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Abstract

Microstructural analysis and micro-hardness measurements were performed on different planes of 316L stainless steel fabricated
by direct metal laser sintering (DMLS) technique. A fine cellular network was observed within the steel microstructure, where
morphology of most cells changed from columnar on XZ-plane (vertical section) to equiaxed on XY-plane (horizontal section).
Correspondingly, morphology of most grains was found to alter from columnar for the XZ-plane to equiaxed in the case of the
XY-plane. Moreover, X-ray diffraction (XRD) analysis revealed a fully austenitic structure for both the planes. The average
micro-hardness value for the XZ-plane and XY-plane was insignificantly (=3%) different, which was attributed to the random
grain orientation observed on both the planes. However, the average micro-hardness of the DMLS-fabricated 316L stainless steel
in this contribution was approximately 25% higher than that of the as-cast one.

Keywords Additive manufacturing - Stainless steel - Microstructure - Hardness - DMLS

1 Introduction

Additive manufacturing (AM) has received significant atten-
tion over the last two decades mainly due to its capabilities to
produce near-net-shape parts of complex geometry [1, 2]. In
contrast to conventional machining in which excessive mate-
rials are removed from the work piece, during AM processes,
the desire component is created in a layer-by-layer manner.
Thus, AM technology is considered as a new revolution in
manufacturing industry [3, 4]. However, AM processes are
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mostly appreciated for small fabrication runs with expensive
materials due to their relatively low production rates. Direct
metal laser sintering (DMLS) is a common metal-based AM
technique, in which a high-power laser beam is used to selec-
tively fuse metal powders to fabricate functional dense com-
ponents. This technique has been used for various metallic
materials such as aluminum alloys [5, 6], nickel-based super-
alloys [7, 8], titanium alloys [9], and steels [10—12]. During
DMLS, each powder layer undergoes repeated heating-
cooling cycles which lead to microstructures different from
ones obtained through conventional manufacturing processes
[13].

AISI 316L stainless steel is a low-carbon, high-
molybdenum stainless steel which has widespread application
in marine, medical, nuclear, and oil industries due to its high
strength and corrosion resistance. Additively manufactured
316L stainless steel parts have exhibited better mechanical
properties compared to their cast and forged counterparts
[14-16]. Several studies have investigated the microstructure
and mechanical behavior of 316L stainless steel fabricated by
AM [14, 17-22]. For example, Zhang et al. [21] found a
cellular microstructure and anisotropic mechanical properties
for 316L stainless steel made by laser metal deposition shap-
ing. In another study, Zietala et al. [22] used the laser-
engineered nest shaping (LENS) technique to fabricate 3161
stainless steel. Their characterization revealed BCC ferrite in

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-017-1528-y&domain=pdf
mailto:mog20@pitt.edu

4032

Int J Adv Manuf Technol (2018) 95:4031-4037

the microstructure which enhanced the mechanical properties.
Saeidi et al. [19], achieved crack-free 316L stainless steel with
fully austenitic microstructure using the laser melting tech-
nique. The focus of these studies has been the evaluation of
microstructure and mechanical properties of the bulk AM
sample without making distinction between different part
planes (i.e., XY-plane, XZ-plane). Since the material perfor-
mance required for various planes of an AM part in service
can be different, it is necessary to compare the microstructure
and mechanical properties of different planes. Thus, the ob-
jective of the present contribution is to distinguish the differ-
ence in microstructure and mechanical properties of different
AM part planes. Disk-shaped 316L stainless steel was fabri-
cated using DMLS technique and sectioned both parallel and
perpendicular to the build direction. The resulting microstruc-
ture and mechanical properties of the sections are discussed
thoroughly.

