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ARTICLE INFO ABSTRACT

The role of volumetric energy density on the microstructural evolution, texture and mechanical properties of
304L stainless steel parts additively manufactured via selective laser melting process is investigated. 304L is
chosen because it is a potential candidate to be used as a matrix in a metal matrix composite with nanoparticles
dispersion for energy and high temperature applications. The highest relative density of 99 % =+ 0.5 was
achieved using a volumetric energy density of 1400 J/mm?®. Both XRD analysis and Scheil simulation revealed
the presence of a small trace of the delta ferrite phase, due to rapid solidification within the austenitic matrix of
304L. A fine cellular substructure ranged between 0.4-1.8 pum, was detected across different energy density
values. At the highest energy density value, a strong texture in the direction of [100] was identified. At lower
energy density values, multicomponent texture was found due to high nucleation rate and the existing defects.
Yield strength, ultimate tensile strength, and microhardness of samples with a relative density of 99 % were
measured to be 540 + 15 MPa, 660 + 20 MPa and 254 + 7 HV, respectively and higher than mechanical
properties of conventionally manufactured 304L stainless steel. Heat treatment of the laser melted 304L at 1200
°C for 2 h, resulted in the nucleation of recrystallized equiaxed grains followed by a decrease in microhardness
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value from 233 + 3 HV to 208 = 8 HV due to disappearance of cellular substructure.

1. Introduction

Metal additive manufacturing (MAM), also known as metal 3D
printing, can produce parts with complex geometry and high strength
directly from computer-aided design (CAD). Furthermore, the design
and manufacturing of the final component can be done in less time and
steps in the MAM process compared to conventional manufacturing [1].
The selective laser melting (SLM) process is based on spreading a layer
of metal powder onto a platform and laser melting of a predefined slice
pattern from the CAD file to the layer below it. This procedure con-
tinues layer by layer until the desired component is completely man-
ufactured. The SLM process provides higher resolution, better dimen-
sional accuracy, and greater material flexibility compared with other
MAM processes [2,3].

Microstructural characterization and mechanical properties of al-
loys manufactured via SLM including Ni-based superalloys [4,5], tita-
nium alloys [6,7], aluminum alloys [8], precipitation hardening steels
[9-11], ferritic-martensitic steels [12] and austenitic stainless steel (SS)

with focus on 316L [13,14] are investigated. For example, Li et al. [15]
compared the densification of SLM manufactured 316L from water and
gas atomized powder and reported less balling effect and higher density
of parts made from gas atomized powder due to lower oxygen content
and better wettability in the gas atomized powder.

To date, several publications have correlated the effect of printing
parameters such as laser power, scan speed, layer thickness and hatch
spacing with densification behavior, microstructure and mechanical
properties of SLM 316L [13,16,17]. Liverani et al [13] designed a
window for process parameters of SLM 316L that could achieve relative
densities greater than 98 %. According to Liverani et al [13], laser
power significantly influenced relative density whereas building or-
ientation and hatch spacing did not. The highest yield strength (YS of
520 MPa) and ultimate tensile strength (UTS of 650 MPa) was attrib-
uted to the sample with a relative density of =100 % at the laser energy
density of 153.1 J/mm?>. Tucho et al. [18] investigated the role of en-
ergy density on the porosity, hardness and microstructural evolutions of
SLM 316L. According to Tucho et al. [18], hardness is directly related to
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the density of the SLM manufactured part within the energy density
range of 50 —125 J/mm>.

304L austenitic SS have excellent corrosion resistance, high oxida-
tion resistance, and superior mechanical properties at room tempera-
ture due to high Cr content. Applications of 304L vary from nuclear
reactor components to chemical processing equipment, and oil in-
dustries [19,20]. Furthermore, 304L is a promising candidate to be used
as a matrix in oxide dispersion strengthened (ODS) steel where oxide
nanoparticles are dispersed within 304L matrix. However, few studies
have been published on the additive manufacturing of 304L SS parts.
Most of current literature [21-24] are focused on the role of processing
parameters on mechanical properties. Whereas, the effect of processing
parameters on microstructural evolutions and texture during SLM of
304L is missing in the literature.

Guan et al. [21] investigated the effect of overlap rate, layer
thickness, building orientation and hatching angle on tensile properties
of SLM 304L SS. According to Guan et al. [21], tensile properties are
independent of layer thickness (in the range of 20 — 40 um) and overlap
rate (in the range of 0-50 %). Nevertheless, the microstructure of SLM
304L has not been discussed in their work. Furthermore, Elghany et al.
[22] studied the effect of layer thickness and scanning speed on density,
surface roughness and tensile properties of SLM 304L; reporting the
maximum yield and ultimate tensile strength of 182 and 393 MPa, re-
spectively, corresponding to the layer thickness of 30 pm and scan
speed of 70 mm/s. Yu et al. [23] explored the main cause of mechanical
anisotropy in SLM 304 SS by analyzing the microstructure and texture
of samples; reporting the higher columnar length-width ratio of grains,
yielded to the higher mechanical anisotropy. Wang et al. [24] studied
the impact of process parameters in a directed energy deposition (DED)
process on mechanical properties of thin walls manufactured using
304L SS. The highest YS and UTS were reported to be 337 = 29 MPa
and 609 + 18 MPa, respectively. Therefore, there is a critical gap in
current literature on a comprehensive understanding of the micro-
structural, phase and texture evolution of 304L SS during SLM.

