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ARTICLE INTFO ABSTRACT

Article history: The selective laser melting (SLM) is a popular additive manufacturing (AM) technique used
Received 19 January 2020 for the fabrication of metal parts. In the present study, two 316L stainless steel specimens
Accepted 29 May 2020 (SLM-I and SLM-II) with different microstructures were fabricated with different levels of

energy density by changing the laser power and scanning speed, which are the main SLM
process conditions. The deformation and fracture behavior of miniature SLM specimens

Keywords: under uniaxial tension were experimentally measured via optical microscopy (OM), field
316L stainless steel emission scanning microscopy (FE-SEM), and an electron back-scattered diffraction (EBSD)
SLM technique. In order to analyze the deformation heterogeneities under uniaxial tension, the
EBSD inverse pole figure (IPF) map, kernel average misorientation (KAM) map, Taylor factor (TF)
Microstructure map, grain boundaries (GBs), £3 twin boundaries (TBs), and melt pool boundaries (MPBs)
Deformation developed in deformed SLM specimens were analyzed at different strain levels. The effect of

microstructural factors on the deformation heterogeneities of SLM specimens was explained
by the evolution of KAM, GBs, MPBs, and £3 TBs. The initial microstructures of the SLM
specimens significantly influenced the generation and propagation of cracks under uniaxial

tension.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

used in the petrochemical industry [3], the medical sector [4,5],
and the nuclear industry [6]. In recent years the mechanical
properties of 316L SS have been improved via the extensive
optimization of thermo-mechanical processing conditions
[7,8]. The well-known manufacturing techniques of 316L SS
consist mainly of casting, forging, and extrusion. These tech-
niques have limited degrees of freedom, and their use in the
manufacturing of metal parts with complex shape geometries
requires post-processing such as machining, which is accom-
panied by a considerable waste of materials and time.

1. Introduction

Alloys of 316L austenitic stainless steel (SS) are in high demand
in several industries due to their corrosion resistance and
high mechanical strength, as well as to superior character-
istics of formability and weldability [1,2]. Therefore, these are
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The most effective additive manufacturing (AM) technique
for the fabrication of 316L SS parts is selective laser melting
(SLM) due to excellent advantages that include high process
flexibility, high material utilization, a short production time,
and excellent corrosion resistance [9]. The SLM process is a
rapid prototyping technique that uses metallic powders as a
material source [10-12]. The SLM process can directly fabricate
complex metal parts via the use of 3-D computer-aided design
(CAD) data by selectively melting successive layers of metal
powders [10,13]. In the SLM process, a high-energy source is
used to fabricate the material. The fabrication of dense metal
parts without post-processes such as infiltration, sintering, or
aging, coupled with high degrees of individuality and geomet-
ric freedom, is considered to be a significant advantage of this
process [14,15]. Recently, materials fabricated via the SLM pro-
cess have been widely used in several industrial applications
in the aerospace industry, for medical implantations [16,17],
in nuclear reactors [18], in conformal cooling channels [19],
and the automobile [20] and rail industries [21]. Many stud-
ies have examined the SLM process using various metallic
alloys such as tool steels [22], nickel alloys [23,24], NiTi alloys
[25,26], Ti alloys, cobalt-based alloys [23,27], and aluminum
alloys [28]. In recent research, the SLM process has been used
not only to fabricate a single material but also to produce
nanocomposite materials. AlMangour et al. [29-31] used the
SLM process to improve the mechanical properties of 316L SS
with the addition of TiC and TiB, nanocomposite materials.
Suryawanshi et al. [32] reported significant increases in the
yield strength of SLM 316L SS by optimizing the processing
conditions.

SLM parts contain various types of heterogeneities, includ-
ing internal voids, partially melted the powder, internal
cracks, variations in chemical composition, and thermal
stress, as reported by various authors [33-35]. For manufac-
turing fully densified and relatively homogeneous metal parts
using the SLM process, however, it is necessary to obtain the
optimal process parameters. Huang [36] have examined the
effects of processing parameters on microstructure and den-
sity of 316L SS fabricated by SLM. They reported that the
densification was enhanced by increasing the energy density
until it arrived at an optimum value, after which the den-
sification rate started to decrease. Choong et al. [37] found
out an optimum energy density for achieving the high den-
sity and low surface roughness. Simmons et al. [38] revealed
an optimum scanning speed for the fabrication of 316L SS
by SLM to reduce the porosity caused by partial fusion. Li
et al. [39] reported that the densification of 316L SS pow-
der is strongly related to the process parameters of SLM,
such as laser power, scanning speed, hatch spacing, thinner
layer thickness, and atomization techniques. Yusuf et al. [40]
studied the porosity and microhardness of SLM-built 316L SS
parts, and the results indicated that the average microhard-
ness values of SLM-fabricated parts were higher than those for
wrought manufactured counterparts. The mechanical proper-
ties of 316L SS fabricated SLM specimens were influenced by
many factors such as powder size, specimen build orientation,
scanning strategy, scanning speed, laser power, and hatch
distance [41-44,32,45-48]. Chen et al. [41] investigated that
the SLM specimens fabricated from the fine powder showed

