annealing up to 20 s is accompanied by the strong intensification of the (111) plane reflection.
But, annealing at 30 s reduces the intensity of (111) plane again, with longer annealing times
following the previous intensification uptrend. The calculation of the variation of crystallite
size and dislocation density from the XRD spectra was executed by using Williamson-Hall and
Scherrer methods, and the results are presented in Fig. 13(b). It is very interesting to
highlight that before and after the 30 s annealing, two different trends were revealed. In fact,
annealing below 30 s evidently reduced the dislocation density and caused the growth of the
crystallite, whereas, annealing for 30 s resulted in a transitory reversion of this trend. This
discrepancy can be attributed to the thermal recovery and rearrangement of the free
dislocations. As a matter of fact, as the annealing time increased, the twisty dislocations walls
were gradually dissipated. This structural evolution emerged as a decrease in dislocation

density along with an increase in crystallite size.
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Fig. 14. (a-c) EBSD grain color map, (d-f) band contrast, and (g-i) misorientation profile of L-PBF

fabricated SS316L samples after annealing for 45 s and 90 s at 1300 °C.

EBSD grain color maps of as-built SS316L specimen after 45 s and 90 s annealing at 1300 °Cis

displayed in Fig. 14(a-c). Variation of color contrast in discrete grains can be attributed to the

intergranular misorientation. Hence, the increment colors variety in the color map of EBSD

images implies augmentation of the preferential orientations in many number of the grains

and depression of the developed texture along the BD. Both small swerved and narrow

columnar grains of opposite colors are probably formed in the overlap zone between the

adjacent laser tracks. As can be seen in this figure, increasing the annealing time causes an

increase of the grain size. The band contrast images of Fig. 14(d-f) reveals that annealing for
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45 s has remarkably removed the SGBs and more annealing time could not make impressive
changes in the structure. The variation of the misorientation profile for similar distances of
specimens after different annealing times is presented in Fig. 14(g-i). As can be seen,
annealing for 45 s significantly increased the fraction of high angle grain boundaries (HAGBs),
which means a huge number of low angles grain boundaries (LAGBs) are annihilated.
However, doubling the annealing time did not tangibly increase the HAGBs. Comparison of
this trend with SEM images of Figs. 10 and 12 and dislocations trend in Fig. 13 revealed that a
continuous reduction in the dislocation density, the annihilation of cellular structure, and

downtrend of LAGBs during annealing over the 30s occurred in accordance together.
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Fig. 15. (a,b) EBSD PF and IPF of the as-built SS316L, and after annealing for (c,d) 45 s and (e,f)
90 s.

In order to survey the effect of rapid annealing on the crystallographic texture and
preferential orientation of the grains, the stereographic texture pole figures (PF) and their
corresponding inverse pole figures (IPF) were investigated in the samples before and after the
heat treatment (Fig. 15). The center of pole figures is parallel to the building direction
(normal to the page), and the scale bar presented beside the pole figures refers to texture
intensity of a random distribution [50]. Therefore, the stronger the texture, the greater the