The SLM process exhibits a complex metallurgical mechanism de-
pending on the processing parameters, material characteristics and
chemical compositions. The adoption of different combination of these
parameters greatly affect the part formation quality and lead to varia-
tions of microstructure and mechanical properties [25]. Hann et al.
[26] demonstrated that the welding data from different experiments
with various materials and parameters could all be represented on one
curve under the assumption that the melt pool depth (d) divided by the
beam size (0) is a function of the deposited energy density (AH) to the
enthalpy at melting point (hs). According to this model, the ratio AH/h;
is defined as:

AH AP

hy 7hg~/ Dvo? 1)

where A is absorptivity, P is laser power, D is thermal diffusivity of the
molten material and v is scan speed. King et al. [27] have validated
similar scaling for laser bed fusion process, showing that the transition
from conduction mode to keyhole mode of laser melting occurs around
AH/hs = (30 = 4). They concluded that this threshold for keyhole
mode of melting could help to identify the optimum process para-
meters. The proposed model mostly was adopted by researchers in
single-track experiments to correlate energy density to the shape and
size of the melt pool, melting mode (conduction or keyhole), spattering
and in-situ monitoring of laser-powder interaction [28,29]. However,
most of the previously mentioned studies [13,16-18] have often pre-
sented their results on SLM manufactured solid part using an approach
based on the volumetric energy density (VED) which is expressed as:

_r
VXhXt 2

where h is hatch spacing and t is layer thickness. In their studies, the
VED was used as a metric for each printing parameters in order to
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correlate the final SLM manufactured part density, surface finish, mi-
crostructure and mechanical properties [13,16-18]. For example, Kur-
zynowski et al. [17] investigated the influence of laser power and
scanning strategy, using VED, on microstructure and texture of manu-
factured SLM 316L parts, finding that the VED strongly affected the
microstructure and the amount of ferrite phase. It is noted that the VED
can be utilized in combining the effects of laser power, scan speed and
layer thickness to calculate the energy delivered per unit volume of
powder bed and serves as a guideline for parameter selection to get the
highest density. According to Bertoli [30,31] the VED is limited to ac-
curately describe the mode of melting which needs information on the
complex science of melt pool [30,31].

Thus, the novelty of this work is to determine phase evolution of
304L SS during the SLM process and identify the effect of VED on so-
lidification and densification behavior, microstructural evolutions and
mechanical properties of SLM 304L samples. Furthermore, this study
investigates the role of VED on imposing a texture in 304L samples
processed by various VED values applied in SLM process. Additionally,
microstructure, phase and mechanical properties of SLM 304L sample
after annealing are investigated.

2. Experimental
2.1. Powder feedstock

Sandvik Osprey gas-atomized AISI 304L austenitic SS powder (< 45
um), with the chemical composition given in Table 1, was used as the
feedstock. A particle size distribution analysis was done using a Mal-
vern Analytical particle analyzer (Mastersizer 3000). Apparent density
(AD) and tap density (TD) were measured according to ASTM B212-17
(Hall Flowmeter Funnel) and ASTM B527-15, respectively. The flow-
ability of the powder was measured using the Hausner ratio (AD/TD).

2.2. SLM process

An ORLAS Creator Metal 3D printer (OR Laser/ Coherent) with a
continuous wave fiber laser of 250 W Yb:YAG and a wavelength of 1067
nm was used for the SLM process. The ORLAS Creator utilizes a rota-
tional coater mechanism and beam expander which enables the focal
spot size (1/€%, Gaussian beam) of the laser to be adjusted between
40-180 pm.

Fig. 1(a) shows the build chamber of the OR Creator SLM machine.
Three sets of twelve cylinders, randomly orientated on the build plat-
form, with a dimension of R4 X 8 mm, as shown in Fig. 1(b), were
additively manufactured on the 316 SS substrate with following para-
meters; laser power 105 W, scan speed 50 —600 mm/s with an incre-
ment of 50, spot size 50 pum, hatch spacing 50 pm, layer thickness 30 pm
and scan rotation angle of 105°. The scan rotation angle of 105° showed
the highest yield strength compare to other scan rotations according to
Guan et al. [21]. According to the provided formula of energy density
(Eq. 2), the VED for the adopted scan speeds of 50-600 mm/s in this
experiment were calculated to be in the range of 117-1400 J/mm?. The
atmosphere inside SLM chamber was commercially pure nitrogen. The
oxygen level of the sealed SLM chamber was consistently kept < 100
ppm by continuously purging pure nitrogen.

2.3. Microstructure characterization and mechanical testing

Sample density was measured according to the Archimedes method.

Table 1

Chemical composition of 304L stainless steel powder.

Element Cr Ni Fe C Si Mn P S N
wt.% 18.853 10.060 Bal 0.017 0.720 1.3 0.012 0.005 0.083
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Fig. 1. (a) OR Creator’s build chamber and (b) SLM 304L cylinders on the build plate.
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Fig. 2. (a) SEM micrograph showing morphology and (b) particle size distribution histogram of 304L powder.

Phase identification for both 304L SS powder and SLM samples was
done using X-ray diffraction (XRD) analysis (Bruker AXS D8 Discover),
operating with Cu Ka radiation at 40 kV, with a step size of 0.05° and
26, ranged from 20-100°. Microstructural characterization of samples
was done using optical microscopy (Zeiss, Axiotron) and scanning
electron microscopy (SEM) on both perpendicular and parallel to build
direction. An FEI Quanta 3D SEM equipped with electron dispersive X-
ray spectroscopy (EDS) was utilized. Sample preparation was accom-
plished according to standard metallographic procedures. Polished
samples were electroetched for 15 s at an applied DC voltage of 15 V
using an electrolyte solution of 10 wt.% oxalic acid.