superior mechanical properties. The horizontal fabricated
specimen has better mechanical properties than the verti-
cal fabricated specimen examined by Casati and Bahl [44,49].
Sun et al. [50] clarified that the evolution of crystallographic
texture from <100>|| BD to <110>|| BD enhances the work
hardening rate caused by extensive twining, thereby increas-
ing the strength and ductility of 316L specimen. Prashanth
et al. [51] have determined that texture can be controlled
either by changing the angle between the specimen and the
substrate plate or by post-fabrication isothermal annealing.
Suryawanshi et al. [32] revealed that single melt scanning
strategies exhibited better mechanical properties than chess
scanning strategies, without being affected by higher poros-
ity. Hao et al. [52] established optimum processing conditions
for SLM to improve the density and mechanical properties of
316L SS and hydroxyapatite (HA) composites. Miranda et al.
[53] used statistical analysis to evaluate the influence that
the processing parameters (laser power, scanning speed, and
scanning spacing) of SLM exert on the density, hardness,
and shear strength of 316L SS. Liverani et al. [42,54] and
Kurzynowski et al. [42,54] studied the correlation between
the processing parameters, microstructure, and mechanical
properties of 316L SS samples fabricated by SLM. Zhang et al.
[55] investigated the influence that the processing param-
eters, environmental conditions, and preheating treatment
exert on the mechanical properties of 316L SS fabricated via
the SLM process. Yasa and Kruth et al. [11] investigated how
re-melting affects the density and the surface roughness of
SLM-built 316L SS parts. The deformation behavior of 316L SS
micro lattice structures fabricated via the SLM process was
investigated in combination with uniaxial loading in an exper-
iment that used an image-analysis technique [56,57]. Riemer
et al. [58,59] and Zhang et al. [58,59] investigated the fatigue
behavior (crack initiation and crack growth) in 316L SS fab-
ricated via the SLM process. Spierings et al. [60] investigated
the effects that different types of surface finishing can exert
on the fatigue behavior of 316L SS. The fatigue life of pol-
ished specimens was improved compared with that of the
as-fabricated material, but lifetime behavior at higher stress
amplitudes was not significantly altered for either sample.
Wang et al. [61] used a hierarchical technique to understand
the relationship of the microstructure-mechanical properties
in additive-manufactured 316L SS with high strength and duc-
tility.

Most of the research related to the manufacturing of 316L
SSvia conventional SLM processing has focused on optimizing
the process conditions for improving the mechanical prop-
erties [45,53,54,62]. To improve the mechanical properties of
the 316L SS fabricated by the SLM process, it is necessary to
understand the microstructural effects on the heterogeneity
of deformation and fracture, which is different from that of the
specimens fabricated via conventional thermo-mechanical
processes. However, few studies have been focused on the
effect of microstructure on the mechanical properties of
316L SS fabricated by SLM [46,63]. The authors had diffi-
culty locating a detailed study of the effect that the initial
microstructures exert on the heterogeneous deformation and
fracture behavior of 316L SS specimens fabricated via the SLM
process. The objective of the present research was to inves-
tigate the effect that the initial microstructure exerts on the
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deformation and fracture behavior of 316L SS fabricated via
the SLM process under uniaxial tension. For this purpose,
two 316L SS specimens with different initial pore densities
were prepared for uniaxial tensile tests on the miniature spec-
imen. In order to understand the effect of microstructural
factors such as initial pores, melt-pool boundaries (MPBs),
grain boundaries (GBs), £3 twin boundaries (TBs), and the
cellular structure of the deformation heterogeneities of 316L
SS fabricated via the SLM process, post-mortem techniques
were used for as-fabricated specimens under various strain
levels.

2. Experimental details

2.1. Selective laser melting (SLM)

In the present study, 316L SS powder (CL20ES, Concept Laser
GmbH, Germany) was used as a starting material. The chem-
ical composition of the powder is shown in Table 1. The
morphologies of the powders were analyzed via field emis-
sion scanning electron microscopy (FE-SEM) using a JEOL
(JSM-7100F). A laser diffraction method CILAS 1090 (Cilas,

France) was used to measure the particle size distribution
after dispersion in water. Fig. 1(a) shows the distribution of
powder size and its cumulative value. The particle size anal-
ysis of the collected data indicated the following distribution:
D10=20.68 pm, D50=28.62 pm, and D90 =29.46 um. Here D10,
D50, and D90 correspond to the values of the particle diameter
at 10, 50 and 90% in the cumulative value, respectively. D50 is
also called as the median diameter. The SLM process was con-
ducted using a concept laser M2 machine. Fig. 1(b) features a
schematic diagram that illustrates how the SLM process was
conducted inside an M2 machine equipped with a fiber laser
with a power of 400W and a focus diameter of 0.1 mm. The
powders of 316L SS were delivered through a powder feed-
ing apparatus, which used a moving roller to create a powder
layer. All processing was conducted in a chamber protected by
an argon atmosphere with less than 0.2% O,. The SLM process
was performed using two different conditions (SLM-I and SLM-
II) in terms of laser power (P) and scan speed (v) to produce a
fixed hatch spacing (h) of 100 nm and a layer thickness (d) of
30 pm by using a 50 um laser beam. The processing parame-
ters for the SLM-I specimen included a laser power of 200 W
and a scanning speed of 800 mm/s. A laser power of 300 W and
a scanning speed of 1500 mm/s were employed for the SLM-II

Table 1 - The chemical compositions of the powder (wt % except for oxygen).

