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ABSTRACT

The selective laser melting (SLM) manufacturing process is currently gaining interest from various industries due to 
its ability to produce complex and hollow shapes. Processing parameters have been manipulated to obtain the 
best mechanical performance. However, the long production time remains the only major disadvantage compared to 
injection moulding. Production time can be decreased by increasing the scanning speed. This paper intends to 
investigate the effects of increasing scanning speed on the microstructural properties of SLM-produced stainless steel 
316. Alteration of scanning speed directly affects the energy density and the thermal history of the parts. Two
scanning speeds are used in the experiment with speed 750 mms-1 (V750) as the current default speed and 1400 mms-1 
(V1400) for faster production time. The phases generated from each process were identified using the XRD test. The
difference between austenite and ferrite in both samples is not distinct. High scanning speed results in slightly
higher ferrite at 8.57% as compared to 6.03% for low scanning speed. It also yields lower austenite at 91.43% as
compared to 93.97% at 750 mms-1. The microstructure observation reveals V750 has deeper penetration and
thinner melt pools. The higher energy density is related to the keyhole porosities found in the optical microscopy of
V750 and thinner melt pools have enabled non-diffusion porosities at the side of melt pools. These findings will
ultimately help the learning community to optimize the SLM processing parameters to achieve desired microstructural
properties of 316L.
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INTRODUCTION

The advancement of SLM in the industry is hindered by 
its production speed. The production speed is rather slow 
to compete with faster manufacturing methods such as 
injection moulding. Scanning speed is a function of energy 
density, therefore ranges of scanning speed have been 
extensively studied by previous researchers to improve its 

tensile performance. For titanium alloy, increasing laser 
scan speed increases porosity due to the non-diffuse of 
powders and surface defects (Qiu et al. 2015). On the other 
hand, decreasing scanning speed leads to an excessive 
energy problem and introduces a splashing effect problem 
(Gong et al. 2014). These defects apply to stainless steel 
316L. Previous study has successfully produced SLM-ed 
316L below 1200 mms-1 (Collazo et al. 2022; Gao et al. 
2020). According to Shanmuganathan et al. (2021), 
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decreasing scanning speed increases the area of melt pool 
boundary and overlapping hatch to reduce intertrack pores. 
The increment of scanning speed has an adverse effect such 
as increasing the porosity (Liu et al. 2020) and introducing 
a splashing effect that leads to microporosity (Wang et al. 
2017). Few studies look into scanning speed above 1200 
mms-1 and obtain optimum porosity (Bang et al. 2021; 
Khairallah et al. 2016; Vallejo et al. 2021). However, the 
microstructural profile in relation to respective scanning 
speeds is yet to be visualised and discussed in great depth. 

The term austenitic stainless steel for 316 indicates 
that the material is primarily austenitic. There are a few 
methods used by previous researchers to identify and 
quantify the amount of phases that exist in microstructure 
namely EBSD (Salman et al. 2019) and XRD with the 
Rietveld method for phase volume fraction (Cegan et al. 
2020; Saeidi et al. 2015). Phase identification studies 
obtained either a full austenitic phase (Zhang et al. 2021) 
or a small amount of ferrite (Marbury 2017). This is aligned 
with Schaeffler’s diagram which estimates the amount of 
ferrite to be around 10% for 316 steel (Saboori et al. 2019). 
The martensitic phase is almost impossible to observe due 
to the low carbon content of 316 (Kamariah et al. 2020). 
The formation of microstructure especially the shape of 
ferrite can be predicted using the value of Cr-Ni equivalent 
in the ‘Pseudo-binary predictive’ phase diagram. 

