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Abstract

The present study employs fast scanning speeds to fabricate high-density stainless steel 316L
(SS316L) parts via selective laser melting (SLM). It aims to improve the production rate
while maintaining a low porosity for the SLM-built parts. Density values of >99% were
recorded for all the fabricated samples in this study. The scanning speed of the laser could be
much improved due to the use of 380 W power laser. The overall build rate in this study is
supposed to be enhanced by ~72% as compared to commonly used processing parameters.
Detailed microstructural characterisation was carried out in order to obtain an in-depth
understanding of the microstructure of SLM-built SS316L. The microhardness of built parts
is between 213 to 220 HV, which is much higher than that of the standard annealed
counterpart of ~155 HV. This study provides an insight on how to improve SLM build rates
without any loss of parts’ density and mechanical properties.

Keywords: additive manufacturing; selective laser melting; stainless steel 316L; transmission
electron microscopy; microhardness

1. Introduction

Additive Manufacturing (AM), also known as three-dimensional (3D) Printing, has gathered
much interest from both the industry and academia in the past few years. It is defined as a
process of joining materials to make objects from a 3D model, usually layer upon layer, as
opposed to subtractive manufacturing methodologies [1]. A wide range of materials such as
metals, ceramics and polymers could be manufactured by various AM methods [2-4]. There
are three AM methods that are commonly used for fabrication of metallic parts: (i) powder
bed systems, (ii) powder feed systems and (iii) wire feed systems [4]. Selective laser melting
(SLM) is an important powder bed based AM fusion technology. It utilises an energy source
of laser to build parts by selectively melting a metallic powder bed in a layer-wise mode.
Comparing to other non-powder bed based laser systems, such as engineered net shaping
(LENS), SLM has the advantage of building complex geometries with a high resolution and a
high accuracy [2]. Stainless steel 316L (SS316L) is one of the most widely investigated
materials for SLM [5]. This is due to its wide applications in marine, biomedical equipment
and fuel cell [6-8].



Kruth et al. carried out many pioneering studies on the SLM fabrications of stainless
steels [9]. In 2004, they demonstrated the importance of different processing parameters for
obtaining full-density metal parts via SLM [10]. Afterwards, many researchers validated their
work [11-13]. However, it is very difficult to achieve full density of 100% in practice. This is
because there will be inherent pores trapped within the powders. Moreover, unlike the
moulding process, the lack of mechanical pressure makes SLM process more prone to
bonding cracks between different layers [14]. One feasible way to achieve a high density is
via the trial and error method. However, this process is very time consuming [15]. Several
other methods were employed by different researchers. For instance, Yasa et al. investigated
the effect of laser re-melting. They found that almost full density of 100% can be achieved
when each layer was scanned twice [16]. However, scanning each layer twice increased the
production time significantly. Recently, Cherry et al. made use of the semi-empirical formula
of power energy density to enhance the density for SS316L parts. They proposed that a
minimum porosity of 0.38% was obtained at an energy density of 104.52 J/mm?® [17].
However, their work employed a laser power of <200 W. It is worth noting that most of the
reported SLM fabrication processes made use of low power inputs, typically <200 W [15, 18].
Niendorf et al. reported the SLM fabrications of SS316L using powers of 400 W and 1000 W
respectively [19]. However, no density information of the built parts was provided in their
work. Thus, it remains unclear whether a high power input could yield a high density SS316L
part via SLM.

The main advantage of using high power inputs is higher production rate. Slow build
rate is one of the major limitations of SLM as compared to its counterparts such as electron
beam melting (EBM). Buchbinder et al. demonstrated the possibility of using high power
inputs to fabricate aluminium parts. Their work showed that using a high power input could
improve the production rate by as much as 4 times [20]. However, they believed that high
power inputs were only suitable for materials with high thermal conductivities like
aluminium and copper if the beam diameter was kept constant. This is because spattering will
occur if the input heat is not dissipated fast enough [20, 21]. In this study, SS316L parts were
fabricated via SLM using a slightly higher power input of 380 W. It aims to achieve a higher
build rate without losing the built parts’ density. This work also provides detailed
microstructural characterization and in-depth discussion on microstructure - microhardness
relationship.

