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Abstract

This study investigates the use of Diode Area Melting (DAM) to process 316L stainless steel (SS316L), an alternative to
Laser Powder Bed Fusion (LPBF), utilising independently addressable, low-power (~ 3.5 W) 450 nm blue lasers to address
key limitations of LPBF, including thermal control, scalability, and efficiency. A normalised energy density (NED) processing
map was developed to ensure successful material melting. Results demonstrated that DAM can achieve a relative density of
99.99% in single-layer SS316L samples using multiple 450 nm blue diode lasers. Notably, DAM-processed SS316L exhib-
ited a significantly higher delta-ferrite content than samples produced via traditional LPBF, which is attributed to the slower
cooling rate in DAM (600 °C/s vs. 107 °C/s). This increased delta-ferrite content enhances resistance to stress corrosion
cracking in austenitic steel welds. Moreover, sub-grain cellular structures in the DAM-processed SS316L showed a 100%
increase in size (4 pm) compared to those produced by LPBF.

Keywords Diode Area Melting (DAM) - Laser Powder Bed Fusion (LPBF) - Stainless Steel 316L (SS316L) - 450 nm

diode lasers

1 Introduction

Laser Powder Bed Fusion (LPBF) is a widely used Addi-
tive Manufacturing (AM) technology for the fabrication
of complex metallic components. LPBF fabricates three-
dimensional parts by selectively melting feedstock material
layer-by-layer using a rapidly scanning high-power fiber
laser. LPBF is used to create components for several sectors
such as the automobile and aerospace industries due to the
ability to create lightweight components at a reduced lead
time with a high design complexity [1]. However, LPBF
technology has some challenges, such as rapid cooling and
heating cycles created by the use of a fast-moving laser,
which can cause residual stresses and distortion in parts
[2]. Zavala-Arredondo et al. [3] also emphasised the scal-
ability limitations of this methodology and the inefficient
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use of high-power and high-wavelength lasers within LPBF
systems.

Diode Area Melting (DAM) is an alternative to tradi-
tional LPBF using multiple low-power (~3.5 W) short-
wavelength fiber-coupled diode lasers to melt feedstock
material. This method was developed at the University
of Sheffield and has enabled the processing of Ti6Al4V
powder with 808 nm and 450 nm diode lasers previously
[4—6]. This paper presents, for the first time, an in-depth
study of the capabilities of the technology when process-
ing stainless steel 316L (SS316L), a material extensively
researched and processed for industrial applications
using LPBF. 316L’s notable use in industry is due to its
superior corrosion resistance [7], biocompatibility [8],
strength, and cost-effectiveness [9]. SS316L is commonly
preferred as an implant material in the medical field due
to its excellent corrosion resistance and biocompatibility
[10]. Further research is being conducted on surface treat-
ments for SS316L implants, such as electropolishing [11]
and ion implantation [10], to enhance their pitting resist-
ance. Moreover, additively manufactured SS316L enables
the production of complex geometries, making it suitable
for scaffolds used in bone defect repair and joint replace-
ments [12]. Additionally, the superior pitting resistance of
SS316L makes it a preferred material for use in corrosive
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environments, particularly in welding applications [13,
14]. Additionally, numerical studies have been conducted
to optimize and model the welding process of austenitic
stainless steel [15]. D’Andrea [16] reported that 40.7% of
SS316L applications are in the petrochemical and chemical
industries, 21.5% in marine onshore and offshore environ-
ments, 14.1% in biomedical applications, and 9.5% in the
automobile sector.

The laser absorptivity of metal surfaces is found to be
significantly influenced by the wavelength of the laser
employed [17]. The absorptivity of Ti6Al4V powder was
increased by 14% when employing an 808 nm diode laser
during DAM compared to traditional LPBF [5]. Further-
more, an additional 11% increase was observed when
450 nm blue diode lasers were used in place of 808 nm diode
lasers [5]. Brandau et al. [18] investigated the absorbance
of 39 different powders, varying grain sizes, at 20 different
laser wavelengths. The absorptivity of the SS316L powder
was measured at 78.4% using 450 nm diode lasers and at
71.2% using 1070 nm fibre lasers [18].

The laser power requirement for the fabrication of multi-
layer parts with LPBF is hundreds of watts [19-21], DAM
enables the processing of single tracks and multi-layer parts
with 3.5-4.5 W of power from a single-diode laser [5, 6] but
scans across the powder bed at much lower speeds. In addi-
tion to laser power, it is important to discuss the differences
in other process parameters, such as laser spot size, between
DAM and traditional LPBF. Generally, the laser spot size in
LPBF processing ranges from 50 pm to 200 pm [22-26]. In
some cases, the laser spot size can increase up to 400 pm
[27]. In DAM, the laser spot size cannot be determined in
the same way as in LPBF due to the integration of multiple
diode lasers. It is influenced by the number of lasers used
in the processing and is certainly wider compared to tradi-
tional LPBF, particularly in the direction perpendicular to
the scanning direction.