intensity. The centralized intensities on pole figure imply preferential orientation of a certain
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set of grains [51]. The orientation of grains often follows the thermal gradient. High laser VED
creates a localized heat accumulation that can make a homogeneous melting and dissolve
most of the pre-existing heterogeneities in the former layer. As a result, there would be
sufficient time for the grains to be oriented and grow against the heat transfer direction [52].
Therefore, several large elongated grains with a preferred orientation along the BD, are
aligned and developed a predominant texture along {100} <101> (Fig. 15(a-b)). As discussed
earlier, in the L-PBF fabricated SS316L samples, the predominant phase is austenite with FCC
arrangement. According to solidification theory of FCC materials, <100> is the principal
growth direction of this family of crystals. Since different crystallographic planes in FCC
materials have distinct packing densities, solidification occurs along the direction with the
least atomic aggregation due to faster heat dissipation [33]. Since the samples were produced
using a stripe scanning strategy by 90° rotation, advance orientation of heat source and
subsequently solidification direction frequently changes. On the other hand, the solidification
of the last deposited layer starts from the bottom of the molten pool, because the transverse
section of the already grown columnar grains would be an eligible site for heterogeneous
nucleation. Hence, new grains tend to germinate on top of the previously formed grains and
continue to grow epitaxially. Oftentimes, the angular deviation between the thermal gradient
direction and the epitaxial growth is not substantial for disrupting the vertical growth of the
columnar grains. Comparison of PF and IPF of the as-built sample (Fig. 15(a-b)), with
annealed samples for 45 s (Fig. 15(c-d)) and 90 s (Fig. 15(e-f)) revealed that by annealing
over 30 s, regardless of annealing time, spread texture is majorly attenuated. This effect can be
verified through the comparison between the PF patterns before and after the annealing. In
fact, after annealing for 45 s, maximum texture intensity is reduced from 28.3 to 10.6, while
annealing up to 90 s led to a reduction in the texture intensity to 8.54. On the other hand, the
maximum texture intensity of the IPF patterns is reduced from 8.66 in the as-built sample to
3.54 and 3.17 after annealing for 45 s and 90 s, respectively. Likewise, during annealing up to
90 s, the reduction in texture along the BD ({100}) is accompanied by a change in overall
lattice orientation to other directions.

All the evidence implies a remarkable texture attenuation and gradual annihilation of the
cellular structure. To find the origin of such behavior, the components of the cellular
structures must be investigated as dissociated. According to the literature [53], the cellular

structure is composed of tubular columns with polygonal cross-section, with the walls of the
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tubes made by intertwined dislocations, i.e. SGBs. Most of these intergranular tubes grow
parallel to the grain boundaries and sometimes passes through multiple melt pools. Hence,
they have a large aspect ratio which means the fraction of accumulated SGBs along the BD is
much higher than its value in the perpendicular direction. As a result, gradual annihilation of
the cellular structure during annealing leads to the removal of most of the aligned dislocation
walls along BD. It must also be considered that the tubes orientation was influenced by the
laser source and had different deviation angles with the BD, even if their general orientation
was along BD. Sun et al. [54] indicated that the orientation of the grains with respect to
growth direction could also contribute to developing the texture in the as-built SS316L
samples. According to their observation, a lower deviation angle of the orientation of the grain
with respect to BD could intensify the texture along {100} direction. Compared to zigzag
epitaxial growth linked to the change in the growth angle in consecutive melt pools, straight
growth of the grains can create more strong texture along the BD. Here, both EBSD patterns in
Fig. 14(a-c) and OM micrographs in Fig. 16 show that during annealing, in some melt pool
borders, straight GBs evolved into a zigzag shape. This can be attributed to the faster lateral
growth of the grains due to horizontal residual stress along the laser path. As a result, the
variation of grains morphology from straight to zigzag could also contribute to texture
attenuation during the annealing. However, even after annealing for 90 s, the grains kept their
elongated shape aligned with the BD, suggesting that the zigzag boundaries were not playing a
decisive role on texture debilitation, since after the annihilation of cellular structure over 45 s,
the {100} direction was not the strongest anymore.

Indeed, dimensional and morphological changes of the grains during the rapid annealing were
precisely evaluated, and the results are presented in Fig. 16. For a precise assessment of the
grain growth mechanism during the high-temperature annealing, an extra sample was
subjected to a heat treatment up to 300 s. The horizontal and vertical lengths of the
highlighted grains were measured, and the grain size distribution along with the average
length and width of the grains after different annealing times was presented. From the
morphological insight, the as-built sample (Fig. 16(a)) had thin elongated grains with straight
GBs and annealing for 30 s clearly increased the width of grains (Fig. 16(b)). In the following,
by annealing for 90 s, 120 s, and 300 s (Fig. 16(c-e)) the grain growth sped up while the
fraction of serrated boundaries increased, which can be ascribed to the lateral growth of the

grains at the primary stages of the annealing.