Apart from phase volume fraction, the melt pool 
geometry also plays an important role in comprehending 
the microstructural profile of SLM-ed 316L. The profile 
relies on the geometrical shape of the melt pool which can 
be measured from its width and depth (Ma et al. 2017). 
Both the depth and width of the molten pool vary with the 
laser and scanning speed. According to Wang et al., lower 
scanning speed results in higher peak temperatures that 
can induce the molten pool to be deeper. Correspondingly, 
the width or melt pool will be reduced. This may lead to 
certain types of porosity, such as lack-of-fusion porosity 
(Wang et al. 2020). Researchers have classified the types 
of defects respective to shapes either irregular or spherical 
(Collazo et al. 2022; Tucho et al. 2018) or contributing 
inducers such as power-induced or process-induced (Pham 
et al. 2020; Röttger et al. 2020; Tascioglu et al. 2020). 
Common types of defects arranged by increasing energy 
density, include gas porosity, surface balling, lack of fusion, 
layer void, spheroidisation and keyhole defect. Increasing 
the energy density at optimum levels will allow the 
observation of layer void along the melt pool boundary 
due to the thermal stress of adjacent melt pools (Liverani 
et al. 2017; Zhang et al. 2017). Excessive energy will yield 
keyhole defects and spheroidisation due to splashing effects 
(Cegan et al. 2020; Shi et al. 2020; Tucho et al. 2018). 
However, there is a lack of bridging of these porosities 
observation under a high scanning speed of more than 1200 

mms-1. Therefore this research intends to relate the 
microstructural profile including porosity for different 
scanning speeds through phase volume fraction analysis 
and visual observation from optical microscopy.

METHODOLOGY

MATERIAL AND PROCESSING PARAMETERS

This study begins by feeding layers of stainless steel 316L 
powders in the Renishaw Renam 500E SLM machine. The 
powders are laid down in a layer and impacted by a laser 
beam. As shown in Fig. 1(a), When the heat received from 
the laser is sufficient, the powders will melt in the form of 
a pool and hereby called a melt pool. The laser beam moved 
in a linear path with a scanning speed. Since this study 
focuses on the effect of scanning speed, there are two types 
of speed termed V750 with the speed of 750 mms-1 and 
V1400 for the sample with the speed of 1400 mms-1 as 
shown in Table 1. The difference speed yielded different 
values of energy density which were calculated using 
equation (1) which shows how the scanning speed 
contributes towards the energy density received by powder 
during the SLM process (Tucho et al. 2018).

(1)

Where E, energy input per volume, energy density (Jmm-2)

P, laser power (W)
V, scanning speed (mms-1)
𝜏, layer thickness (mm)
h, hatch spacing (mm)

TABLE 1.  SLM process parameters.

Process Parameters V750 V1400

Laser power 195 W 200 W

750 mms-1 1400 mms-1Laser scanning 
speed
Layer thickness 50 μm 50 μm

Hatching distance 110 μm 110 μm

Temperature 
range

1371 – 1399 °C 1371 – 1399 °C

Heat treatment Air-cooled Air-cooled

Average powder 
size

55 μm 55 μm

Energy density 47.27 Jmm-3 25.97 Jmm-3
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FIGURE 1. (a) Schematic diagram of the SLM process and (b) the respective view on a completed sample.

The completed solidified stainless steel 316L cube is 
then observed from the build direction and transverse view 
as shown in Fig. 1(b). To ensure a clear observation, the 
sample was mounted in Bakelite and ground using multiple 
grit papers starting from 400 to 1200 grit, followed by 
1-micron diamond suspension polishing. The surface was
immersed in Modified Fry’s reagent for 10 s to reveal the
final microstructure under optical microscopy. Apart from
microscopy, XRD measurements were also made on the
surface to identify the volume fraction of austenite and
ferrite phases. This analysis was done using Bruker D8
Diffractometer that generated diffraction peaks in response
to different compounds following the ASTM E975 standard
(ASTM 2013).