Electron backscattered diffraction (EBSD) was performed on vi-
bratory polished samples with 50 nm diamond suspension for 8 h. The
EBSD data collection was conducted by using an Orientation Imaging
Microscopy (OIM) Data Collection 7.2 software in FEI Quanta 3D op-
erating at 15 kV accelerating voltage, 1.7 nA beam current and a step
size of 50 nm. The collected data were processed using OIM Analyses
7.2 software. Transmission electron microscopy (TEM) analysis of SLM
samples was done using a TEM/STEM model FEI TITAN 80-200
equipped with ChemiSTEM technology. The TEM samples were pre-
pared, first by thinning down mechanically to a thickness of about
50-100 pm. Then, 3-mm diameter disks were punched out of the
thinned disks and were electropolished using a Fischione-110 twin-jet
electropolisher operated at a potential of 15 V and temperature of —30
°C. The solution of methanol (75 vol.%) and nitric acid (25 vol.%) were
used as an electrolyte.

Microhardness of the SLM 304L samples was measured using a
microhardness tester (Leco, LM-248AT) at a load of 500 g. The average
value from 10 random indentations is reported in the results. Horizontal
blocks with a dimension of 94 x 10 x 8 (L X WXT) mm were

manufactured using different SLM parameters. Three tensile test cou-
pons with a thickness of 2 mm were cut using a wire electrical discharge
machining (EDM) from each block. The tensile specimens were ma-
chined according to the sub-size specimen specification of ASTM E8.
The average value of three tensile tests is reported in the results. The
tensile test was conducted on an Instron 5969 at a strain rate of 10~ *s™
and at room temperature.

In order to predict different phases during SLM processing, a Scheil
model for non-equilibrium solidification was performed using Thermo-
Calc software integrated with a TCFE8 database. The simulation was
performed for a step size of 1 °C from the liquid phase up to the re-
maining liquid fraction reach the 0.1. The SLM 304L sample with VED
of 233 J/mm? was annealed at 1200 °C for 2 h in a vacuum furnace, and
cooled in furnace. The microstructure and phase evolution of the an-
nealed sample was investigated using XRD, SEM, and EBSD as described
formerly.

3. Results and discussion
3.1. Characterization of 304L powder feedstock

Morphology of 304L powder, used as feedstock in this study, is
shown in Fig. 2(a). Fig. 2(b) shows the normal histogram of particle size
distribution obtained from Malvern particle size analyzer.

Gas atomized 304L powder showed spherical particles with some
satellites. Particle size distribution analysis, AD, TD and Hausner ratio
of 304L powder are listed in Table 2. The average particle size was
approximately 33 pm and the majority of particles were < 45 pm.
Hausner ratio for 304L powder was 1.31. Hausner ratio greater than
1.25 shows relatively poor flowability [32], mostly due to the tendency
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Table 2
Physical properties of 304L SS powder measured in this study.

Particle size distribution Apparent Tap density Hausner ratio
(um) density (g/cc) (g/cc) (AD/TD)
Dyo Dso Dgo 3.59 4.69 1.31
23.4 33.2 43.7
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Fig. 3. XRD pattern of 304L powder, SLM 304L with VEDs of 117 and 1400 J/
mm? and SLM 304L with VED of 233 J/mm? annealed at 1200 °C.

of small particles locking bigger particles; increase the interparticle
friction; and imped powder movements and flow. However, no ag-
glomeration was formed during spreading of powder into a thin layer in
the SLM machine, and the flowability of this powder was acceptable for
SLM processing.

Fig. 3 shows the XRD patterns of precursor 304L powder, SLM 304L
at VED of 117 and 1400 J/mm?, and SLM 304L at VED of 233 J/mm>
followed by annealing at 1200 °C (as will be discussed in Section 3.7).

In 304L feedstock powder, the major phase with the highest peak
intensity was identified as austenite (y), however, a small peak of ferrite
(8) was identified. The Rietveld refinement method [33] showed that
the amount of austenite and ferrite in 304L SS powder was 98.5 wt.%
and 1.5 wt.%, respectively. A fully austenitic SS is susceptible to hot
cracking during welding due to the limited solubility of phosphorus (P)
and sulfur (S) in the FCC-austenitic phase. Because P and S are sus-
ceptible to segregation at grain boundaries due to the lower melting
point than Fe.

Having a small amount of ferrite in 304L, with a higher solubility
for P and S, would minimize the harmful effect of P and S [34,35]. This
can be accomplished by controlling the ratio of Creq/Nieq (Creq=Cr +
Mo +1.5Si+ 0.5Nb; Ni.q=Ni+ 30C+ 0.5 Mn) and shifting the mode of
solidification from completely austenitic to a mixture of austenite and
ferrite. The higher the ratio of Creq/Nieq, the higher the fraction of
ferrite will be produced [34].

According to the ratio of Creq/Nieq, the primary solidification be-
havior of austenitic SS can be divided into four different categories
[36]:

1) Austenitic mode: L—L+y—y Creq/Nieq < 1.25

2) Austenitic-ferritic mode: L—=L+y—L+8+y—y+38—y 1.25 < Creq/
Nieq < 1.48

3) Ferritic-austenitic mode: L—=L+8—L+8+y—y+8—y 1.48 < Crey/
Nigq < 1.95

4) Ferritic mode: L—L+8—=8—=8 +y—y Creq/Nieq > 1.95

For the 304L feedstock powder used in this study, the Crq/Nicq ratio
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Fig. 4. Optical micrograph of SLM 304L with VED of 375 J/mm?; circle shows a
cluster of needle shape ferrite phase and arrows show large needles attributed
to &-ferrite.

was calculated to be 1.75 (Creq, Nieq = 19.85/11.25), which falls into
the ferritic-austenitic mode and, thus, not susceptible to hot cracking
during the process.