Elements C Cr Ni Mo Mn Si P S Fe O
CL20ES 0.06 16.10 10.34 2.62 0.80 0.25 <0.0003 0.03 Bal. 351 ppm
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Fig. 1 - (a) FE-SEM image of as-received commercial 316L SS powder, and corresponding powder size distribution, (b)
schematic of the SLM apparatus, (c) schematic for the creation of a melt pool, and (d) scanning strategy for the SLM

specimens.
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Fig. 2 - (a) Jigs for tensile testing (b) schematic diagram of a miniature specimen (c) EBSD/SEM observation position (marked

by a red box) after cutting specimens.

specimen. The energy density, E [[/mm?3], was calculated using
the following Eq. (1) [26,64]:

P (1)

where P is the laser power (W), v is the scanning speed
(mm/s), h is the hatch spacing (mm), and t is the layer
thickness (mm). The SLM-I and SLM-II specimens were fab-
ricated with energy density values of 83.34 and 66.67 J/mm?,
respectively. The amount of energy density is regulated by
the power input and the scan speed. Several literatures have
researched upon the laser power and scan speed optimization
and have presented the range (150-300 W and 700-2200 mm/s)
for quality microstructure and mechanical properties. Yakout
et al. [35,65] recommended two threshold values for selecting
energy density: brittle-ductile transition energy density and
critical laser energy density. Below the brittle-ductile transi-
tion energy density, the parts revealed void formation, low
density, and brittle fracture. Above the critical energy den-
sity, the parts showed vaporization of some alloying elements
that have a low melting point. As per their suggestion, the
energy density should not surpass the critical energy den-
sity value. They found stable melting ranges to occur between
these two laser energy densities: 62.5-104.2J/mm? for stain-
less steel 316L. Fig. 1(c) schematically shows how the laser
scanning was conducted. The present study used a unidirec-
tional cross-hatched method as a scanning strategy, as shown
inFig. 1(d). Three orthogonal coordinate system, namely build-
ing direction (BD), in the first (SD1) and second scanning
directions (SD2), were set based on the scanning direction in
the SLM process. The density of the specimens was measured
using Archimede’s method (RADWAG-AS-R-series) [66]. Three
samples for each condition were used to obtain the average
density of SLM specimens. The average densities of the SLM-
I and SLM-II specimens were 7.95 g/cc (99.57%) and 7.55 g/cc
(94.57%), respectively, with a standard deviation of 0.0038 and
0.0173.

2.2.  Tensile testing and microstructure
characterization

Tensile tests were conducted using an electronic universal
testing machine (Exceed, E44 MTS, USA), as shown in Fig. 2(a).
Miniature tensile specimens with a total length of 18 mm, a
width of 2mm, and a thickness of 1.5mm were fabricated
via the SLM process directly. The miniature specimen is not
yet standardized but widely used in several literature [67-71]
where it is impossible to use standard specimens due to the
limited size of the material produced. An important consider-
ation in the design of miniature specimens is to keep the ratio
of gauge length and width similar to ASTM standard and sub-
size specimens (5:1 and 4.17:1). In this study, we followed the
5:1 ratio according to the ASTM E8 standard. Prior to the ten-
sile test, mechanical polishing was performed using SiC paper
for the purpose of removing the roughness of the surface of
the tensile specimen. A schematic diagram of the miniature
tensile specimens is shown in Fig. 2(b) along with the refer-
ence sample coordinates: loading direction (LD), transverse
direction (TD), and normal direction (ND). The relationship
between the coordinate system of the SLM process based on
the scanning direction and the coordinate system of the ten-
sile specimens is as follows: LD//SD2, TD//SD1, ND//BD. The
digital image correlation (DIC) technique was used to mea-
sure the stress-strain curve and strain distribution of SLM
specimens under the uniaxial tension testing [71]. The DIC
technique is based on the calculation of the strain distribu-
tion by measuring the displacement of the speckles scattered
on the surface of the tensile specimen [72,73].
Microstructural observation of the as-fabricated SLM speci-
mens was carried out on the center of the transverse direction
(TD) section of a tensile specimen. SLM specimens were
mechanically polished using SiC paper and colloidal silica. The
polished specimens were cleaned ultrasonically with ethanol
and then dried under hot air flow, followed by chemical etch-
ing using Marble’s reagent (10 g CuSO4, 50ml HCl and 50 ml
distilled water) for 50-60sec. Microstructures were observed
using an optical microscope (OM: OLYMPUS GX-51). The micro-
texture of the as-fabricated SLM specimens was examined
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Fig. 3 — Microstructures of as-fabricated SLM specimens analyzed using OM and FE-SEM: (a-d) SLM-I and (e-g) SLM-II, (h) a

schematic view of the pore types in the SLM-II specimens.

using electron backscatter diffraction (EBSD) fitted to FE-SEM.
The mechanical polishing was conducted using a 1pm dia-
mond paste for the intermediate stage. Finally, the specimens
were polished using 0.04 pm colloidal silica. EBSD analysis
was examined by selecting a 400 x 400 um? scanning area at a
step size of 0.5 pm. Microtexture examination was performed
using TSL-OIM™ (TexSEM Laboratories orientation imaging
microscopy) software along with techniques developed specif-
ically for analyzing GBs, 3 TBs, image quality (IQ), inverse
pole figure (IPF), kernel average misorientation (KAM), and
Taylor factor (TF). The KAM is defined as the average misori-
entation between each measurement point and the nearest
neighbors. The 3rd nearest neighbor was used to calculate the
KAM at a specific measurement point, and misorientations
exceeding a critical value of 5° were excluded in the calcu-
lation. In this study, the deformation heterogeneities of SLM
specimens was evaluated by the spatial distribution of KAM
values.