2. Experimental procedures

The SLM machine used in this work is SLM 250 HL (SLM Solutions, Germany). Figure 1(a)
schematically illustrates the SLM 250 HL system. The focused spot size is ~80 um when the
employed laser power is below 400 W. During the fabrication process, recoater deposits
powder across the build platform as it moves forward and backward. The excess of the
deposited powder will be collected in two powder bottles located at the front and the back,
and then recycled. A laser beam scans upon each layer of powder according to the input
stereolithography (STL) file. It is controlled via the two rotating lenses above the F-theta lens.
The build platform will move down with the lifting device by one layer’s thickness after each
scan. A new layer of powder is then deposited by the recoater. This process repeats itself until



the desired object is fabricated. The SS316L powder used in this work is shown in Figure
1(b). It is gas-atomised spherical powder in the range of 20 to 63 um. The nominal chemical
composition is (wt.%) 16-18% Cr, 10-14% Ni, 2-3% Mo, <0.03% C, <1% Si, <2% Mn,
<0.045% P, <0.03% S, < 0.1 %N, and Fe balance.

There were 2 sets, 24 cubes fabricated by SLM in total for the present study. Each
cube has a dimension of 10 x 10 x 10 mm?. Their processing parameters are listed in Table 1.
Laser power and layer thickness were fixed at 380 W and 50 pm, respectively. Scanning
speed and hatch spacing were adjusted to make sure that the power energy density is close to
104.52 J/mm?® as proposed by Cherry et al. [17]. The sample SO01 has the fastest scanning
speed of 3000 mm/s and the smallest hatch spacing of 25 um among all the samples. The
laser scanning speed decreases while hatch spacing increases from S01 to S12. The sample
S12 has a scanning speed of 625 mm/s and a hatch spacing of 120 um accordingly. The

power energy density formula is Q =

— where Q is the power energy density, P is the

power input, v is the scanning speed, h is the hatch spacing and t is the layer thickness. Laser
scanning starts when the oxygen content in the build chamber was <0.05%. A bidirectional
stripe scanning strategy was employed in this study. All the samples were built using the
same stripe size of 1 mm.

The built parts’ density was determined by both the image analysis method using
optical microscopy (OM; ZEISS Axioskop 2 MAT) and the Archimedes method. The image
analysis method evaluates the part’s porosity by calculating the area percentage of pores on
polished surfaces. The Archimedes method calculates the part’s density based on the
Archimedes Principle. The object’s weight was measured in both air and ethanol. Given the
ethanol’s density, the part’s density can then be obtained. Scanning electron microscopy
(SEM; JEOL JMS 5600; 20 kV), X-ray diffraction (XRD; PANalytical Empyrean; Cu Ka;
step size of 0.013°) and transmission electron microscopy (TEM; JEOL-2010; 200 kV) were
used to examine the microstructure of the as-built SS316L samples. The samples were firstly
ground with SiC-paper of grit #320 and followed by MD-Largo (DiaPro Largo 9 pm
suspension). They were then polished with MD-Dac (DiaPro Dac 3 um suspension) and MD-
Nap (DiaPro Nap 1 um suspension). Ralph’s solution (100 ml H,O, 200 ml methyl alcohol,
100 ml HCI, 2 g CuCl,, 7 g FeCl, and 5 ml HNO3) was adopted to etch the polished samples
by swabbing for OM and SEM observations. Quantitative image analysis was carried out via
the Image J software. TEM samples were manually ground down to <50 um and then cut into
discs of 3 mm in diameter. They were then prepared by ion milling with a beam voltage of
3.5 kV and a milling angle of 4 to 8°. Vickers microhardness (HV) measurements with 1 kg
load and 15 s hold were conducted on metallographic samples using the Future Tech FM-
300e microhardness tester. At least 10 microhardness measurements were taken for each
sample with a standard deviation smaller than 5 HV.