The cooling rate of LPBF is typically within the range
of 10° to 10® K s™! [28]. The cyclic thermal history (i.e.
rapid cooling and heating) and cooling rate of the tra-
ditional LPBF process have a significant impact on the
microstructure of the resulting parts [29]. Vysotskiy et al.
validated the efficacy of reducing the cooling rate through
building direction to observe a-martensite in 17-4 PH
samples [30]. The rapid cooling rate of Ti6Al4V results
in the formation of a & martensite microstructure [31]. In
contrast to traditional LPBF processes, the cooling rate
in DAM is significantly lower, measured at 600 °C/s dur-
ing the processing of Ti6Al4V [4]. The custom laser head
assembly in DAM is intentionally designed to facilitate
both preheating and post-heating, as well as remelting [4].
The remelting of the previously created track, facilitated
by the laser beam geometry and hatch distance in DAM,
leads to a slower cooling rate. This controlled cooling
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rate plays a crucial role in customising the microstruc-
ture of the parts. Caglar et al.[6] and Alsaddah et al.[5]
successfully observed the pB-phase in Ti6Al4V due to a
slower cooling rate in DAM. Additionally, the elevated
cooling rate associated with LPBF applications has the
potential to preclude the observation of the second phase,
namely d-ferrite, in SS316L samples [32]. Nevertheless,
rapid solidification has resulted in the formation of finer
microstructures in the resulting parts [33]. The mechani-
cal properties of LPBF parts with a finer microstructure
than wrought samples, having higher yield strength and
ultimate tensile strength [34].

The majority of LPBF studies employ the volumetric
energy density (VED) formulation to analyse the effects of
process parameters on the densification [35] and mechani-
cal properties [36] of the produced parts. The VED for-
mula, presented as Eq. 1, incorporates key process param-
eters such as P is laser power (W), v is scanning speed
(mm/s), h is hatch distance (mm), and ¢ is layer thickness
(mm) [25].

P
E =—
v h (H

The VED formulation, which employs a limited number
of factors (see Eq. 1), represents an appropriate methodology
for comparing and evaluating energy density requirements
in traditional LPBF applications involving fiber lasers. It
is needed to adapt DAM to different energy density for-
mulations which is independent of the type of processing.
Thomas et al. [37] developed a normalised energy density
(NED-E}) equation which takes into account several mate-
rial properties compared to VED. The multiplication of the
dimensionless heat input per melt track (E*) (see Eq. 2)
and dimensionless hatch distance (7*) (see Eq. 3) gives the
last iteration of (NED—E(’;) the formula that can be shown
as Eq. 4.

q
yE[*

E* =

(@)

where g* is a dimensionless beam power, v* is a dimension-
less scanning speed and [* is a dimensionless layer thickness.

"= 3)

where /£ is the hatch distance (m) and r,, is the beam radius
(m).
" q Aq 1
EO = % Ik % = 57 (4)
viIEh lh pC (T, — T))

where A is the laser absorptivity of powder, p is the density
(kg/m?) of the powder, ¢ is a laser power (W), [ is a layer
thickness (m), C,, is the specific heat (J/kg.K) of the powder,
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T,, is the melting temperature (K) of the powder and 7}, is the
initial temperature (K) of the system.

Table 1 illustrates the process parameters and NED — Ej
values that have been calculated with Eq. 4 for LPBF stud-
ies processing SS316L. The process parameters mentioned
have been demonstrated to successfully fabricate LPBF
parts with a relative density exceeding ~99% (except refer-
ences 1 and 2 in Table 1). As can be seen in Table 1, the
process parameters including scanning speed, hatch dis-
tance, and spot size are selected from a range of options
rather than adhering to a specific series of parameters. For
instance, the scanning speed varies from 200 to 2000 mm/s,
while the hatch distance ranges from 35 to 122 um. The
NED values exhibit a range of 3 to 15 for LPBF studies with
SS316L. Furthermore, the Ti6Al4V powder, which was the
sole material processed on DAM before this study, is illus-
trated in red circles in Fig. 1, following the literature on
LPBF. The energy requirement of SS316L is greater than
that of Ti6Al4V, due to the higher density of the former. In
addition, the heat capacity of SS316L is approximately 5%
lower than that of Ti6Al4V [6].