24



3000 00 200 00
el w a2l
o5 i
2500 . 000 &
000 D=U 70 800 70 .
o0 & 60
o s s
£ 100 | Hedfizontal leng® | 4 £ |5 oo Vertfieal lengd 50 %
8 5|8 q 5
(wfhckh of grafins) | 4 & (length ef grains) w0 &
1000 L 400 e
30 30
500 . 200 2
10 " " 10
0 L o 0 M.N.n 0
0 10 20 30 40 50 60 70 80 90 40 80 120 160 200 240 280 320 360
horizontal length (pm) vertical length (um)
9985 234 92.06 17.39 12.71 2714 2.34 353.74 48.08 52.02
1000 = 100 100
900 [bﬁ] 90 [@2 %
800 80 80
700 70 70
600 o0 & 60
€ 2t 2
5 500 50 & |3 50 5
H 5|8 5
400 w0 E 10 §
o o
300 30 30
200 20 200 20
100 " " " " I‘l 10 100 10
" " n " nnfl 0 o 4 L
0 10 20 30 40 50 60 70 80 90 100 110 40 80 120 160 200 240 280 320 360
horizontal length (um) vertical length (um)
6761 234 109.81 2846 2158 2525 234 374.77 57.19 5172
700 100
6l
600
80
500 70
60 & g
400 ® s
® ZlE H
3 0 5|3 s
© 300 § Z2|° H
w0 § 5
o o
200 3
20
100
10
20 40 60 8 100 120 140 0 70 140 210 280 350 420 490 560 630 700
horizontal length (um] vertical length (um)
5879 23 176.96 4192 28.89 1955 23 707.83 94.63 123
800 100 600 B 00
" o | @]
80 : 80
600
) 70 i 70
0 o0 & o0 &
s Y
E a0 s0 2|5 a0 50 %
3 3 g
o E o §
0 40
200 3 555 3
30 30
200 )
20 100 20
100 " " " 10 10
0 P11 1 P . AL L o
0 20 40 60 80 100 120 140 160 180 200 0 70 140 210 280 350 420 490 560 630 700
horizontal length (um! vertical length
5219 23 195,85 5935 387 1658 23 687.56 140.13 143.33
900 - 100 400 100
800 @ﬂ %0 350 8‘2 0
; 80 80
1 300
0 70 . ] 70
60 & 0 I o0 &
500 £ @
g 502|520 50 3
8 100 5|8 5
10 § 180 I 10 §
300 o I o
30 30
100
20 20 I 20
" nnaall o 1 N j=
o AULILILNUEIR IR LILA N ] s ] ) MU 0000 00neoll o
0 20 40 60 80 100 120 140 160 180 200 220 0 70 140 210 280 350 420 490 560 630 700
horizontal length (pm; vertical length
¥ 6096 23 210.14 65.09 5339 1626 23 707.83 183.18 18441

Fig. 16. Variation of the grains morphologies and horizontal and vertical length distribution of

the grains in (a) as built sample and after annealing for (b) 30 s, (c) 90 s, (d) 120 s and (e) 300 s.
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Variation of average width, length, and aspect ratio of the grains after rapid annealing for

different times is presented in Fig. 17.

200 - ‘ ‘ ‘ ~ 200
180 — - 2.8
160 —
@ il = ~ e
: 20 § H
> &l ) 2
o i ‘*5 g
- -—
-g 100 — % - 2.4 §
® 3 K ®
o (]
g 80 - § ;-jw
< 1 [}
5] & |-23 3
40 -
i - 2.0
20

i 5 I ” | g I p I * | Y I
0 50 100 150 200 250 300

Annealing time (s) at 1300°C

Fig. 17. Variation of the average length, width, and aspect ratio of the grains after annealing at

1300 °Cup to 300s.