3. Results

3.1. Porosity and melt tracks



The density measurement results by the image analysis method and the Archimedes method
are shown in Figure 2(a). Both graphs show that a high density of >99% was achieved for all
the SLM-built samples. However, the image analysis method records a higher value
compared to the Archimedes method. Despite this minor difference, both graphs show a
decreasing trend as it moves from samples SO1 to S12, which can be seen from Figure 2(b) -
(d). Only very small spherical pores were sporadically observed in the SO1 sample. These
spherical pores are likely to be caused by the trapped gas inside the SS316L precursor
powder. The number of spherical pores increases from S01 to S06. Vertical cracks start to
appear after S06 and the S12 sample has the most number of them, as shown in Figure 2(d).
The possible reasons for the appearance of these vertical cracks will be discussed in the
following section.

Figure 2(e) - (g) show the top surface topography of three representative samples. The
distance between adjacent orange scan lines indicates the hatch spacing. They are 25, 60 and
120 pwm for the SO01, S06 and S12 samples respectively. There are some loose powder
attached to the top surfaces for all the three samples. This might be because the suspended
powder inside the build chamber fell down upon the top surfaces during melting. In addition,
curved scanning tracks in each stripe can be observed for all the samples. This is because of
the bidirectional stripe scanning strategy. As laser scanned in “snake” shape on the x-y plane,
e.g. from left to right along stripe direction, heat loss towards two sides was restricted due to
the previous and the subsequent hot scanning lines. While the heat was easily dissipated from
two ends. As a result, the two ends of a scanned track were firstly solidified, and at the same
time its middle section still could be kept in fluid and move a bit towards the subsequent
hotter scanning line due to the surface tension effect. Thus, all the scanning tracks were
curved and pointed towards the overall scanning direction. As the hatch spacing increases
from 25 to 120 um, the top surfaces become increasingly rough. One possible reason is that
when hatch spacing is small, the re-melting area of newly scanned lines helps to smoothen
the previous scanned lines. Therefore, large hatch spacing is not favourable to the top
surface’s finish.

Figure 3 shows an image of layer-wise melt tracks for the SO1 sample. Most of the melt
tracks seems to be uneven and irregular. There are three different kinds of melt track
morphologies in general. The melt tracks in Figure 3(i) are parallel to the horizontal line and
they stack on top of one another. This is owning to the fact that the red scanning lines were
scanned parallel to the horizontal line from right to left. The distance between the melt tracks
in Figure 3(ii) is wider than that in Figure (iii) but both of them are perpendicular to the
horizontal line as the scanning lines in Figure 3(iii) were scanned perpendicular to the
horizontal line. The distance between the melt tracks in Figure 3(iii) is the actual hatch
spacing of 25 um. Due to a change in scanning direction, the scanning lines in Figure 3(ii) are
further away from one another, resulting in the wide melt tracks.

3.2. Phase identification and microstructure

Figure 4 reveals that there are two main phases in the SLM-built SS316L samples, i.e. face-
centred cubic (fcc) austenite (y phase) and body-centred cubic (bcc) ferrite (5 phase). No



martensite formed below 4 K if no strain was applied [22]. This helps to further confirm that
there should be no martensitic phase formed in the SLM-built SS316L samples. The
diffraction patterns of the S01 and S12 samples show wider peaks compared to those of the
precursor powder. It indicates the presence of residual stresses within the SO1 and S12
samples after SLM process, which causes the lattice distortions that result in obvious peak
widening phenomenon [23, 24].

Figure 5 shows the typical cellular sub-grain microstructures in the S01 sample.
Epitaxial growth is evident as grains can grow across melt tracks. It is found that there is no
obvious difference on the cellular size among the S01-S12 samples. The average cell size was
determined to be ~1 £ 0.5 um. In order to examine the sub-grain microstructure and the
retained 6 phase in detail, TEM studies were carried out. Figure 6 shows the cellular
microstructure of y that was confirmed with the inserted selected area electron diffraction
(SAED) pattern. It can be clearly observed that each cell was surrounded with dense,
entangled dislocations.