SLM specimens deformed to different engineering strains
were prepared to observe the microstructural changes under
uniaxial tension: e=0.15,e=0.20,e=0.25 and ef for SLM-I speci-
mens, and e=0.05,e=0.10, e=0.15 and e for SLM-II specimens,
respectively. The deformation behavior of the SLM specimens
under different strain levels was experimentally analyzed
at the center of the TD section via FE-SEM and EBSD, as
shown in Fig. 2(c). The deformed specimens were polished
under the same conditions as the as-fabricated specimen
mentioned above. EBSD analysis was examined by selecting
a 300 x 300 um? scanning area at a step size of 0.5 um. Addi-
tional analyses of the fracture surfaces of the fractured tensile
specimens were conducted on the LD section.

3. Results
3.1. Microstructure characterization

Microstructures of the as-fabricated SLM specimens analyzed
using OM and FE-SEM appear in Fig. 3. In the SLM process,
the microstructure of SLM specimens depends on processing
parameters such as initial powder size, laser power, scanning
speed, scanning strategy, the thickness of the powder layer,

and the size of the focusing laser beam [55]. Fig. 3(a) and (b)
correspond to the analysis results of the SLM-I measured by
OM and FE-SEM, respectively. MPBs were drawn on the SEM
image for easy comparison of the microstructural changes
according to the SLM process conditions. The solidified scan
tracks of the SLM-I specimen were well-arranged parallel to
the SD, and the MPBs between the scan tracks were well con-
nected, as shown in Fig. 3(a) and (b). The size of the melt
pools depends on processing parameters such as exposure
time, input power, and beam size [49]. Wu et al. [74] studied
the effect that laser power exerts on the melt pool in 316L
SS fabricated by SLM. Fig. 3(c) shows a fine cellular structure,
indicated by white arrows, occupying the melt pool. This mor-
phology is due to the high cooling rate of rapid solidification
during the SLM process. High-temperature gradients, high and
local cooling rate, and directional solidification in laser melt-
ing result in cellular and columnar sub-grains existed in the
same molten pool. Yasa and Kruth [11] observed a similar cel-
lular structure in 316L SS fabricated by SLM. The overlapped
nature of the melt pools is related to the fusion of each layer,
as shown in Fig. 3(d). The orientation of the elongated intra-
granular cells was similar across the MPBs, as indicated by
the white arrows in Fig. 3(d). Fig. 3(e) and (f) correspond to
the analysis results of the SLM-II specimen, as measured via
OM and FE-SEM, respectively. The pores of the SLM-II speci-
men were relatively non-uniformly distributed on the surface.
The results of Fig. 3(e) were obtained by analyzing the loca-
tions where several pores were clustered in a particular region.
In this paper, the regions where pores were clustered were
intentionally selected for analysis of deformation and fracture
behavior under uniaxial tension. Fig. 3(g) shows a fine cellu-
lar structure, indicated by white arrows, occupying MPBs in
Fig. 3(f). Pores with a size of about 9-15 pm were unevenly dis-
tributed throughout the SLM-II specimen, as shown in Fig. 3(e).
Pores were located at the triple-junction points of the MPBs
(indicated by Type A) and at track-track MPBs (indicated by
Type B), as explained schematically in Fig. 3(h). Fig. 3(e) shows
that the shape of Type A pores exhibited low aspect ratio, while
the shape of Type B pores exhibited a high aspect ratio. Accord-
ing to a manual observation of the microstructure, the number
of Type A pores was relatively larger than the number of Type
B pores.
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Fig. 4 - Phase fraction as a function of temperature in 316L
SS fabricated by SLM: thermodynamic calculations using
FactSage software.

We used the thermochemical software FactSage 7.1
[75] with a thermodynamic database (FSstel and FToxid)
to calculate the temperature-dependent variations in the
equilibrium-phase fraction for the given alloy chemical com-
positions. As shown in Fig. 4, a stable FCC matrix phase was
observed until a temperature of 1410°C was reached. A metal
carbide precipitate, M»3Cg, was formed at temperatures lower
than 500 °C, butit had dissolved when a temperature of 1020°C
was reached. Several oxide phases were present across the
entire range of temperatures. Cr,O3 became stable at a tem-
perature of 950 °C or higher, whereas MnSiO3; was favored to a
temperature of 970°C. The SiO; was thermodynamically sta-
ble at temperatures ranging from 910-1220°C. Fig. 5 shows
the back-scattered electron (BSE), ND-IPF, IQ, and KAM maps
of as-fabricated SLM specimens. MPBs are marked with black
dashed lines to facilitate a comparison of the shapes of the
melt pools. The fraction of MPBs observed in the SLM-I spec-

(@)