3.2. Characterization of SLM 304L parts

Fig. 3 shows the XRD pattern at the lowest and highest VED values
(117 and 1400 J/mm?®). The major peak in SLM parts was attributed to
the ferrite phase (110), and a lower intensity of the austenite phase was
observed. Therefore, a strong texture of the ferrite phase was expected
in SLM 304L SS. Solidification of 304L austenitic SS starts by nucleation
of 8-ferrite growing in dendritic morphology. Through further cooling,
the solid-state transformation of §-ferrite to austenite would progress.
However, the transformation could not get completed due to the high
cooling rate of SLM process and non-equilibrium condition of SLM
process. Therefore, §-ferrite would remain at the cores of the primary
and secondary dendrite arms at room temperature. This dual-phase of
austenite (y) and ferrite (§) were observed in the microstructure of the
SLM material as will be shown in Fig. 4. No ferrite (8) peak was ob-
served after annealing at 1200 °C, and fully austenitic 304L was
achieved.

An optical micrograph of SLM 304L sample at VED of 375 J/mm? is
shown in Fig. 4. A cluster of needle-shaped phase attributed to the
presence of remnant dendritic §-ferrite in austenitic phase due to rapid
cooling is marked with a circle. The needle characteristic of §-ferrite
phase could impose a high degree of texture for the ferrite phase.

Scheil equation could predict different phases in the non-equili-
brium rapid cooling process such as SLM. Therefore, Thermo-Calc
Scheil simulation was performed on the 304L composition used in this
study, and the results further confirmed the presence of retained §&-
ferrite (BCC_A2) in the 304L austenitic (FCC_A1) matrix as shown in
Fig. 5.

3.3. Microstructure of SLM 304L parts

Optical micrographs of SLM 304L parts obtained from different
cross-sections (parallel and perpendicular to build direction) are shown
in Fig. 6(a—d). In Fig. 6(a), laser path, and rotation angle of 105° be-
tween two subsequent layers are annotated in the perpendicular cross-
section. The relative density of the sample produced at a VED of 1400
J/mm? was 99 + 0.5 %. The relative density for the sample that was
produced at the lowest VED of 117 J/mm® was 94 * 1.7 %.

Fig. 6(a) and (c) present optical micrographs of perpendicular and
parallel cross-sections of the sample with the highest VED of 1400 J/
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mm?®, Fig. 6(b) and (d) show micrographs of perpendicular and parallel
cross-sections of the sample with the lowest VED of 117 J/mm?>. Very
few small pores were observed at a cross-section perpendicular to the
build direction as marked by a circle in Fig. 6(a). There was no evidence
of large porosity or cracks between the layers in Fig. 6(c). Furthermore,
small porosities were located at the center of the melt pool where the
temperature is the highest during SLM process. According to Table 1,
the 304L powder contained 0.083 wt.% of nitrogen, which was due to
gas atomization process. Therefore, small and spherical porosity shown
with small dashed circles could be attributed to gas entrapment of
powder feedstock and absorption of nitrogen gas during solidification
in the SLM process.

Absence of large porosity and the balling effect in Fig. 6(a) and (c) is
due to low oxygen content (100 ppm) and a high VED of 1400 J/mm?>.
In order to relatively compare the melt pool sizes of manufactured parts
using different VEDs, the top layer melt pool characterization method
was adopted to measure the depth of melt pool boundaries at the last
printed layer on the cross-section parallel to build direction (xz) [37].
The schematic in Fig. 7 shows the characterization metric of dp/t;, the
ratio of full melt pool depth to nominal layer thickness, and do/t;, the
ratio of melt pool overlap depth to nominal layer thickness. The mea-
sured data for different VEDs are provided in Table 3. The purpose of
this measurement was to relatively compare the size of melt pools as a
result of using different VEDs and subsequently to show the role of melt
pool size (melt volume) on densification of SLM manufactured parts.

The d,/t;, and do/t;, of the melt pool boundaries for VED of 1400 J/
mm°® were 5.04 and 3.91, respectively. For VED of 117 J /mm?, the dp/ty,
and do/t;, were measured to be 1.46 and 1.09, respectively. The higher
ratio of d,/t; and do/t;, in higher VEDs suggests that the volume of melt
pool is proportional to the VEDs and thus, inversely proportional to the

Fig. 6. Optical micrograph from cross-section, perpendicular to build direction, at VED of (a) 1400 J/mm? and (b) 117 J/mm?® and from cross-section, parallel to

build direction, at VED of (¢) 1400 J/mm® and (d) 117 J/mm?®.
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t

t;.: nominal layer thickness

d,: full melt pool depth

dy: melt pool overlap depth

Fig. 7. Schematics of top layer melt pool measurements on X-Z cross-section.

Table 3

The d,/t, and do/t, of melt pool boundaries measured at different VEDs.
VED (J/mm?®) dp/t, do/ty,
1400 5.04 = 0.22 3.91 +£0.21
700 3.66 * 0.39 1.97 + 0.31
350 1.83 +0.31 1.22 +0.13
117 1.46 = 0.19 1.09 = 0.12

scan speed (Eq. 2). The higher VED value, the greater the amount of
heat is that can melt and fill porosity to enhance densification.

Another explanation for the improved densification at the highest
VED of 1400 J/mm? can be explained by the dynamic viscosity (1) of
the molten pool as defined by the following equation: [38]:

- =)
F=35Wer? 3)

where m is the atomic mass, k is the Boltzmann constant, T is the ab-
solute temperature, and vy is the liquid surface tension. According to Eq.
3, U decreases at high energy density, as a result of higher T and lower
vsi- When the melt viscosity decreases, it can spread more easily onto
the previously solidified layer to prevent the balling effect and fill
porosity. Furthermore, a sharp thermal gradient/composition gradient
across the surface induced by high energy density leads to surface
tension gradients known as Marangoni convection flow.