Figure 7 shows the bright field TEM images of the retained phase in the S01 sample.
Acicular phases were observed within the y austenite matrix as shown in Figure 7(a). The big
acicular phase has a length of ~3.2 um passing through several cells. The diffraction pattern
in the zone axis of <111> confirms that the retained acicular phase is & ferrite with a bcc
structure. The & ferrite phase in SLM-built SS316L has previously been identified by Saeidi
et al.”’s EBSD study [25]. It is known that & ferrite is the high-temperature bcc phase for the
microstructure of SS316L. Due to the fast cooling rate involved in SLM process, a small
amount of & ferrite retained without transforming to the low-temperature y austenite phase.
The retained 3 phase is supposed to strengthen the soft austenitic matrix.

A grain boundary is present between two grains with different contrast in Figure 7(a).
The o ferrite phase was observed to be randomly distributed within the matrix. In addition to
the acicular morphology, ¢ ferrite was also found to have various irregular shapes (see Figure
7(b) and 7(c)). Apart from the retained 6 ferrite, a large amount of spherical particles having a
size range of ~100-200 nm was observed under TEM. They were found to be amorphous in
terms of the diffuse diffraction rings in Figure 8. Their compositions were analysed using
TEM-EDX with a result of 36% O, 40% Si, 10% Cr, 14% Mn (in at.%). Therefore, the nano-
scale inclusions are suggested to be the silicate containing chromium and manganese, which
is agreement with the previous work [25]. They are believed to resist dislocation movement
and hence much strengthen the materials.

3.3. Microhardness

The Vickers microhardness results for the SLM-fabricated samples are shown in Figure 9. It
shows a decreasing trend from samples SO1 to S12 overall with the highest value of 220 HV
in the SO1 sample and the lowest value of 213 HV in the S12 sample. By contrast, the
microhardness of annealed SS316L is in the range of 150 to 160 HV [26], as shown in the
shaded block in Figure 9.

4. Discussion



By utilising a laser power input of 380 W, as compared to the most commonly used power
input of ~100 W before, the scanning speed of the laser can be improved by ~3.8 times
according to the power energy density formula while other parameters remain the same. The
SLM process cycle time is divided into primary and auxiliary process time. The primary
process time mainly consists of the laser’s scanning time. While the auxiliary process time
accounts for the powder recoating and substrate movement time [27]. It is found that in order
to fabricate the 24 (10 x 10 x 10 mm?) cubes, 380W laser can save ~41.8% of the total build
time (from 11h:29m:16s to 6h:40m:58s, simulated by the built-in software of SLM 250 HL
machine) as compared to 100 W laser. This translates to an increase in the build rate by 72%,
i.e. from 0.6 mm®s to 1.0 mm?®s. Thus this reduction in the primary process time can help
improve the overall production rate significantly. Furthermore, since the auxiliary process
time depends on the hardware and mechanisms of different machines, it is also easier to
improve the overall production rate by reducing the primary process time via a higher power
input.

The scanning strategy used for this study helps to achieve good fusion bonding and
effectively reduce porosity. The short stripe length of 1 mm is used to prevent surface
swelling. The constant change of scanning direction for consecutive layers ensures good
fusion bonding between layers and minimises the residual stresses. However, even for the
SLM-fabricated samples with the same scanning strategy and the same energy density input,
slight change in the scanning parameters is found to affect the porosity. The samples, built
with higher scanning speeds and smaller hatch spacing, tend to have lower porosities. This is
due to the presence of vertical cracks observed from samples S07 to S12 in this work. One of
the possible reasons for the formation of these vertical cracks was explained by Cloots et al.
for SLM-fabricated In738LC alloy [28]. It was proposed that when the scanning speed was
low, the laser penetration depth would increase. Inhomogeneous rapid solidification resulted
in constitutional undercooling. This in turn created thin films with a low melting point
between different grains. Residual tensile stresses could not be transmitted through the brittle
grain boundaries and shrinkage occurred [28]. Another possible reason for the vertical cracks
is due to the so-called “keyhole effect” [29]. Voids might be generated when the laser
penetration depth increased. This is further supported by Wayne et al.’s work on SLM-built
SS316L [29] and Thijs et al.’s work on SLM-built AISi10Mg alloy [30]. Moreover, the
increasing thermal gradient caused by the slow scanning speeds may also be a reason for the
appearance of those vertical cracks. The vertical cracks can propagate more than one-layer
thickness as observed in Figure 2(d). This may be due to the fact that the cracks developed
from previously deposited layers served as the nucleation sites for the ones occurred in the
subsequent layers. It is noted that all the 12 samples were built with the same energy density
of ~104 J/mm?® while they contain different porosities. Thus, an optimal energy density is
only the necessary condition to ensure a high density. Some other influencing factors, e.g.
laser penetration depth and hatch line spacing, are also needed to be taken into consideration
in order to achieve fully dense SLM-built parts.