BD |

A T 100 pm

imen was relatively low compared with that observed in the
SLM-II specimen. The averages for the width and depth of the
melt pools in the SLM-I specimen were 101.1 and 59.17 pm,
respectively. The average sizes of the widths and depths of the
melt pools in the SLM-II specimen were 101.0 and 52.21 pm,
respectively, which indicates that the melt pools in the SLM-I
specimen were deeper. That result seemed to be due to the
high energy density in the SLM-I specimen. Fig. 5(b) and (f)
correspond to the ND-IPF maps of the SLM-I and SLM-II spec-
imens, respectively. The results of the ND-IPF maps indicate
that the two as-fabricated specimens did not exhibit the pre-
ferred orientation along with the ND. The results are likely
due to the influence of process parameters, such as gas flow
direction, scanning direction, and layer thickness of fabricated
specimens [66,76]. The ND-IPF maps contain columnar grains
that appear to track the predominant heat-flow path that
resulted from the deposition of follow-on layers. The columnar
grains were developed without interference from the MPBs.
Fig. 5(c) and (g) show the low-angle grain boundaries (LAGBs),
high-angle grain boundaries (HAGBs), and MPBs on the IPF
map, which simultaneously developed in the as-fabricated
SLM-I and SLM-II specimens. The blue lines represent LAGBs
with misorientation angles that ranged from 3°-15°, and the
red lines represent HAGBs with misorientation angles ranging
from 15°-65°. These results indicate that the columnar grains
of the as-fabricated SLM specimens contained relatively high
fractions of LAGBs. The KAM distribution in the as-fabricated
SLM specimens was not negligible, as shown in Fig. 5(d) and
(h). A relatively high KAM was developed in the region of the
columnar grains. This result seems related to the thermal
contraction induced by the rapid cooling rate during the SLM
process.

3.2 Tensile properties and work hardening rate

Fig. 6 shows the evolutions of the strain distribution of the
miniature specimens, as measured by DIC under uniaxial
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Fig. 5 — EBSD results for the as-fabricated SLM specimens: BSE (a and e), ND-IPF (b and f), IQ (c and g) and KAM (d and h)
maps for SLM-I (a, b, ¢, and d) and SLM-II (e, f, g, and h) specimens. The dotted lines show the presence of the melt pool

boundaries in the SLM specimens.
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tension. The 2-D strain maps were constructed by utilizing
the digital images captured at different stages of the ten-
sile testing using ARAMIS software [73], as shown in Fig. 6(a)
and (c). The line profiles of the strain distribution on the
deformed specimens along the LD are shown in Fig. 6(b). The
SLM-I specimen showed relatively uniform strain distribu-
tions until the appearance of a strain of approximately 0.2.
Diffuse necking occurred from a strain of 0.2 to a strain of 0.27.
The SLM-I specimen exhibited distinctly localized deforma-
tion from a strain of 0.28. At an external strain level of 0-0.14,
the SLM-II specimen showed a uniform strain, which almost
equaled the external strain that occurred along with the LD.
In this specimen, localized deformation occurred in a limited
region of the specimen with no diffuse necking. Fig. 7(a) and
(b) show the representative engineering stress-strain curves
of the SLM-I and SLM-II specimens, respectively, obtained
from uniaxial tensile tests. Mechanical properties such as
yield strength (YS), ultimate tensile strength (UTS), uniform
elongation (ey), and fracture strain (¢f) measured from the
engineering stress-strain curve are shown in Table 2. Three
experiments were performed for each SLM condition to obtain
an average value. Table 2 shows that the YS values for the
specimens were similar. Although the SLM-II specimen had
a relatively fine grain size compared with that of the SLM-I,
as shown in Fig. 5(c) and (g), the relatively high fraction of
initial pores in the SLM-II seemed to contribute to a similar
level of YS in both specimens. Relatively high levels of scan-
ning speed and laser power contributed to the relatively fine
microstructure observed in the SLM-II specimen. The ductil-
ity of the SLM-II specimen was lower than that of the SLM-I
specimen. This could be related to the relatively low density of

the SLM-II specimen. Porosity significantly affects the ductil-
ity of 316L SS fabricated by SLM [77]. Fig. 7(c) and (d) show the
instantaneous work-hardening rates, (do/de), obtained from
the true stress-strain curves of the SLM specimens. The do/de
was rapidly decreased with increases in strain in the early
stages of plastic deformation (Region-I). In addition to Region-
I, there was a range of strain where the do/de was decreased in
a linear fashion (Region-II). In Regions I and II, since do/de > o
was satisfied, plastic deformation was expected to occurin the
absence of necking. Along with Region-II, there was a strain
range in Region-IIl where the do/de was rapidly decreased
again before the do/de reached either zero or lower, values.
The SLM-I region with do/de <o, deformation was expected to
become uneven due to the occurrence of necking, as shown
in Fig. 6(a). The do/de decreased sharply in the SLM-II speci-
men before uniform elongation even though do/de > 0. On the
other hand, do/de =0 (Considére’s criterion) resulted in a frac-
ture that followed a low additional strain before the do/de had
reached 0. As a result, the SLM-I specimen showed a relatively
higher level of post-uniform elongation compared with that
of the SLM-II specimen. That result seemed to be due to the
relatively high fraction of pores in the SLM-II specimen rapidly
enhancing the stress triaxiality in the local region after reach-
ing uniform elongation.