Marangoni convection is a driving force for fully spreading the melt
onto the previous layer and enhancing densification at higher VEDs
[39]. As a result, the combined effects of lower viscosity and Marangoni
convection flow and larger volume of melt are the key factors leading to
enhanced densification behavior. Non-uniformly distributed irregular-
shaped porosities were observed in the sample with the lowest VED of
117 J/mm?, as shown in Fig. 6(b) and (d). Elongated voids were present
at the melt pool boundaries due to lack of adhesion between the ad-
jacent layers. The formation of elongated voids is likely due to in-
sufficient VED (117 J/mm?®) for melting the previously deposited layer.

A particle with a diameter of 200 um which is significantly larger
than the initial particle size is shown in Fig. 6(d). Formation of such a
large particle could be likely due to three possible phenomena; (1) high
scan speed would cause turbulent splashes inside the melt pool due to
large shear forces and these splashes would be displaced to the outside
of laser path and be solidified as a large particle; (2) high viscosity of
the melt could lead to balling effect forming a spherical shape [13]; and
(3) the high intensity of laser beam could cause metal vaporization and
lead to recoil pressure and spatter ejection from the surface [40]. These
large particles disturb the spreading of the powder in the subsequent
layers by blocking the powder. Furthermore, these particles could not
be melted at the next layer and were remained unmelted due to com-
bined effects of high scanning speed and low VED. Absence of sufficient
volume of the powder on the opposite side of this large particle, and
lower viscosity of melt did not provide sufficient amount of melt for
filling the voids. Eventually, the void became larger with adding layers
and reduced the relative density of the part.

A lighter contrast of elongated grains caused by columnar grain
growth on xz plane is shown in Fig. 6(c). The formation of elongated
grains could be explained because of coherency in chemistry and
crystallography between the melted powder and the previously solidi-
fied layer. Thus, there was no barrier against nucleation of new grains
[41] which could grew at the same crystal orientation of the previous
layer until this similarity in chemistry or crystallography was altered
either due to the formation of defects such as voids, porosity or balling
effect. At high VED, because of the slow movement of heat source, there
could be a profound direction of thermal gradient and sufficient time
for the melt to solidify in the preferred orientation. This is likely why
the preferred orientation and larger columnar grains were formed at
high VED of 1400 J/mm? as shown in Fig. 6(c).

The higher number of defects were observed at high scan speed and
low VED as shown in Fig. 6(d). Defects such as voids could locally
change the direction of heat flux in such a way that epitaxial grain
growth (which follows the dissipation direction) could be different from
the build direction. The combined effect of alternating direction of heat
flux and Marangoni convection inside the melt pool likely led to more
collision of grains, resulting in finer grain size.

SEM micrographs of the SLM 304L sample at VEDs of 1400, 350,
175 and 117 J/mm? are shown in Fig. 8(a)-(d), respectively. A hexagon
pattern was shaped on the surface of the electroetched sample as pre-
sented in Fig. 8(a). The hexagon pattern is a cluster of cells or subgrains
that were formed during rapid solidification. The brighter contrast of
cell walls (or subgrain boundaries) could be attributed to the segrega-
tion of heavier elements such as Cr and presumably high density of
dislocations [18].

Fig. 8(a)-(d) demonstrated that different VEDs led to different sizes
of cellular substructure. Furthermore, by decreasing VED from 1400 to
117 J/mm?, the size of each cell was reduced subsequently. During SLM
process the temperature gradient in liquid (Gy), growth rate (R), and
solidification undercooling (AT) varies from center to the edge of the
melt pool. The effect of the solute and thermal gradient on the sub-
structure is formulated by the equation below [41]:

G AT

L <« =~ forsteady— stateplanargrowth
R Dy,

G

> £forcellularandcolumnargrowth
R~ D

where Dy is the diffusion coefficient of liquid. Here, the G;/R ratio
governs the solidification microstructure, and the cooling rate (G, X R)
determines the size of the substructure. The higher cooling rate would
result in the finer substructure [41].

The planar interface is randomly orientated because the growth is
controlled by the heat flow, and, the direction of growth is perpendi-
cular to the solidification front. Cellular growth in terms of growth
direction is very similar to planar growth and is controlled by heat flow
and crystallographic orientation. The main characteristic of cellular
growth is uniformly spaced cells or hexagons, growing parallel to each
other as shown in Fig. 8(a)-(d). Dendritic growth is completely
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Fig. 8. SEM micrographs of SLM 304L, perpendicular to build direction, with different VEDs: (a) 1400 J/mm?, (b) 350 J/mm?>, (¢) 175 J/mm?® and (d) 117 J/mm®.

different from planar and cellular growth. In dendritic growth, the
crystallographic orientation governs the direction of growth. Dendritic
growth occurs in a specific direction, known as easy growth direction
where growth and solidification rates are the fastest [42].

The formation of very fine nanoparticles was evident in the inset
shown in Fig. 8(c) from SLM 304L at VED of 175 J/mm?>. These na-
noparticles were formed and distributed across the surface in all of the
samples. The distribution of nanoparticles was not uniform and varied
in different regions of the sample. Further investigation was done by
TEM to characterize these nanoparticles, and results are presented in
Section 3.4.

In order to quantitatively compare the size of cells at each VED
(117 - 1400 J/mm?>), the average cell size was measured according to
Ma et al. [43] procedure. The measurement was done on 20 random
regions on the cross-section perpendicular to building direction. The
average values are plotted in Fig. 9.