2 Experimental procedure
2.1 Feedstock powder and DMLS technique

The starting feedstock material was a gas atomized 316L
stainless steel powder, whose chemical composition is listed
in Table 1. Disk-shaped samples with 45 mm diameter and
20 mm height were fabricated by DMLS method using an
EOS M290 machine, equipped with an Yb-fiber laser. The
optimized process parameters for the 316L stainless steel sug-
gested by Electro-Optical Systems (EOS) company were
employed including 20 pm powder layer thickness, 195 W
laser power, 1083 mm/s scan speed, and 80 pum hatch spacing.
All the samples were built using an alternating scan pattern,
where the hatching direction of each layer was rotated by 67°
form that of the previous one, as schematically depicted in
Fig. 1. To maintain the oxygen level in the build chamber less
than 0.1%, an ultra-high purity argon gas was purged into it
during the fabrication process. The build plate temperature
was kept at 80 °C to reduce stresses imposed by thermal cy-
cles. The build plate was a hot-rolled mild steel panel with
dimensions 0of 252 mm x 252 mm x 18 mm. All samples were
printed on top of Materialise Magics block style support struc-
tures, which were used to reduce distortion caused by thermal
stresses and also facilitate sample detachment from the build
plate. The location of the support structure with respect to an

Table 1 Chemical composition of 316L stainless steel powder used as
the feedstock material (wt.%)

C Cr Mn Mo N Ni (0] S Si Fe

003 179 20 24 01 139 0.04 001 0.75 Balance

@ Springer

individual sample, and base plate as well as the support struc-
ture parameters is schematically illustrated in Fig. 2. For all
samples, the same support structure parameters were
employed as listed in Table 2. An image of the printed samples
is presented in Fig. 3.

2.2 Microstructural characterization

For microstructural characterization, the as-built samples were
cross-sectioned both parallel and perpendicular to the build
direction, followed by grinding and polishing down to a
0.05 um finish. For optical and scanning electron microscopy
(SEM), samples were etched by aqua regia for 20 s. The mi-
crostructure of the components was examined using a
Keyence VHX-600 optical microscope and FEI Apreo SEM
at an operating voltage of 15 kV and a working distance of
10 mm. The grain structure and crystallographic orientation
distribution of the as-built components were studied using
electron back-scattered diffraction (EBSD) via a FEI Apreo
SEM with an accelerating voltage of 20 kV and working dis-
tance of 16 mm. The step size was 0.6 um on all scans to
obtain sufficient resolution. TexSEM Laboratory (TSL) soft-
ware was used for the operation and control of all EBSD
analyses as well as analysis of the EBSD results. X-ray dif-
fraction (XRD) analysis was conducted using a Bruker D8
Discover diffractometer equipped with a Cu K« radiation
(A=1.5407 A). Spectra were taken in the range of 20 from
30° to 100° with a 0.02° step size.

2.3 Micro-hardness measurements

Vickers micro-hardness measurements on both vertical and
horizontal sections of samples were performed with LECO
LMB800 using a test force of 0.98 N and dwell time of 10 s.
The sections were ground and polished but not etched before
the micro-hardness tests. In order to investigate possible influ-
ence of location (within the same plane) on hardness, inden-
tations were carried out along z direction on XZ-plane and x
direction on XY-plane. The distance between indentations was
0.5 mm.

Fig. 1 Schematic illustration of scan pattern for three consecutive powder
layers
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Build Plate

(b)

Fig. 2 a Schematic of support structure location with respect to an individual sample and base plate. b, ¢ Schematic of support structure parameters

3 Results and discussion
3.1 Microstructural observations

Optical microscopy was used to analyze the geometrical pa-
rameters of the melt pools. Typical optical micrographs of the
as-built disk, sectioned parallel to both front surface (XZ-
plane) and top surface (XY-plane), are illustrated in Fig. 4.
The melt pools were approximately half-cylindrical in shape
with an arc-shaped cross-section, as depicted in Fig. 4a. The
half-cylindrical geometry is attributed to the Gaussian energy
density distribution of the laser beam [23], where the beam
center has the greatest energy density. The melt pool depth
was measured from Fig. 4a using pixel count to be 86 +
9 um. Given the employed powder layer thickness of
20 pm, it can be found that significant remelting occurred
across the layers during the part fabrication. From Fig. 4b, it
is evident that the scan vectors were not unidirectional. The
angle between the vectors was measured to be 67°, which is
the same as the angle by which the scan direction rotated
between the successive powder layers (see Fig. 1). Since the
sample was not ground and polished perfectly perpendicular
to the build direction, multiple layers are present in the micro-
graph as shown in Fig. 4b. From this micrograph, the melt
pool width was measured to be 195 + 18 um, which was sig-
nificantly larger than the applied hatch spacing (80 pm) re-
vealing the overlap of the melt pools between the adjacent
scan tracks. This is in agreement with previous observations
of the 316L stainless steel fabricated by SLM [20, 24].