Figure 1 illustrates a normalised energy diagram for LPBF
literature works processing SS316L. The ratio of dimension-
less volumetric heat input per scan line (E*) and hatch spac-
ing (h*) provides the normalised equivalent energy (Ej) (see
Eq. 4). The literature works are represented by constant £
contours, which are depicted by dashed lines in Fig. 1.

A slight modification was made by Alsaddah et al. [4] to
adapt the shape of the laser array spot in the DAM system to
the NED formula and Eq. 5 is used to obtain normalised hatch
distance values in Eq. 3.

2ry=(m=*2r)+n-1)=xd, ®)

10 -
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Fig.1 Normalised energy density (NED), E7 , diagram according to

data obtained from the literature (see Table 1) for SS316L (demon-
strated with blue squares), and for Ti6Al4V (demonstrated with red
circles)

where n is the number of lasers in the laser array, r is the
radius of multiple laser spots (m), and d,, is the distance (m)
between subsequent active laser spots in the laser array.

2 Materials and methods

2.1 Material specifications

In this study, SS316L powder which is supplied by Carpenter
Additive is selected as a feedstock material. Table 2 shows

the chemical composition of the powder which is obtained
by the supplier. SS316L is distinguished from other 300

Table 1 Process parameters, Process Parameters

relative densities, and NED — E(’;

values for various LPBF studies Number Laser Scanning Layer Hatch Spot size (um) Relative NED (E)) Ref
processing SS316L. powder power speed thickness  spacing Density
(W) (mnvs) (um) (um) (%)

1 150 400 30 80 70 98.93 10.442 [38]
2 180 1600 30 70 75 96 3.580 [26]
3 380 700 50 110 180 99.8 6.596 [39]
4 200 800 30 120 64 99.7 4.641 [40]
5 100 700 20 70 50 >99 6.820 [22]
6 150 700 20 50 50 >99 14.321 [22]
7 380 2000 50 35 80 99.9 7.256 [39]
8 100 200 50 122 200 >99.5 5.569 [41]
9 200 220 50 122 200 >99.5 11.139 [41]
10 195 1100 20 120 100 99.9 4.936 [25]
11 195 800 20 60 100 99.9 13.575 [25]
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Table 2 The chemical

.. Chemical composition
composition of SS316L powder

Element Fe Cr

Ni Mo C Mn Si Others

Wt (%)

Balance 17.6

12.6 2.34 0.016 0.89 0.57 0.13

Table 3 Physical properties of SS316L

Physical Properties of SS316L Values Units
Melting Temperature (7,,,) 1648 K
Density (p) 7999 kg/m®
Specific Heat (C,) 500 J/kg K
Thermal Conductivity 16.2 W/mK
Thermal Diffusivity 4.06x107 m?ls
Absorptivity at 450 nm [ 18 ] 78.4 %

series stainless steels by its elevated nickel content. Also,
the quantity of molybdenum incorporated into the chemical
composition of SS316L in comparison to the stainless steel
304 series enhances its corrosion resistance in salt environ-
ments [7]. Additional specifications about SS316L powder
are given in Table 3. The physical properties of the powder
are obtained from the supplier’s data sheet on the material.

Figure 2(a) shows the powder morphology under Scan-
ning Electron Microscopy (SEM) with 500 X magnification.
Figure 2(b) shows the powder’s particle size distribution,
measured with Malvern Mastersizer 3000. The mean values
of the Dv(10), Dv(50), and Dv(90) parameters for the pow-
der sample are found to be 17.9 pm, 28.5 pm, and 43.9 pm,
respectively. These values are comparable to those reported
in the supplier’s datasheet.

Volume Fraction (%)

2.2 System development and operational
procedures

Figure 3 illustrates the schematics of DAM technology.
DAM integrates independently addressable fiber-coupled
450 nm multiple blue diode lasers into a custom scanning
head, which is described in Fig. 3 as a Multi Laser Head
(MLH). The MLH incorporates collimating and focusing
lenses, which direct and focus the beams to achieve local-
ised melting during the fabrication process. The MLH is
mounted into an x—y-z linear stage, which allows it to
move over the substrate by the intended scanning strat-
egy. The laser configuration used in this study, illustrated
in Fig. 3, consists of six blue diode lasers operating at a
wavelength of 450 nm. Figure 3 highlights the configu-
ration of the laser array, which comprises lasers with a
diameter of 70 um and a central distance between adja-
cent lasers of 90 um at focus distance which is 27 mm
for our MLH. Additionally, the laser beam profile has
been measured using a NanoScan2sPryo/9/5 optical
profilometer and is presented alongside MLH in Fig. 3.
While the spot diameter of each laser is 70 pm in the
laser configuration (see Fig. 3), the height of each laser
spot increases to 107 pm in the laser beam profile (see
Fig. 3). This discrepancy may arise from beam reflec-
tion due to the MLH. In the absence of a back-reflection