In Fig. 9, the cooling rate was calculated from primary cellular arm
spacing according to the following equation [36]:

A =807 4

where T is the cooling rate, and A is the primary cellular arm spacing.
Fig. 9 shows an increase in cell size and a reduction in the cooling rate
at higher VEDs. The highest and lowest cooling rates were 10”7 K/s and
10° K/s associated with VED of 117 J/mm® and 1400 J/mm?, respec-
tively. Due to the high cooling rate (10°-10” K/s), there was not suffi-
cient time for the growth of branches originating from the primary
arms. Thus, the formation of dendritic microstructure was unlikely, as
indicated in Fig. 8(a)-(d). At lower VEDs, cooling rates were sig-
nificantly increased especially at VEDs < 400 J/mm?>. In contrast, at
higher VEDs, the cooling rate was slightly decreased.

In the sample with the highest VED (1400 J/mm®), the cells were
approximately uniform in size and orientation across different regions
of the sample. The hexagon pattern and elongated cell walls were the

dominant patterns in the cross-sections perpendicular and parallel to
build direction, respectively. However, at lower VEDs (117 —200 J/
mm?), a predominant pattern in different cross-sections was absent. In
other words, both hexagon pattern and elongated cell walls could be
found very close to each other in perpendicular and parallel cross-
sections, especially in the vicinity of defects such as porosity.

Because porosity and voids act as internal heat sink inside the SLM
sample altering the cooling rate and subsequently cell size and or-
ientation of cellular substructure. This observation was consistent with
directionality in the growth of grains in the optical micrograph shown
in Fig. 6(d). It can be implied that the directionality in substructure
would cause the grains or macrostructure to get orientated in the same
direction of the cellular substructure and form a hierarchical structure
that will be discussed in Section 3.5.

3.4. TEM characterization of SLM 304L parts

The SLM 304L contains nanoparticles that were precipitated upon
rapid cooling within the matrix as formerly shown in Fig. 8(c). These
nanoparticles are shown at higher magnification in the STEM micro-
graph depicted in Fig. 10(a). The diameter of these spherical particles
varied from 20 to 80 nm as shown by arrows in Fig. 10(a). The dis-
tribution of these nanoparticles was not found to be uniform
throughout the entire sample. High dislocation density and cellular
structure were evident features in Fig. 10(a).

In addition to nanoparticles, parallel and oblique band features
were evident in the STEM micrograph shown in Fig. 10(b). Tucho et al.
[18] identified these bands as twining structures formed due to plastic
deformation of the matrix as a result of high thermal stress induced by
rapid heating and cooling during the SLM process. The formation of
nanotwins during the tensile test was formerly reported in the SLM 316
SS [44]. However, thermally-induced nanotwins were not formerly
reported during SLM of 304L SS. Additional discussion is provided in
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Fig. 9. The effect of VED on cell size and cooling rate in SLM of 304L SS (data points are plotted for VED of 117 —1400 J/mm?).

Section 3.6.

The EDS elemental map is obtained from precipitation displayed in
Fig. 10(a), and is presented in Fig. 11. The EDS map revealed that these
particles mainly consisted of Si, Mn, and O. Table 4 compares the point
analysis obtained from the matrix of SLM 304L and obtained from the
nanoparticles. According to Table 4, Cr and Ni contents of nanoparticles
were lower compared to the 304L matrix. However, the amount of Si,
Mn, and O were higher in nanoparticles compared to 304L matrix.

Based on the Ellingham diagram for the oxidation of individual
elements [45] as listed in Table 5, the Gibbs free energy for the for-
mation of SiO, and MnO are the lowest among the other elements
present in 304L. For example, the partial pressure of oxygen at melting
temperature of 304L (1400 °C) is 7.1 x 10~ 2° atm for Si, 1.9 x 10°
atm for Ni and 3.15 x 10™*® atm for Cr. Thus, the formation of Si-Mn-O-
enriched nanoparticles is likely due to the reaction of Si and Mn with
any residual oxygen available in the nitrogen-filled SLM chamber.

The required amount of oxygen for reacting with Si and Mn was
mainly attributed to the residual of oxygen inside the SLM chamber.
Saeidi et al. [14] identified nanoparticles with a diameter of 150 nm
that were non-uniformly distributed throughout SLM 316 matrix.
However, nanoparticles in this study had diameter of 20-80 nm. The
formation of finer nanoparticles in this study is attributed to the lesser
available oxygen in SLM chamber (< 0.01 %). The residual oxygen in
Saeidi et al. [14] study was < 0.1 %. In another study by Sun et al. [16],
on SLM 316L, the size of nanoparticles was reported in the range of
100-200 nm, while the oxygen content was at 0.16 %. Comparing the
size of nanoparticles and oxygen content in this study with the above-
mentioned studies [14,16] implies that the size of nanoparticles is re-
duced at lower amount of residual oxygen inside SLM chamber. Thus,
by understanding the role of oxygen content and minimizing its

amount, finer nanoparticles were achieved.
3.5. EBSD result and texture analysis

EBSD maps were performed on a cross-section perpendicular to the
build direction of various VEDs to analyze the grain size, morphology,
and grain orientation. Table 6 presents the average grain size at VEDs of
1400, 700, 350 and 117 J/mm?. The grain size was reduced from 10.3
um to 5.5 um with decreasing VED from 1400 to 117 J/mm>. The lower
VEDs lead to a higher cooling rate, higher undercooling and conse-
quently smaller critical radius (r*) and thus, lower nucleation energy
barrier (AG*) [41]. Therefore, using lower VEDs could result in a higher
rate of nucleation and eventually the formation of more grains and finer
size. Formation of finer grain size by decreasing VED is consistent with
the formation of smaller cells formerly discussed in Section 3.3 con-
firming that SLM parts could show hierarchical structure.