Table 2 Support structure parameters (mm)
Total Fragmentation Hatching Teeth Teeth Teeth Teeth
height height base base top
interval  length  length

5 X-interval=4 X=0.8 0.5 0 0.5 0.2

Y-interval=4 Y =0.8

separation

width=0.2

Seperation
Width

Hatching

Fragmentation
Interval

\Y

(©)

SEM was carried out to examine the microstructural fea-
tures of the DMLS-fabricated samples in more detail. Figure 5
illustrates SEM micrographs obtained from both the vertical
section (XZ-plane) and horizontal section (XY-plane) of the
as-built 316L stainless steel. The microstructures comprised a
cellular network, where the cell boundaries were enriched in
molybdenum (Mo) [19, 25]. During the DMLS, austenite so-
lidified first as the cells which were kinetically favored, when
the solidifying front rejected Mo into the melt and the remain-
ing Mo then solidified between the cells. Since Mo solubility
in austenite increased due to the very fast solidification, the
amount of segregating Mo was relatively small leading to thin
cellular boundary formation. This solidification structure is
common in the additively manufactured 316L stainless steel
components [19, 25], but it is significantly different from that
of cast ones [26]. From Fig. 5, it can also be seen that the cells
within the same melt pool exhibited different morphologies
(columnar or equiaxed), where the area fraction of the colum-
nar cells in the XZ-plane (Fig. 5a) was significantly larger than
that in the XY-plane (Fig. 5b). Moreover, the XY-plane
contained a higher area fraction of the Mo-enriched cell
boundaries compared to the XZ-plane. Since the presence of
the Mo-enriched cell boundaries in the microstructure

Fig. 3 Image of the DMLS-fabricated samples
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Fig. 4 Optical light microscopy
images of the as-built 316L
stainless steel disk. a Vertical
section (front surface). b
Horizontal section (top surface)

degrades the corrosion resistance of the AM 316L stainless
steel [25], the XZ-plane is expected to exhibit a higher corro-
sion resistance than the XY-plane. Thus, comparison of the
corrosion resistance between the two planes should be the
subject of future study.

XRD technique was used to analyze the constituent phases
of the as-fabricated 316L stainless steel. Figure 6 depicts the
XRD pattern collected from both the vertical section (XZ-
plane) and horizontal section (XY-plane) of the steel. It can
be seen that both the planes exhibited insignificantly different
patterns, where all the reflections were indexed to FCC aus-
tenite. No BCC ferrite was detected in the XRD pattern (Fig.
6), which is in agreement with previous studies on powder-
bed fusion (PBF) fabricated 316L stainless steel [19, 25, 27].
However, some other studies have reported the BCC ferrite
observation by XRD for the as-built 316L stainless steel parts
produced by direct energy deposition (DED) techniques [22,
28].

EBSD technique was used to analyze the grain size and
orientation of the samples. Typical EBSD orientation maps
from both the vertical and horizontal sections of the as-built
316L stainless steel are illustrated in Fig. 7. From the vertical
section—i.e. XZ-plane—(Fig. 7a), it is evident that the micro-
structure comprised mostly columnar grains with some
equiaxed ones. The columnar grains, which are also observed
in the directionally solidified microstructures [29], originated
from epitaxial grain growth along heat flux direction (build

Fig. 5 Typical SEM micrographs
from the vertical (a) and
horizontal (b) sections of the
DMLS-fabricated 316L stainless
steel

@ Springer

direction). In the horizontal section—i.e. XY-plane—(Fig.
7b), the microstructure mainly consisted of equiaxed grains
with some columnar ones. From the grain orientation point of
view, no preferred crystallographic orientation existed within
either vertical (Fig. 7a) or horizontal section (Fig. 7b), which
can lead to approximately isotropic mechanical properties.
The random orientation of the grains is attributed to the ap-
plied scan pattern, wherein the scan direction was rotated by
67° between the consecutive powder layers (Fig. 1).