(b)

—e— Particle Density Distribution
I Volume Fraction

20 40 60
Particle Size (um)

Fig.2 a SEM image of SS316L powder, b particle size distribution of SS316L powder
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element within the MLH assembly, the measurements
could potentially be affected by the back reflection of the
laser beams. Laser power loss due to the fiber connection
between the diode lasers and the MLH is quantified using
the Thorlabs PM400K5 power meter kit, and the output
power of both lasers is maintained at ~ 3.5 W. Each laser
in the configuration operates at an optical power output
of 3.5 W, resulting in a total laser array power of 21 W,
as detailed in Table 4. In addition to the MLH in the
DAM system, there are two pistons corresponding to the
reservoir and build platforms and powder delivery sys-
tems (see Fig. 3), which are similar to traditional LPBF
machines. Argon gas is introduced into the custom-built
chamber with oxygen content monitored with a sensor
to maintain an oxygen level below 1000 ppm throughout
the processing. An air knife is situated within the build
chamber, this recirculates argon gas and prevents spatter
falling onto the powder bed processing area. A 1 mm in
thickness of powder is deposited over a metal substrate

measuring 75 x 75 mm? and then laser processed. The use
of a thick metal powder layer enables the quantification
of melt-pool penetration depth.

2.3 Design of experiment

Single-layer experiments are conducted with the laser
array configuration illustrated in Fig. 3. The scanning
speeds and the hatch distance which is the central dif-
ference between lines of track parameters, as outlined
in Table 4, are employed to fabricate thirty distinct sin-
gle-layer samples, each measuring 6 x4 mm>. A stripe
pattern is selected as the scanning strategy to produce
single-layer samples. Table 4 illustrates the dimensions
of the sample and the scanning strategy employed. The
lasers are positioned perpendicular to the scanning direc-
tion (represented by the long stripes in Table 4) within
the multi-laser spot configuration (see Fig. 3). The lasers
remain active during processing, resulting in melt pool

Table 4 All process parameters and dimensions of the sample with scanning strategy in this work

Process parameters Values Units

Laser Power 21 (6 x3.5) w £
Hatch Distance 200,300,400 um E
Scanning Speed 50-100-...-500 mm/min ¥

Fig.3 The schematics of the
DAM system with laser array
configuration and its optical
profile

Laser control unit

Fiber-laser connection

Laser Configuration
Multi Laser Head

£ NN SN SN ~
3 ) ( O ) |
E N N : ~
\‘\‘b Laser Beam Profile
90 um x 5 } B
3 = \ -
__ L H00000 0
Collimating Lenses )
526 um
/'
Focusing Lenses 4 E \ «—

Powder Blade

| “

Powder
Substrate plate
Build piston Reservoir
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overlaps that are parallel to the scanning direction (long
stripes in Table 4), which is a consequence of the desig-
nated hatch distance parameter. In this study, the scanning
strategy is designated as SS, and the hatch distance is
denoted as HD.

2.4 Material characterisation

Each sample is mounted in a Bakelite to facilitate the
automatic metallographic procedures. Initially, the sam-
ples are ground with waterproof grinding paper of pro-
gressively finer grits, ranging from P320 to P4000. The
samples are cleaned using an ultrasonic cleaner, adding
isopropanol. Subsequently, a 0.06 um particle-sized col-
loidal silica is applied to achieve a mirror-like finish on
the surface. Kalling’s No.2 Reagent is used as an etching
solution to distinguish the cellular structure of samples
under sub-grain level.

Samples are examined using optical microscopy (OP)
and scanning electron microscopy (SEM). The cross-
sections of the single-layer samples have been examined
under OP at 5 x and 10 X magnification. A microstruc-
tural investigation is conducted under SEM at 800 X and
5000 x magnification from the cross-sectional surfaces.
The top surface of the single-layer samples is investigated
using SEM at 35 X magnification to ascertain the quality
of the surface in terms of balling and its morphology.
Subsequently, the cross-sectional density of samples is
quantified by utilising the Image J software [42], employ-
ing an optical thresholding technique. The relative densi-
ties of the samples are determined by measuring the opti-
cal microscopy images of each sample’s cross-section, as
illustrated in Fig. 4. Samples are cut and optical micros-
copy images are obtained from cross-sections to evaluate
melt track characteristics in terms of melt track penetra-
tion into the powder bed. Relative density measurements
are obtained from polished cross-sections by determining
the region of interest, which encompasses the majority of
samples (see dashed red rectangle in Fig. 4(h)).