3.3.  Effect of microstructure on deformation and
fractography

Fig. 8 shows the BSE and ND-IPF maps of the SLM-I speci-
men deformed to different levels of strain. The IPF map shows
how the spread of orientation gradually increased inside the
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Fig. 7 - Engineering stress-strain curves: (a) SLM-I and (b) SLM-II specimens. True stress-strain and instantaneous
work-hardening rate: (c) SLM-I and (d) SLM-II specimens.

Table 2 - Mechanical properties of the SLM specimens.

Specimens YS [MPa] UTS [MPa] ey es

SLM-I 571 £ 5.7 698 + 1.8 0.188 & 0.02 0.29 + 0.01

SLM-1I 551 + 4.7 705 £+ 7.2 0.145 £ 0.01 0.16 + 0.04
deformed grains as the strain increased. Fig. 8 also shows the Fig. 10(b) shows the quantitative results from an analysis of
development of the IQ, KAM, and Taylor factor (TF) maps for the boundaries developed in the SLM-II specimen under uni-
the SLM-I specimen at different levels of strain under uniax- axial tension. The length of the LAGBs and HAGBs in the
ial tension. TF was calculated using the Taylor model based SLM-II specimen showed no significant change until the strain
on the assumption that all grains undergo the same strain reached 0.15, but did expose a rapid increase in the es. Fig. 10(c)
as the external strain [78]. The distributions of the LAGBs, and (d) shows the overall distribution of KAM that developed in
HAGBs, and ¥3 twin boundaries (TBs) of the deformed spec- both SLM specimens under uniaxial tension. The magnitude
imens appear in the IQ maps. The blue, red, and green lines of the KAM in both SLM specimens gradually increased as the
indicate LAGBs, HAGBs, and ¥3 TBs, respectively. Fig. 9 shows level of strain increased. A comparison between Fig. 10(c) and
the BSE, ND-IPF, and IQ maps of the SLM-II specimen deformed (d) show similar levels for the overall distribution of KAM in
to different strain levels. In order to differentiate the defor- both the SLM I and SLM II specimens at a strain level of 0.15.
mation behavior of the SLM-I specimen described in Fig. 8, To understand the fracture mechanism of the SLM-I specimen,
the deformation behavior of the SLM-II specimen was ana- FE-SEM analysis was conducted on the TD section at different
lyzed in a region where pores were clustered. The BSE image levels of strain under uniaxial tension. As shown in Fig. 11,
was used to identify the MPBs in the deformed SLM-II under the cracks in the SLM-I specimen before reaching the ef were
uniaxial tension. To distinguish the LAGBs from the HAGBs, observed mainly in the second-phase particles (b, e, f, and i),
the MPBs are indicated by the dashed lines in the IPF and and some of them were observed in the partially melted pow-
IQ maps. The results of the IPF map of the SLM-II specimen ders (h) with weak bonding force. The region (e) where the
under uniaxial tension showed no apparent spreading of the second-phase particles fell off was also observed. The insets of

orientation within the deformed grains. The LAGBs and 3 Fig. 11(f) and (h) list the results of the EDS analyses performed
TBs in the IQ map of the SLM-II specimen tended to have on the second-phase particles and partially melted powders

values lower than those of the SLM-I specimen, as shown in marked in Fig. 11(f) and (h). The EDS analysis explains the pos-
Fig. 8. sible types of oxide. The thermodynamic calculation given in

Fig. 10(a) shows the results of the quantitative analysis Fig. 4 shows that several oxides such as Cr,03, MnSiO3, and
of the boundaries that are developed in the SLM-I specimen SiOy could form. This calculation result suggests that such
under uniaxial tension. The lengths of the LAGBs and HAGBs in oxides could exist as a mixture of several oxides even though

the SLM-I specimen increased as the level of strain increased. their temperature region for thermodynamic stability differs.
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The cross-sectional SEM image at the center region of the SLM-
I specimen deformed by fracture strain appears in Fig. 11(j).
No evident voids appear in the enlarged SEM images of the
insets (k and 1) near the fracture surface. Fig. 12 shows the
fractography results for the SLM-I specimen following uniaxial
tension. The fracture surface of the SLM-I specimen appeared
to be a mixture of brittle and ductile modes, as shown in
Fig. 12(a) and (b). The type of cleavage on the surface indicates
brittle fractures (Fig. 12(al)). The region of brittle fracture in
the SLM-I specimen seems related to the presence of second-
phase particles, which favors the propagation of microcracks,
as shown in Fig. 12 (a2 and a3). Nano-sized spherical inclu-
sions, indicated by a red arrow, seemed to be generated in the
material during the SLM process due to the reaction between
the active metals and the oxygen in the protecting chamber
[79]. The dimpled surface indicates a ductile mode of fracture,
as shown in Fig. 12(b1-b3). The dimpled surface contained
micro-voids with less than 1 um in diameter, which are indi-

cated by the arrow in Fig. 12(b3). The micro-voids seemed to
originate mainly from nano-sized inclusions [79]. Fig. 13 fea-
tures a cross-sectional view of the TD section measured at the
center region of the SLM-II specimen and shows the deforma-
tion caused by the fracture strain. Comparing Fig. 11(j) and
13(j), cross-section SEM images show that the fractured sur-
face of the SLM-II specimen was relatively rough compared
with that of the SLM-I specimen. Here, the roughness of the
surface is not a quantitative measurement, but is a just com-
parison of the cross-section SEM images. As shown in the
picture enlarged in Fig. 13, this tendency is considered to be
the result of existing pores that are expanded and propagated
(c, e and i) along the MPBs. Similar to the SLM-I specimen,
cracks in the second-phase particles (b and f), cracks in the
partially melted powders (h), and cracks extending from the
fracture surface to the cellular structure (1) were also observed.
Distinct voids were not observed in the enlarged SEM images
shown in the insets of Fig. 13(k) near the fracture surface. The
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propagation of cracks in the region took place along the MPBs,
as shown in Fig. 13(1).