A comparison between Figs. 5 and 7 will reveal the mor-
phological relationship between the solidification cells and
grain structure. In the vertical sections, where most cells were
columnar (Fig. 5a), the grains were mainly columnar (Fig. 7a).
Moreover, the horizontal section with majority of the equiaxed
cells (Fig. 5a) was found to mostly comprise equiaxed grains
(Fig. 7b). Thus, it can be concluded the morphology of the
solidification cells in the as-built 316L stainless steel is highly
dependent on the morphology of the grains containing them.

3.2 Micro-hardness analysis

Micro-hardness is considered as an important indicator of the
mechanical property uniformity and isotropy in the additively
manufactured parts. Figure 8 presents the micro-hardness pro-
files on both horizontal and vertical sections of the as-built
316L stainless steel, where each micro-hardness value is the
average of five measurement results. Slight fluctuations of
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Fig. 6 XRD pattern of the as-built 316L stainless steel

micro-hardness values over five measurements—error bars in
Fig. 8—are due to the presence of pores, unfused materials,
balling, and micro-cracks. For both the sections, the micro-
hardness values did not fluctuate significantly over long dis-
tances (20—22 mm), indicating the micro-hardness uniformity
on each section. It seems that the overlapping of the adjacent
scan tracks and successive deposited layers, which are often
considered as metallurgically heterogonous locations, did not
have any effects on the sample micro-hardness. The average
micro-hardness value for the vertical section (XZ-plane) and
horizontal section (XY-plane) was calculated to be 261 £8
and 269 £ 10 HV, respectively. The similarity of the average
micro-hardness value for both the sections indicates the isot-
ropy of the mechanical properties in the sample, which is a

Fig. 7 Typical EBSD orientation
maps of the as-fabricated 316L
stainless steel. a Vertical section
(XZ-plane). b Horizontal section
(XY-plane)

consequence of the random grain orientation observed in Fig.
7.

The average micro-hardness value of the as-built sample in
this study was consistent with that of the 316L stainless steel
fabricated by LENS (281 +25 HV) [22] and SLM (264 +8)
[30]. Thus, it can be concluded that the AM technique type
(PBF or DED) or process parameters (such as laser power,
scan speed, hatch spacing, etc.) do not have a significant effect
on the 316L stainless steel hardness. The average micro-
hardness of the DMLS-fabricated 316L stainless steel in this
contribution was approximately 25% higher than that of the
as-cast one (210 HV) [26]. The extremely high solidification
rate during AM processes result in finer grain structure than
that obtained by conventional casting. Given that the material
hardness is approximately proportional to its yield stress, the
Hall-Petch relationship [31] can be employed to attribute the
hardness enhancement of the AM parts to their smaller grain
sizes. Nevertheless, it should be noted that this micro-harness
enhancement compared to the as-cast steel will be associated
with ductility degradation inherent to the ultrafine grains.

4 Conclusions

In this work, microstructural analysis and micro-hardness
measurements were performed on different planes of the
DMLS-fabricated disk-shaped 316L stainless steel. A fine
cellular network was observed within the steel microstructure,
where the cell boundaries were enriched in Mo. The XZ-plane
(vertical section) microstructure comprised mostly columnar
cells with some equiaxed ones, whereas the XY-plane (hori-
zontal section) microstructure mainly consisted of equiaxed
cells with some columnar ones. Correspondingly, morphology
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300

Fig. 8 Micro-hardness profile of
the as-built 316L stainless steel
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200
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of most grains was found to change from columnar for the
XZ-plane to equiaxed for the XY-plane. Moreover, both the
planes exhibited a fully austenitic structure, as was revealed
by X-ray diffraction (XRD) analysis. The average micro-
hardness value of the XZ-plane was very similar to that of
the XY-plane (less than 3% difference), which was attributed
to the random grain orientation observed on both the planes.
However, the average micro-hardness of the DMLS-
fabricated 316L stainless steel in this study was approximately
25% greater than that of the as-cast one.
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