The surface roughness is calculated by the Alicona
Infinite Focus SL optically. The concept of surface
roughness is a pervasive one in the literature, employed
as a means of assessing the quality of a given part and
of optimizing process parameters [21, 43, 44]. Vickers
hardness measurements are performed on a cross-sec-
tion of polished samples, with five individual measure-
ments taken from each sample and averaged to eliminate
extreme measurement points. Finally, X-ray diffraction
(XRD) measurements are conducted using a PANalytical
Aeris instrument over a range of 0° to 100° with a 10-min
rotating scan.

@ Springer

3 Results

3.1 Melt pool characterisation of single-layer
formation

One of the most important key process parameters in terms
of single-layer formation is the hatch distance to eliminate
poor connections between adjacent melt tracks. In addi-
tion, the hatch distance/melt pool overlap should not be
set too high/low to produce fully melted structures with-
out defects. Increasing the melt pool overlap increases the
number of melt tracks on the manufactured part, which can
have a negative effect on surface roughness [45]. Three
different hatch distance values are used to understand melt
track overlap to produce single-layer formation. 200 um,
300 um and 400 um (HD200, HD300 and HD400) are the
hatch distance parameters in this work (see Table 4). The
melt track overlap between each laser track is calculated
using Eq. 6. In this study, the beam profile width (b,,) is
assumed to be equal to the melt track width. According to
previous research on processing Ti6Al4V in DAM [4], no
significant difference exists between the two. Another rea-
son for this assumption is the lack of capability for in-situ
measurements of the melt pool width during processing.
Then, Eq. 7 is used to calculate the hatch distance accord-
ing to the melt track overlap (m,) in microns. HD200,
HD300, and HD400 correspond to 60%, 40%, and 20%
beam overlap respectively. Dong et al. highlighted the
clear distinction between melt tracks, noting no overlap
between them [46]. Furthermore, it was demonstrated that
even 40% melt track overlap results in enhanced top sur-
face morphology in terms of surface roughness. However,
additional overlapping reduces the strength and plasticity
of LPBF parts due to the formation of microcracks [46].
It has been demonstrated that a 25-50% overlap results
in a stress release effect due to the re-scanning of pre-
viously scanned areas [47]. However, excessive overlap
can prevent the preheating effect on a later track from the
previous one. Consequently, it has been established that
residual stresses increase with a high overlap ratio [47].

my[pum] = b,,[um] * overlap percentage|%] 6)

HD[um] = b,,[ppm] — m,[um] @)

Figure 4 depicts optical micrographs of cross-sectional
single-layer samples under 5 X magnification for SS50,
SS100, SS150, SS200, SS450, and SS500. The depth of the
melt track at the bottom right of each micrograph and the
surface roughness at the bottom left of each micrograph for
all hatch distance values (e.g. HD200, HD300, and HD400)
are presented. The depth of the melt track is measured from
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Hatch Distance (um)

50

100

150

200

Scanning Speed (mm/min)

450

R.=50.91 um " d._=309.56.u

500

Fig.4 Optical microscopy images of the cross-section of single-layer
samples with SS50-SS200 by 50 increments and SS450 and SS500
for HD200, HD300, and HD400 including melt track depth (d,,) at

microscopy images, as illustrated in Fig. 4. Ten measure-
ments are taken from each microscope, comprising both
deep and shallow parts of the melt track geometry. The
results are averaged and are presented in the bottom right

500 um =—

the right bottom corner, surface roughness (Ra) at the bottom left
corner, relative energy density at the right top corner, and normalised
energy density at the left top corner of each micrograph

corner of the micrographs in Fig. 4. Further micrographs,
spanning the range from SS300 to SS400, are not included
here due to space limitations. It is evident that an increase in
hatch distance results in a transformation of the cross-section
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of samples into a wave structure. This fluctuation is fur-
ther emphasised by the addition of vertical red dotted lines
in Figs. 4(c), (e), and (f). The relative density values and
normalised energy density values are provided in the upper
right and left corners of Figs. 4(a) to (s), respectively. It can
be observed that the relative density values of both samples
exceed 99%. Furthermore, the normalised energy density
values exhibit a notable decline, ranging from 9.12 to 0.46,
across the samples from SSS0HD200 to SSS00HD400 due
to an increase in scanning speed and hatch distance.