Fig. 14 shows the results of the fractography of the SLM-II
specimen following uniaxial tension. Fractures in the surface
of the SLM-II also contained a mixture of brittle and ductile
modes, as shown in Fig. 14(a) and (b). As shown, the SLM-II
specimen had several deep grooves with a similar interval on
the fractured surface. These grooves were the result of cracks
propagating from the initial pores, as explained in Fig. 3(e).
The magnified image of the inner side of the groove shows
partially melted powders located in the center of a dimple.
These results provided microstructural evidence that clari-
fied why the SLM-II had a relatively low elongation relative
to the SLM-I specimen under uniaxial tension. The inset of
Fig. 14(c) shows the EDS point analysis, which performed at
the locations marked in Fig. 14(a2). The EDS analysis con-
firmed the presence of the partially melted powders inside
the dimples.

4, Discussions

The present study investigated the difference in deforma-
tion heterogeneities in SLM-I and SLM-II specimens that
were fabricated with energy density values of 83.34 and
66.67 J/mm?3, respectively. This study focused mainly on exper-
imental observations using SEM and EBSD techniques for the
purpose of understanding the effect of microstructural fac-
tors on the deformation heterogeneities developed in the
two as-fabricated SLM specimens under uniaxial tension.
Microstructural factors known to develop in as-fabricated SLM
specimens can be classified into segregated elements, dis-
locations, precipitates (or particles), cellular walls, GBs, TBs,
crystallographic orientation, MPBs, and pores in the order of
size [40,61,79-82)].

Wang et al. [44] reported that Cr and Mo tended to segre-
gate in the cellular walls developed on 316L SLM specimens.
The sizes of the cellular structures developed in the two as-
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fabricated SLM specimens shown in Fig. 3(d) and (g) are similar
to each other. The distribution of segregated elements that
were not covered in this paper can also be expected to have
no significant differences in the two as-fabricated SLM spec-
imens. Fig. 10(c) and (d) show that the distribution of KAM
developed in the two as-fabricated SLM specimens is very
similar. Since the KAM values are proportional to the degree

of deformation, the similarity of KAM values indicates that
the dislocation densities of the two as-fabricated SLM speci-
mens have similar values. The number fraction of low KAM
values (less than 1°) is the highest in the undeformed speci-
mens, while higher KAM values are more pronounced in the
deformed specimens. By comparing Fig. 10a and b, it is shown
that the SLM-II specimen had a higher fraction of HAGB com-
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Fig. 12 - Fractography for the SLM-I specimen after uniaxial tensile. FE-SEM images showing the presence of (al-a3)

partially, (b1-b3) completely melted regions.
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Fig. 13 - FE-SEM images of the SLM-II specimen deformed to different strain levels: (a—c) e=0.05, (d-f) e=0.10, (g-i) e=0.15,

and (j-1) e;.

pared with that of the SLM-I specimen regardless of the level
of strain. This result seems to have been due to the difference
in energy density imposed into the two specimens during the
SLM process. For a more precise explanation, it is necessary to

understand the evolutions of the cellular structure that occur
after the transformation from liquid to solid state within the
MPBs. The effect of HAGBs on deformation heterogeneities in
SLM I specimens under uniaxial tensile is capably illustrated
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partially, (b1-b3) completely melted regions, and (c) EDS analysis indicates the presence of partially melted powder in the

grooves.

in Fig. 8. Although the development of £3 TBs was also found
in some deformed grains, the length of £3 TBs in the deformed
specimens was not significantly increased under uniaxial ten-
sion. Melt pools were elongated with increased strain levels.
At strain levels of 0.15 and 0.2, a relatively high KAM value was
observed near the HAGBs, while a relatively low level of KAM
was observed near the MPBs. As the level of strain increased, a
high KAM developed not only in specific HAGBs but also inside
specific grains. No increase in the KAM was observed near the
MPBs, even under a relatively high level of strain.

Although the SLM-I and SLM-II specimens did not exhibit
a preferred orientation, as shown in Fig. 5, the effect of crys-
tallographic orientation on the deformation heterogeneities
was evaluated by TF, which depends on the crystallographic
orientation. TF can be used as a measure of how much shear
strain on active slip systems is induced by the slip of disloca-
tions inside a grain due to a given macroscopic deformation.
In other words, it can be expected that grains with high TF
will be more severely deformed at the same tensile strain than
grains with low TF. By comparing both KAM and the TF maps,
Fig. 8 shows that the KAM and the length of £3 TBs were
high in deformed grains with a relatively high TF value. As
explained by Chakrabarty et al. [83], the development of the
misorientation is due to the enhanced dislocation density in
deformed grains during plastic deformation. This result indi-
cates that the TF map successfully predicted the preferentially
deformed regions in the SLM-I specimen under uniaxial ten-
sion. The results indicate that the region with a high density
of pores in the SLM-II specimen had a relatively low level of
plastic deformation compared with that of the SLM-I speci-