The microstructure of SLM-built SS316L in this study is very complex as shown in
Figure 5. Grains with different orientations are present even under the same melt track. This



might be due to the continuous re-melting process such that the grain growth direction
constantly changes according to the heat flow directions. The Marangoni effect further affects
the microstructure as the different heat flow directions exist within the same molten pool,
creating different grain growth orientations [31]. The columnar grains with cellular structure
are believed to form mainly due to the high thermal gradient and the high solidification rate
accompanied with SLM process. This kind of microstructure has been observed for many
different materials processed by SLM, e.g. SS316L, and Cobalt alloy [16, 32]. Moreover, the
solidification map developed for titanium alloy further confirms that columnar microstructure
will occur when the thermal gradient is >10* K/cm [33]. High thermal gradient is a
characteristic of SLM process. It was reported that the thermal gradient for SLM process
could be as high as 10° K/m [30]. Therefore, most of the materials fabricated by SLM may
have a columnar microstructure. The cellular sub-grain boundaries were reported to be rich in
molybdenum [25]. The large size of molybdenum atoms creates severe crystal lattice
distortions. This in turn generates many dislocations (as shown in Figure 6), which will help
to increase the hardness of the SLM-built parts (see Figure 9).

It was proposed that for austenitic stainless steels, the cooling rate T could be
calculated from the primary cellular spacing A, according to the equation 1, = 80T 033 [34].
Therefore, the average cell size of ~1 um observed in this work corresponds to a cooling rate
of ~5.8 x 10°K/s. The average cell size in Saeidi et al.’s work is 0.5 um, which corresponds
to a cooling rate of ~4.8 x 10° K/s. Provided this variation in the cell size is due to different
cooling rates. It may be the result of different build heights between the two studies. It is
worth noting that the build height of 10 mm in this work is much higher compared to the
build height of 2 mm in Saeidi et al.’s work. Obviously the cooling rate will be higher in the
shorter builds as they were directly built on base plate. The fine cellular size is the main
reason for the SLM-built samples to have high harnesses and high strengths.

The microhardness results obtained in this work (~216 HV) are much higher
compared to those of the annealed counterparts (~155 HV) as mentioned above. However,
they are still significantly lower compared to the 325 HV reported by Saeidi et al. using a
similar SLM pracess [35]. It is suggested that this is due to the difference both in cellular size
and the quantity of the amorphous nano-scale inclusions. The average cellular size in Saeidi
et al’s work is slightly smaller compared to that of the present study due to their faster
cooling rates, leading to a much higher microhardness for their SLM-built samples. Moreover,
the nano-scale inclusions observed in their work are much more in quantity compared to
those in this work. Since the amorphous nano-scale inclusion has been identified as a silicate,
and the precursor SS316L powder does not have oxygen, the oxygen content within the build
chamber will be the key factor in determining the quantity of nano-scale inclusions. Of
particular note is that the oxygen content should be <0.05% when the laser started to scan and
it stabilised at ~0.16% after several layers’ scanning in the present work. This is because the
trapped air inside the powder bed entered the build chamber and argon was brought in
periodically to balance it off. In addition to the oxygen content within the build chamber,
inappropriate powder storage method or humid build environment may also result in oxygen



pickup. All the above mentioned situations will result in difference in the quantity of nano-
scale inclusions obtained at the end of the SLM build.