Fig. 12(a)-(d) show the Inverse Pole Figure (IPF) maps and corre-
sponding Pole Figures from cross-section perpendicular to the build
direction at VEDs of 1400, 700, 350 and 117 J/mm?>, respectively.
Fig. 12(a) revealed the strong texture of {101} at the highest VED of
1400 J/mm? due to the high intensity of {101} pole figure when the
standard (001) stereographic projection was superimposed to the {101}
pole figures. So, the texture of SLM 304L at the highest VED can be
described as (101) [100]. The < 100 > direction in cubic systems is the
preferred growth direction (easy growth) and this direction is consistent
with the texture of the SLM 304L part at the highest VED of 1400 J/
mm?®, At the highest VED of 1400 J/mm?>, the laser generates a large
volume of melt which could potentially eliminate any heterogeneity or
anisotropy in the microstructure of previously solidified layer and
provide sufficient time for grains to orient to the opposite direction of

Fig. 10. STEM micrograph of SLM 304L at VED = 350 J/mm?®, parallel to the build direction cross-section, (a) presenting cellular substructure and nanoparticles

(pointed by arrows) and (b) showing nanotwins (pointed by arrows).
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Fig. 11. HAADF STEM image with corresponding EDS elemental map obtained from nanoparticles within the SLM 304L matrix at VED = 350 J/mm?>,

Table 4
Chemical analysis by EDS point analysis performed on both matrix of 304L and
nanoparticles in SLM 304L.

Elements Fe Cr Ni Mn Si o Total

Matrix (wt.%) 67.10 1818 10.05 1.80 1.33 154 100
Nanoparticles (wt.%) 54.01 16.49 8.19 849 494 7.88 100

Table 5
The equilibrium oxygen partial pressure for the formation of various oxide
compounds at 1400 °C [45].

Element Stoichiometric Composition Po, (atm)
Fe Fe304 7.29 x 10710
Fe,03 6.02 x 107°
Cr Cry03 3.15 x 107 '°
Ni NiO 1.90 x 107°
Si Si0, 7.10 x 1072
Mn MnO 8.10 x 108
Table 6
Grain size measurement for different VEDs by EBSD.
VED (J/mm®) 1400 700 350 117
Average grain size (um) 10.3 7.9 6.1 5.5

heat flux, resulting in a high degree of texture in the < 001 > direction.

The multicomponent cubic texture was observed in SLM 304L when
the VED decreased from 1400 J/mm?® to 700, 350 and 117 J/mm?>.
Thus, lack of a preferred orientation was observed in different direc-
tions of < 100 >, <110 > and < 111 > . Relatively weak texture in
samples manufactured at lower VEDs could be explained by the higher
cooling rate causing a higher number density of nuclei and finer grains
in random directions. However, the preferred direction of grain growth
was altered, and texture became deviated from the direction of the
heat-dissipating at lower VED due to presence of porosity and lack of
fusion. Yu et al. [23] reported a very weak texture in SLM 304 at VED of
125 J/mm®. A study by Niendorf et al. [46] shows the formation of
elongated grains parallel to the build direction, and texture in the di-
rection of < 001 > at a high intensity of 1000 W. However, the pre-
sence of the preferred texture at much lower laser power (105 W) is

reported in this study. While more investigation is required, our pre-
liminary results on the texture of SLM 304L demonstrates the potential
of manufacturing parts with tailored texture and properties via ma-
nipulating the SLM parameters and direction of the build.

3.6. Mechanical properties

Relative densities and microhardness values as a function of VED
are plotted in Fig. 13 (a) and (b), respectively, for the SLM 304L parts.
With increasing VED, the overall relative density values increased.
Accordingly, the highest density of 99 + 0.5 % was attributed to the
VED of 1400 J/mm?®. As discussed in Section 3.3, the formation of
porosity due to gas entrapment, the presence of elongated voids due to
lack of fusion, and the balling effect could result in lower relative
densities at lower VEDs.

The overall trend of microhardness values was a slight increase at
higher VEDs, as shown in Fig. 13(b). The highest microhardness value
was 254 + 7 HV, associated with VED of 280 J/mm>. Relative density
and microhardness values followed the same trend but with a different
slope. This different slope could imply that the relative density values
were strongly correlated to VEDs in contrast to microhardness values
which were less strongly related to VEDs. Tucho et al. [18] reported a
strong influence of relative density on the hardness values of SLM 316L
in a limited range of 50-80 J/mm?®. Although in our study, the micro-
hardness values decreased by decreasing VEDs, a significant correlation
between relative density and microhardness values could not be found
at VED of 117 — 1400 J/mm?>.

The engineering stress-strain curves of SLM 304L at VEDs of 700
and 175 J/mm® are plotted in Fig. 14. The corresponding relative
density, YS, UTS, and elongation were listed in Table 7. Tensile data for
wrought 304L SS (YS = 170 MPa and UTS = 485 MPa) was used for
comparison [47]. At VED of 700 J/mm® and relative density of
99 + 0.02 %, the YS and UTS values were measured to be 540 + 15
MPa and 660 + 20 MPa, respectively. At VED of 175 J/mm?® and re-
lative density of 97.5 * 0.6 %, the YS and UTS values were measured to
be 430 = 12 MPa and 530 + 24 MPa, respectively.