men under uniaxial tension. The results of the KAM and TF
maps developed for the SLM-II specimen at different levels of
strain under uniaxial tension appear in Fig. 9. Specimens sub-
jected to strains of 0.05 and 0.1 showed a relatively high value
for KAM in the vicinity of the pores, while a relatively low value
of KAM was observed in the vicinity of the HAGBs. A strain of
0.15 produced relatively high values for KAM in the vicinity of
HAGBs in the regions near the pores. Specimens subjected to
es had a relatively high value of KAM that extended from the
vicinity of the pores to the region between the pores. Compar-
isons of the KAM and TF maps showed that the correlation
between the KAM and the TF was relatively weak compared
with the results of the SLM-I specimen, as shown in Fig. 8.
However, comparing Figs. 8 and 9 show a clear difference in
the spatial distribution of KAM developed in both specimens.
The SLM-II specimen shows relatively severe non-uniformity
of KAM distribution compared with the SLM-I specimen. Since
there is no drastic change in the crystallographic orientation
in the MPBs, as shown in Fig. 3(c) and (g), a slight difference
in the melt pool size seems to have not a significant effect
on the deformation heterogeneities of SLM specimens under
uniaxial tension.

A large number of pores were formed in the SLM-II spec-
imen. Porosity is a common defect in SLM parts, and it
can negatively affect the mechanical properties. Porosity
can be classified into two types: gas-induced porosity and
process-induced porosity [40,84]. Gas-induced pores with a
spherical-shape can occur during gas atomization of 316L SS
feedstock prior to the SLM process and may still be present in
the final product. On the other hand, the shapes of process-
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induced pores are typically non-spherical. Pores form mostly
via two situations: (a) where the applied energy is insuffi-
cient to completely melt the powder feedstock, which causes
a lack of fusion between each adjacent scan and between
successive layers; or, (b) where excessive energy absorption
induces vaporization or over-melting, which causes large and
irregular pores [40,45,85]. The mechanical properties were
directly related to the microstructure and defects of the
fabricated specimens. The non-uniformity of the KAM distri-
bution implies the presence of deformation heterogeneities
and ultimately explains the relatively low ductility of SLM-
I, as shown in Fig. 7. The ductility of the SLM-I specimen
was better than that of the SLM-II specimens, as shown
in Fig. 7a and b. This phenomenon often occurs due to a
higher fraction of initial pores. When considering the pro-
cessing parameters of the SLM-II specimen, the heat input
was insufficient to melt the powders due to the high scan-
ning speed. This result indicates that the selection of the
proper conditions for laser scanning speed and laser power
was crucial in order to minimize the pores in the as-fabricated
SLM specimens. The EBSD results explained in Fig. 5 show
that the SLM-II specimen (AGS=45.37 um) has a finer grain
size than the SLM-I specimen (AGS=58.31pm). According to
the Hall-Petch relationship, the yield strength of the SLM-II
specimen should be higher than that of the SLM-I specimen.
However, comparing the values of the yield strength mea-
sured experimentally in Table 2, the results show the opposite
tendency. The reason why the yield strength deviates from
the Hall-Petch relationship seems to be that the shape of the
grains developed in both SLM specimens is columnar, which
greatly deviates from spherical, and the density of the initial
pores in both SLM specimens is different. The microstruc-
tural factors of the SLM-I specimen seemed to affect the
deformation heterogeneities in the following order: crystallo-
graphic orientation (or TF) >HAGBs >LAGBs ~ TBs >MPBs. On
the other hand, the microstructural factors of the SLM-II spec-
imen seemed to affect the deformation heterogeneities in
the following order: pores > crystallographic orientation (or
TF) >HAGBs > LAGBs ~ TBs > MPBs.

5. Conclusions

Two 316L stainless steel specimens with different microstruc-
tures were fabricated with different energy densities of
SLM processing. The deformation and fracture behavior
under uniaxial tension was analyzed in terms of the main
microstructural factors.

1. Uniaxial tensile testing indicated that the SLM-II specimen
had a relatively low uniform elongation and fracture strain
compared with that of the SLM-I specimen.

2. A relatively high density of pores affected the low level
of uniform elongation and the failure strain of the SLM-II
specimen.

3. In the SLM-I specimen, as the strain increased, the regions
with high KAM values extended to the inside of the
deformed grains. In the deformed grains with relatively
high TF values, the KAM, or the fraction of £3 TBs, was
high.

4. In the SLM-II specimen, as the level of strain increased,
regions with high KAM values extended from the vicinity
of the pores to the regions between the pores.

5. The major microstructural factors affecting deformation
heterogeneities in the SLM-I and SLM-II specimens were
analyzed to be the crystallographic orientation (or TF val-
ues) and the pores, respectively.

6. Analysis of the cross-section of the fractured SLM-I spec-
imen showed that most of the cracks were located in the
oxide particles, which was related to the cleavage of the
fracture surface.

7. Afractography analysis of the fracture surface revealed that
ductile and brittle fracture modes occurred simultaneously
in both the SLM-I and SLM-II specimens.
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