As illustrated, annealing up to 300 s was constantly accompanied by horizontal (blue line) and
vertical (red line) growth of the grains. At the beginning of the heat treatment, the rate of
lateral growth along the laser trajectory surpassed the vertical counterpart. However, keep on
annealing for longer times eventuated in greater grain growth along the BD along with
annihilation of the SGBs (cell walls) and increment of the average aspect ratio of the grains.
The curves show that the annealing for more than 30 s and the consequent annihilation of the
cellular structure facilitate the stress relieving along the BD through the activation of the
strain-induced grain boundary migration (SIGBM) mechanism. According to the literature
[55], during the thermal recrystallization of samples having high residual stress, like in the
case of severely strained materials, the grains prefer to grow toward the locations with
maximum residual stress and stored energy. As a result, in materials with intensive texture
and remarkable stored energy, often during annealing the grain growth along the length of

elongated grains surpasses their transversal growth owing to SIGBM phenomenon.

26



2.4. Mechanical properties

Fig. 18 shows the effect of annealing time on the mechanical response of the L-PBF SS316L
specimens for compression and tensile tests. Uniaxial compression loading was imposed along
the building direction of the as-built specimens. As evident from the stress-strain curves in
Fig. 18(a-b) and from the values presented in Fig. 18(c), annealing for 10 s caused no
measurable reduction of Yield Tensile Strength (YTS), Ultimate Tensile Strength (UTS), or
Yield Compressive Strength (YCS). However, annealing for longer times resulted in an
improvement in the elongation and a reduction in the mechanical strength with respect to the
as-built specimens. Obviously, annealing up to 30 s has not significantly attenuated the tensile
and compression strength of the samples. However, striking collapse in mechanical strength
after annealing for 60 s is evident. By annealing of specimens for 30 s, YCS, YTS and UTS,
declined from 305 MPa to 285 MPa (6%), from 530 to 455 MPa (14%) and from 681 to 637
MPa (6%), respectively. Instead, annealing for 60 s reduced the YCS, YTS and UTS values to
222 MPa (27%), 405 MPa (24%), and 579 MPa (15%), respectively. A similar downtrend for
hardness [56] and tensile strength when increasing the annealing time [17] or temperature
[18] was also reported by previous researchers. It is evident that the attenuation of
mechanical strength by extending the annealing time concurs with the disintegration trend of
the cellular network. Therefore, it is worthwhile to conclude that the interconnected cellular
network acts like a scaffold pinned by nano-inclusions and ferrite stabilizer large atoms
within the L-PBF printed SS316L sample. As long as this scaffolding network remains stable,
the outstanding mechanical strength achieved as an advantage of L-PBF can almost be
maintained. Instead, there is no doubt that rapid annealing for more than 30 s would eliminate
the subgrains and reduce the strength, however increasing the ductility of the material.
Nevertheless, the acquired properties after long-term annealing are not so impressive to

suggest the use of longer heat treatments for L-PBF manufactured materials.
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Fig. 18. (a) Tensile, (b) compressive stress-strain curves and (c) variation of the YCS, YTS and

UTS by heat treatment at 1300 °C for different periods.
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Fig. 19 shows the fracture surface of the samples after the tensile test. As can be seen, the as-
built sample (Fig. 19(a)) had the finest dimples and an increase in annealing time led to a
partial growth of dimples in the fracture surfaces. Evidently, annealing up to 30 s could not
majorly affect the size and morphology of dimples (Fig. 19(b-d)) while longer heat exposure
increased the dimension of dimples (Fig. 19(e-h)). This behavior confirms that cellular

structure can directly affect the strength of the material and its gradual elimination after 45 s

reduces the number of dimple walls, which hints at a softer fracture.

N

0

Fig. 19. Fracture surface of the (a) as-built sample, after annealing at 1300 °C for (b) 10 s, (c)
s,(d) 30s,(e)45s, (f) 60s, (g) 90 s,and (h) 120 s.