The melt track depths (d,,) are examined individually
for each hatch distance set. At SS50 (Figs. 4(a) to (c¢)) the
melt track depth is greater compared to higher speeds such
as SS100 and SS150 (see Figs. 4(d) to (f) and Figs. 4(g)
to (i)) for each data set. For example, the melt depth for
SS50HD200 is 268.82 um while the melt track depths
for SSIOOHD200 and SS150HD200 are 241.19 um and
217.29 um respectively. As the scanning speed is increased,
the energy density values decrease (for details, please refer
to the top left corner of Figs. 4(a) to 4(s)). Accordingly, the
melt track depth trend exhibits a downward trajectory from
SS50 to SS150. The reduction in the melt track depth is also
attributed to scanning speed, as demonstrated by Alsaddah
et al. [5]. Furthermore, the depth of the melt track observed
in the samples increases following the SS150. This is attrib-
uted to the balling issue, which has been previously vali-
dated in other DAM studies conducted at the single-layer
formation section of Ti6Al4V [6].

A significant trend is observed in the same hatch dis-
tance set, whereby an increase in scanning speed leads to
a notable decline in surface flatness and an accompanying
rise in surface roughness (see Figs. 4(a) to (c) and Figs. 4(g)
to (i)) [48]. The increase in surface roughness observed at
low speeds, such as SS50 to SS150, can be attributed to
spattering, which will be demonstrated with SEM images in
Sect. 3.3. The surface roughness is observed to increase due
to poor bonding and discontinuity on samples at SS450 and
SS500 for HD400, as illustrated by the dotted blue rectangle
in Figs. 4(o) and (s). Additionally, the poor surface rough-
ness observed at SS450 and SS500 for HD200 and HD300
can be attributed to balling problems, which are represented
by green circles in Figs. 4(m), (n), and (r).

3.2 Relative density measurements

The method for measuring the relative density of the sample
is described in Sect. 2.4. Only the relative density of sam-
ples that have a higher scanning speed than 300 mm/min
at HD400 is not measured due to the discontinuous nature
of the sample due to poor overlap [49] at higher scanning
speeds [50] (see Figs. 4(0) and (s)).
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Fig.5 The relative density values of samples from polished cross-
sections

Figure 5 illustrates the relative densities of samples from
SS50HD200 to SS500HD300, apart from SS350HD400,
SS400HD400, SS450HD400, and SS500HD400. It can
be observed that the relative density values of all samples
exceed 99%. The utilisation of a laser configuration enables
the successful melting and fusion of the feedstock, resulting
in the absence of significant porosity between each track.

The density values for both the HD300 and HD400
samples are comparatively higher than those of samples
with HD200, particularly at lower speeds, such as SS50,
SS150, and SS250 (see Fig. 5). Figure 6 depicts the cross-
sectional surfaces of select samples at X 10 magnification,
accompanied by relative density values that facilitate a
more detailed analysis of porosity in comparison to the
data presented in Fig. 5. The relative density values are
displayed in the bottom right corners of the micrographs
presented in Fig. 6.

The presence of minor spherical pores is indicated by
red circles in samples treated with HD200 (see Figs. 6(a),
(d), (g), (j))- In contrast, the number of spherical pores
observed in samples treated with HD300 is relatively low
in comparison to the number of pores present in HD200
samples. These pores are represented by blue circles in
Figs. 6(b), and (e)). Furthermore, a slight decrease in
porosity is observed with an increase in scanning speed
at samples with HD200 (see the first column of Fig. 6).
The porosity of the samples containing HD200 is found
to be greater at slower scanning speeds. Porosity in LPBF
samples can be classified into three main categories: gas
porosity, lack of fusion, and delamination between sub-
sequent layers [51]. Pores that originated in samples with
HD200 can be identified as gas porosity, given their spher-
ical shape and the conditions under which they occurred
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300
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Fig.6 Cross-sectional surface of samples with SS50, SS250, SS350, and SS500 at HD200, HD300, and HD400 with relative density values at

the bottom left corner of each sample

(single-layer formation). An excessive degree of overlap
in the melt track can result in a notable rise in tempera-
ture within the melt pool, which may subsequently give
rise to several thermal issues [52]. It is hypothesized that
the elevated temperature in the melt pool at slow scan-
ning speeds results in vaporization. The spherical shape of
the gas porosity is the result of the entrapped gas caused
by the vapour pressure [53]. It is also stated that too low
hatch distance at slow scanning leads to a decrease in
relative density [54]. As the scanning speed is increased,

the porosity of the samples with HD300 shows a slight
increase (see the second column in Fig. 6) like the lit-
erature work in LPBF SS316L [55]. Additionally, some
discontinuities are observed at the base of the sample
(see the blue rectangles in Figs. 6(h) and (k)). An addi-
tional increase in hatch distance results in the formation
of distinct cross-sectional divisions within the samples (as
illustrated by the green rectangles in Figs. 6(f), (i), and
(1)). The hypothesis that an increase in hatch distance will
increase porosity has been previously validated [56].