RESULTS AND DISCUSSION

PHASE ANALYSIS

The XRD analysis in Fig. 2 indicates that sample V1400 
has 91.43% austenite and 8.57% ferrite. There is no 
martensite observed as this phase is impossible to form 
due to low carbon content (Kamariah et al. 2020). 
Supposedly for 316L, 316L is fully austenite, due to non-
equilibrium cooling, a small amount of delta ferrite is 
retained. Previous studies have shown the amount of ferrite 
is within the range of 5% to 10% maximum (Bedmar et al. 
2021; Cegan et al. 2020; Marbury 2017). According to 
Zuback et al., this retained ferrite can be formed due to 
thermal cycles and microsegregation (Zuback & DebRoy 
2018). In this study, the amount of ferrite is higher for 
sample V1400 at 8.57% compared to 6.03% in V750.  The 
amount of austenite relies on the thermal history of the 
sample. A previous study has concluded that increasing the 

cooling rate will reduce the amount of ferrite (DebRoy et 
al. 2018). Since V750 experienced higher energy density, 
the cooling rate is higher in V750 which results in the lower 
ferrite.

FIGURE 2. XRD analysis for phase volume fraction for 
samples V1400 and V750

MELT POOL PROFILE

In this study, there are two laser scanning speeds V750 and 
V1400 that result in energy density of 47.47 J/mm2 and 
25.97 J/mm2. The higher energy density, V750 allow for 
deeper penetration of the melted pool. As shown in Fig. 3, 
the resulting melt pool was calculated by considering the 
average value of 7 layers of laser paths. For V750, the 
average depth is 49 µm slightly higher compared to 47 µm 
of V1400. The higher energy density provided by the laser 
in V750 has allowed for higher heat absorbed by metal 
powder and surrounding solidified layers. The surrounding 
layer may be remelted and diffused with the newly melted 
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powder. This allows for a new melt pool boundary at greater 
depth consistent with observations reported by past studies 
(Shanmuganathan et al. 2021; Waqar et al. 2021).

FIGURE 3. The resulting melt pool depth for scanning speed 
(a) V750 and (b) V1400

The distortion of melt pool geometry can be related 
to the types of porosity that can be observed. As shown in 
Fig. 4, the speed V750 has revealed two types of porosity 
namely keyhole and non diffuse porosity. These types of 
porosities are direct consequences of energy density 
supplied by the laser. Firstly, the keyhole porosity was 
greatly discussed by previous studies, where according to 
Tucho et al., if excessive energy density is supplied to 
powder, a violent reaction occurs which generates 
vaporization and spatter ejection. The vapour trapped in 
the voids remains in the middle of the melt pool. Secondly, 
the higher depth of the melt pool will lead to a distorted 
shape of the melt pool where it appears thinner than in 
ideal conditions. This compensated thinner geometry leads 

to non-diffuse at the side of the melt pool as shown in the 
Fig. 4(b). These two porosities will ultimately reduce the 
strength of the V750 material.

FIGURE 4. Keyhole porosity and non diffuse melt pool 
porosity observed for scanning speed V750 for  

(a) 10x zoom and (b) 20x zoom

CONCLUSION

This study was conducted to evaluate the melt pool 
geometry for different scanning speeds which were 750 
mm/s and 1400 mm/s. Both scanning speed has an energy 
density of 47.27 J/mm3 and 25.97 J/mm3. The different 
energy densities result in different thermal histories where 
V750 has a higher cooling rate. This higher cooling rate 
results in lower ferrite content at 6.03% compared to 8.57% 
for V1400. Apart from that, higher energy density also 
influences the melt pool geometry where V750 has a deeper 
penetration and thinner melt pools. The higher energy 
density is related to the keyhole porosities found in the 
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optical microscopy of V750 and thinner melt pools have 
enabled non-diffusion porosities at the side of melt pools. 
These findings will ultimately help the learning community 
to optimize the SLM processing parameters to achieve 
desired microstructural properties that will potentially 
affect the mechanical properties. This will assist to improve 
the knowledge in the field of additive manufacturing and 
materials engineering, particularly in understanding the 
relationship between mechanical properties and geometrical 
properties of SLM 316. 
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