However, it still remains unclear which factor contributes the most to the
microhardness variations of the SLM-fabricated SS316L samples. Both the oxygen content
and the microstructure scale could have a significant influence. Nevertheless, it will be
interesting to know the relationship between the oxygen content and the obtained
microhardness values. This is because oxide dispersed steels (ODS) could be built with the
desired microhardness simply by controlling the oxygen content within the build chamber.
Moreover, the build of gradient ODS will also be possible for SLM if the oxygen content
within the chamber could be precisely controlled during the whole manufacturing process.

5. Conclusions

High-density SS316L parts were successfully built via SLM with high build rates in this work.
The following conclusions can be drawn:

a) There is a direct relationship between the laser power input and the build rate for SLM
process. Comparing to the normally employed power input, such as 100 W, the scanning
speed of the laser can be enhanced by ~3.8 times using 380 W and the overall build rate
could be improved by ~72%. Therefore, increasing the power input of the laser is a very
important measure to increase the build rate of SLM process.

b) High density of SS316L parts can be maintained while increasing the SLM build rate. All
the SLM-built SS316L parts in the present study have high densities of >99%, due to the
use of appropriate scanning strategy and scanning parameters. It is recommended to find
out a suitable power energy density for a material and then adjust the scanning strategy or
scanning parameters catering to the increase in power input. Moreover, vertical cracks
should be avoided in order to achieve a high density.

c) The two main phases present in the SLM-built SS316L are the primary fcc y austenite and
the small amount of retained bcc & ferrite. The microhardness of SLM-built SS316L is
believed to be significantly affected by the dislocation density and the quantity of the
nano-scale amorphous inclusions. The SLM-built SS316L parts were found to have a
microhardness value in the range of 220 to 213 HV, which is much higher compared to
the annealed SS316L counterpart.
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Figure 1. (a) Schematic of SLM 250 HL system. (b) Micrograph of SS316L powder.
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Figure 2. (a) Density graphs obtained from Archimedes and image analysis methods. The OM images
of (b) S01 (c) S06 (d) S12 showing the pores. Build direction is indicated for (a), (b) and (c). SEM
images showing the topography of (e) S01 (f) S06 (g) S12. The green arrows point towards the overall
scanning directions and the orange arrows illustrate the two adjacent scanning lines.
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Figure 3. Relationship between scanning strategy and melt track morphology for the SO1 sample.
Insets (i), (ii) and (iii) illustrate the formation of different melt tracks. Build direction is indicated.
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Figure 4. XRD profiles for S01, S12 and SS316L powder.



Figure 5. SEM images of the S01 sample (a) showing the cellular microstructure. (b) & (c) Enlarged
views of (a).
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Figure 6. TEM image showing the cellular microstructures of the S01 sample. The inset of SAED
pattern indicates y austenite matrix.
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Figure 7. TEM images of & ferrite (a) Acicular ferrite with SEAD pattern (b) and (c) Irregular-shaped
ferrites



Figure 8. TEM image of a spherical inclusion. The inset of the diffuse ring pattern indicates that it is
amorphous.
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Figure 9. Vickers microhardness graph for samples from SO1 to S12, with the annealed SS316L’s
microhardness range shown in the block region below.



Table 1 SLM parameters for the fabrication of SS316L samples.

Sample Laser power Layer thickness Scanning speed 150 spacing gzz%
W] L] [mms] (] [3/mm’]
S01 380 50 3000 25 101.33
S02 380 50 2500 30 101.33
S03 380 50 2000 35 108.57
S04 380 50 1750 40 108.57
S05 380 50 1500 50 101.33
S06 380 50 1250 60 101.33
S07 380 50 1050 70 103.40
S08 380 50 950 80 100.00
S09 380 50 850 90 99.35
S10 380 50 750 100 101.33
S11 380 50 700 110 98.70

S12 380 50 625 120 101.33
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Highlights

» High-density SS316L parts were successfully built via SLM
> Build rate was significantly improved without sacrificing parts’ density
» The relationship between microstructure and microhardness was investigated

> An alternative way to develop SLM processing parameters for new materials was suggested