@ Springer



The International Journal of Advanced Manufacturing Technology

Hatch Distance (um)

200 300
(a) (b)

50
R,=3.47um R,=6.58 um R,=13.81um
d,=190.67 um d,=296.27 um d,=392.53 um
(d) (e) (f)
100
R,=7.53 um R,=14.82 um R,=11.11um
d,=193.33 um d,=302.40 um d,=389.87 um
(g) (h) (i)
€ 150
£
S~
£ :
é S
° R,= 6.38 um R,=12.26 um R,=27.68 um
e d,= 200.27 um d,=288.27 um d,=405.60 um
s (i) (k)
& .
o
=
3
v 200
R,=15.72 um R,=31.71um R,=45.29 um
d,=201.07 um d,=289.07 um d,=403.20 um
(n) (0)
400
500

R,= 48.89 um R,=51.72 um R,= 49.06 um

Fig.7 SEM images of the top surfaces of single-layer samples with SS50-SS200 by 50 increments and SS400 and SS500 for HD200, HD300,
and HD400 including melt track width and surface roughness at the below and normalised energy density (NED) values at the top left corner
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3.3 Top surface quality in terms of SEM
investigation

Figure 7 shows SEM micrographs of the top surfaces of
single-layer samples at 35 X magnification for SS50, SS100,
SS150, SS200, SS400, and SS500. Other micrographs are
not shown here due to space considerations as in Fig. 4, but
in Fig. 7 micrographs of SS400 are used in contrast to SS450
in Fig. 4 to show another range of sample morphology.

The NED values for each sample are shown in the top
left-hand corner of each micrograph in Fig. 7, in addi-
tion to the surface roughness and melt track width (d,,)
shown below each micrograph. The sample in Fig. 7(a)
(SS50HD200 which has the highest NED value among all
samples in this work) gives the lowest surface roughness
result of all the samples with a Ra value of 3.47 um. The
surface quality deteriorates as the scanning speed increases
for certain hatch distance values. Furthermore, the surface
quality deteriorates as the hatch distance increases for the
same set of scanning speeds [57]. The NED values range
from 9.12 to 0.46 and are calculated using Eq. 4. Although
the relationship between energy density values and surface
roughness will be addressed subsequently, it can be observed
that high NED values are indicative of superior surface qual-
ity in comparison to lower NED values (see Figs. 7(a) to (s)).
In particular, when the energy input is below 1.52, there is
a marked increase in surface roughness (see Figs. 7(1) and
(m) or Figs. 7(n) to (0)) as a result of a lack of fusion [25].
The correlation between NED and surface roughness values
primarily arises from variations in scanning speed.

The surface quality of the specimens deteriorates for low-
speed specimens such as SS100HD300, SS150HD300, and
S150HD400 thanks to multiple spatters on the top surface
of the samples are shown in Figs. 7(e), (h), and (i). Spatter
are represented by dotted white circles in Figs. 7(e), (h), and
(). After Fig. 7(1) to (s), the surface roughness increases due
to poor top surface morphology, including balling problems.
Figure 7(1) to (s) shows top surface porosity defects as dot-
ted white rectangles. Melt traces become entangled when
the scanning speed exceeds 200 mm/min, and this degrades
the integrity of the samples. Balling is also observed on the
top surfaces of samples at scanning speeds above 400 mm/
min, shown as dotted yellow squares in Fig. 7(0), (r), and (s).
The utilisation of high scanning speeds has been identified
as a contributing factor to the formation of discontinuities
and voids between tracks, which are commonly attributed to
balling defects [58].

The melt track width of each sample is shown below
each micrograph, except for further SS400HD200 samples,
to allow the detection of melt track boundaries due to dis-
tortions in melt tracks, pores, balling, and lack of fusion
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\ M HD300
‘. M HD400

154E=05 Ep=1 Y Eg=3  Ep=5
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L
1

05— N & \ ‘ L. T

Fig.8 The Normalised Energy Density (NED - Ej) mapping for
all samples in this study is presented over base normalised energy
density values, which are indicated by dashed lines. Samples that
have >99% relative density are confined with dotted polygon

problems. Melt track width increases as the hatch distance
increases. For instance, the melt track width increases from
190.67 pm to 392.53 um for HD200 and HD400 respec-
tively, as shown in Figs. 6(a) to (c). In the same data set,
there is no significant difference in melt track width as a
function of scan speed. For example, the melt track width
is 288.27 um and 289.07 pm for samples SS150HD300 and
SS200HD300 respectively.