By comparing the tensile properties at two different relative den-
sities of 97.5 % and 99 % it can be demonstrated that an increase of 1.5
% in density has a significant impact on tensile properties; improving
YS from 430 = 12 MPa to 540 + 15 MPa (which is about 25 % im-
provement). Guan et al. [21] reported YS of 519 —570 MPa and UTS of
651 —717 MPa for fully dense 304 SS parts (~100 % density based on
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Fig. 15. (a) SEM micrograph of SLM (VED of 233 J/mm?®) and annealed 304L at T = 1200 °C for 2 h and (b) corresponding IPF map, showing annealing twins
(arrows, pointing at annealing twins) and equiaxed grains.
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their optical micrograph results) produced in a self-developed SLM
machine. SLM process variables included layer thickness (20 —40 um),
overlap rate (10-50 %) and hatch angle (90°-150°) [21]. The results in
the current study showed the highest YS of 540 + 15 MPa and UTS of
660 = 20 MPa was achieved at a relative density of 99 = 0.02 %, and
were in agreement with the results reported by Guan’s [21]. In another
study by Elghany et al. [22] the YS of 182 MPa and UTS of 393 MPa
were measured for SLM 304L with a relative density of 94 %.

Table 7 shows a high elongation of 30-40 % that can be attributed
to the formation of twinning during the tensile test because it is a fa-
vorable deformation mechanism in 304L steel with low stacking fault.
Deformation-induced twins were formed toward necking region in SLM
316L according to Pham et al. [48]. Twining spacing of 2—5 um was
measured by EBSD led to a good ductility of SLM 316L [48]. Nanotwins
with a twinning spacing of 200 nm were identified in SLM 304, as
shown in Fig. 10(b). In contrast to the formation of parallel twins in the
deformed samples, nanotwins in Fig. 10(b) showed no preferred or-
ientation. This is because of alternating scan strategies and scan speed
that can change the direction of thermal stress and growth of twin
boundaries.

The interaction of the twin boundary and dislocation increases the
dislocation storage capacity resulting in higher tensile and creep
properties. Twin boundaries act as grain boundaries and consequently
enhance ductility [49,50]. Additionally, deformation twins with the
spacing of tens to hundreds of nanometers show Hall-Petch behavior
that can enhance mechanical properties [51]. Therefore, twining is a
mechanism that can increase both strength and ductility simulta-
neously. The presence of nanotwins prior to tensile tests could generate
more obstacles and potentially enhance the mechanical properties. The
reported SFE for 304L SS is in the range of 8-40 mJ.m ~2 and for 316L is
in the range of 14.2-78 mJ m~2[52]. Higher mechanical properties can
be achieved in SLM 304L compared with SLM 316L due to the lower
stacking fault energy of 304L and prior existence of nanotwins
boundaries in SLM 304L.

3.7. Annealed SLM 304L

The sample with a VED of 233 J/mm® was annealed in vacuum at
1200 °C for 2 h. XRD result of the annealed sample is formerly shown in
Fig. 3 and revealed only the austenitic phase. The retained §-ferrite
phase formed due to rapid cooling completely transformed to austenite
during annealing.

After annealing microhardness value was reduced from 233 + 3 HV
to 208 = 8 HV. As discussed in Section 3.6, the induced thermal stresses
in SLM process led to the formation of nanotwins that could potentially
act as a driving force of recrystallization [53]. Fig. 15(a) shows SEM
micrograph of annealed SLM 304L. After annealing, the cellular sub-
structure produced by the SLM process was disappeared, and no mi-
crosegregation was observed in cell wall indicating recrystallization of
SLM 304L during annealing. Nanoparticles with a diameter of 20 —80
nm, were coarsened to 200 —500 nm due to diffusion in annealing as
shown in the inset of Fig. 15(a).

Annealing twins are pointed out by arrows in the EBSD IPF map
shown in Fig. 15(b). 304L SS is prone to the formation of annealing
twins due to substantially lower stacking fault energy [53]. As a result,
the grain morphology was transformed from columnar grains to more
equiaxed grains with uniform grain size distribution as shown in
Fig. 15(b).

4. Summary and conclusion

In this study, fully dense 304L SS parts were manufactured using
SLM process. Effect of various VEDs on the microstructure, texture and
mechanical properties are investigated after SLM and annealing. The
primary findings from this study are as follows:
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The absence of porosity and balling effect in the sample with VED of
1400 J/mm° (relative density of 99 + 0.5 %) was attributed to the
lower viscosity and a larger volume of melt. Furthermore,

Marangoni convection facilitated the melt spread and filled the

porosity more easily. The existence of a few small porosities could

be due to gas entrapment during the process.

2 EBSD analysis illustrated a strong texture in the sample with a VED
of 1400 J/mm°® at the direction of [100], and a multicomponent
texture on samples with VEDs of 750, 350 and 117 J/mm>. This
multicomponent texture was attributed to the higher rate of nu-
cleation and porosity altering grains orientation from the easy
growth direction of [100].

3 TEM analysis revealed the formation of thermally-induced na-
notwins due to rapid cooling in the matrix of SLM 304L. Lower
stacking fault energy of 304L (8 mJ.m ~2) could explain the presence
of nanotwins. Furthermore, nanoparticles were observed with
composition of Si, Mn, and O, likely due to lower enthalpy of for-
mation of Si and Mn oxides, compared to the other elements within
the 304L matrix.

4 Relative density and hardness values of SLM 304L were reduced by
decreasing VEDs with different slopes. The highest relative density
of 99 + 0.5 % was associated with VED of 1400 J/mm?, and the
highest hardness of 254 + 7 HV was obtained for VED of 280 J/
mm?>. SLM 304L (p = 99 = 0.02 %) exhibited considerably higher
YS (540 = 15 MPa) and UTS (660 = 20 MPa) compared to the
wrought 304L (170 MPa and 485 MPa, respectively).

5 After annealing a sample with VED of 233 J/mm® at T = 1200 °C,

microhardness value was reduced to 208 = 8 HV. The cellular

substructure and elongated grains disappeared due to recrystalliza-
tion. The nanoparticles were coarsened to 200—500 nm, which
were substantially higher than the initial size of nanoparticles

(20 —80 nm).
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