In-depth Characterization of the fracture surface (Fig. 20) shed light on the destructive role of
some defects in the failure of the material. Fig. 20(a) shows that a long area has ruptured with
a slip facture mode, which is a soft failure mechanism. Since the heat-affected zone (HAZ) of a
laser track is the weakest point in the LPBF fabricated samples, probably this area was the
HAZ of a laser track that has insufficient interfacial bonding and acted as crack origin under
tensile loading. Fig. 20(b) shows that some inclusions were the origin of coarse dimples and
contribute as one of the failure originations points. Similarly, some non-metallic inclusions
with similar size and morphology were observed in OM micrographs during microstructural

investigations (Fig. 20(c)). SEM analysis of the primary powder revealed that similar
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inclusions were present on the surface of the particles from the beginning. The elemental
distribution maps of Fig. 20(d) revealed that these inclusions were enriched in O and Si and
probably have SiO2 composition. It is proved that these large oxide inclusions inside the
precursor powder formed during inert gas atomization were distinguished as the main origin
of the formation of micro/nano inclusion in LPBF fabricated SS316L components. But owing
to have a melting point (about 1710 °C) below the temperature of the laser beam, most of
them were dissolved in molten pools under laser irradiation and formed again by re-
oxidation/re-precipitation [57, 58]. Eventually, they remained in the steel matrix in the form
of precipitates with negligible coherency and during the tensile test they could easily detach

and create a void much larger than the typical dimple.

Fig. 20. (a) Trace of laser tracks on the fracture surface, and (b) the presence of SiO; inclusions

in a dimple, (c) OM micrograph of as-built sample, (d) Surface of the initial powder, and (e)

element distribution map of the primary powder.

3. Summary and conclusions

In the current study, samples of 316L austenitic steel were produced using the L-PBF
technique. To identify a fast process to counteract strong texture formed due to the rapid
solidification of fused layers, samples were treated via a short-term annealing (10-120 s) at

1300 °C. The effect of annealing time on the microstructure and mechanical strength of the
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samples was evaluated. The main achievements of this research can be summarized as

follows:

X/
°

X/
L X4

An increment of the annealing time gradually causes the borders of melt pools to
vanish and merged them together. SEM characterization revealed that the
disappearance of the borders began after annealing for 45 s, and over 90 s most the
laser footprints were removed, and grain growth accelerated.

The monitoring of the disintegration of the cellular structure during rapid annealing
indicated that the cell walls were stable up to 30 s and then were gradually annihilated.
Thermal stability of the SGBs can be attributed to the presence of Mo, Cr, silicate
inclusions, and a small amount of §-ferrite, whose presence were validated by EDS and
EBSD evidence.

The severe thermal gradient from the surface to the depth of melt pools, and the
change in the heat source direction during the buildup of samples, resulted in intensive
epitaxial grain growth along the BD. EBSD outputs showed that a strong texture
developed along the BD, that was largely thwarted by rapid annealing for more than 30
s. Since after annealing over 45 s the grains were still elongated, the texture reduction
is instead attributed to the annihilation of the cellular structure as well as to the
disordered transformation of straight GBs to zigzag shape.

According to the analysis of the size and shape of the grains, by annealing over 30 s the
grains started to grow faster along their length (BD), and their aspect ratio constantly
increased. Due to remarkable residual stress along the BD, it can be attributed to the
activation of SIGBM mechanism.

Analysis of tensile and compressive properties of samples revealed that annealing up
to 30 s would not significantly reduce the YCS (6%), YTS (14%) and UTS (6%).
Whereas, annealing for 60 s lowered them about 27%, 24% and 15%, respectively.
Comparing the mechanical outputs with the structural evolutions disclosed the
undeniable scaffold-like role of SGBs on the mechanical strength of L-PBF fabricated
SS316L samples.
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