3.4 Normalised energy density calculations

The NED values of all DAM samples, ranging from 0.46
to 9.12, are illustrated over constant NED contours, which
are depicted as dotted lines in Fig. 8. The red rectangles
represent samples treated with HD200, the green rectangles
indicate samples treated with HD300, and the blue rectan-
gles denote samples treated with HD400. The black dotted
polygonal area in Fig. 8 represents samples with a relative
density of greater than 99%. A total of four samples have
been excluded from the region on the grounds of severe dis-
continuity in their cross-sectional structure. Accordingly,
relative density measurements are not performed on these
samples.

Table 5 shows surface roughness values and the nor-
malised energy density (NED) values for all samples vary-
ing hatch distance and scanning speed with Eq. 4. As men-
tioned in the introduction, NED values for LPBF literature
work related to SS316L range between 3 to 15. NED val-
ues of DAM samples in this work change from 9.12 to 0.46
and NED values of some samples equal each other due to
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Table 5 Normalised energy density (NED) calculation for all process
parameters set with relative density and surface roughness measure-
ments

Process Parameters Normalised Relative Surface
SS (mm/min) HD (um) Enfrgy Density Density Roughness
(Ey (%) (pm)

50 200 9.12 99.41 3.469
50 300 6.08 99.78 6.577
50 400 4.56 99.57 13.814
100 200 99.88 7.534
100 300 3.04 99.59 14.824
150 200 99.85 6.380
100 400 2.28 99.86 11.106
200 200 99.91 15.720
150 300 2.03 99.99 12.259
250 200 1.82 99.69 11.537
150 400 1.52 99.95 27.680
200 300 99.91 31.713
300 200 99.68 25.893
350 200 1.30 99.91 28.546
250 300 1.22 99.92 46.810
200 400 1.14 99.93 45.278
400 200 99.77 43.921
300 300 1.01 99.97 57.379
450 200 99.36 44.043
250 400 0.91 99.8 40.435
500 200 99.91 48.887
350 300 0.87 99.86 61.062
300 400 0.76 99.62 44.756
400 300 99.77 47.025
450 300 0.68 99.85 59.907
350 400 0.65 - 47.466
500 300 0.61 99.27 51.718
400 400 0.57 - 53.665
450 400 0.51 - 48.572
500 400 0.46 - 49.060

the multiplication of hatch distance and scanning speed
in Eq. 4. Additionally, Table 5 presents the relative densi-
ties for DAM samples. It is not feasible to determine the
relative density of samples SS350HD400, SS400HD400,
SS450HD400, and SS500HD400 (see Figs. 4(o) and (s)
and Figs. 5 (i) and (1)) due to a substantial discontinuity
along the crooked cross-section surface. The correspond-
ing energy density values are 0.65, 0.57, 0.51, and 0.46,
respectively (see Table 5).

Figure 9 facilitates the observation of both the existing
literature on LPBF and the DAM samples (relative den-
sity of samples higher than 99%) presented in this paper
by mapping them into the same graph which contains
constant base NED values. Initially, literature works are
obtained with varying hatch distance values to facilitate
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Fig. 10 Surface roughness (Ra) for all samples varying SS and HD
values with exemplification of surface quality contour

comprehension according to normalised energy but
independent of the y-axis. Consequently, the values are
mapped onto constant NED values to ensure consistency
across the data set. Normalised energy density values for
literature works typically range from 4.641 to 14.32 (see
Table 1), enabling the fabrication of high-density (>99%)
samples. DAM facilitates the processing of fully melted
and fused single-layer parts from 0.61 to 9.12 in terms
of NED value, utilizing 450 nm blue diode lasers (the
absorptivity of the SS316L powder increases by approxi-
mately 10% when a 450 nm diode laser is employed
instead of a 1070 nm fiber laser [18]). It is also relevant
to note that the DAM SS316L samples fabricated in this
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study are of a single-layer structure. The energy require-
ment for multi-layer SS316L samples may be higher than
that for single layers.

3.5 Surface roughness measurements

Figure 10 illustrates the surface roughness (Ra) values for
all samples, which are obtained at varying scanning speeds
(SS50 to SS500) and hatch distances (HD200, HD300, and
HD400). The extent of melt pool overlap has a significant
influence on the surface quality of the samples [57]. An
increase in scanning speeds has been observed to result in
a deterioration of surface quality, aside from the effect of
hatch distance [48]. This is illustrated in Fig. 10, which
presents several surface contours. It can be seen that Ra
values for HD200 increase from 3.469 um to 11.537 um
between SS50 and SS250. An additional increase in scan-
ning speed results in an elevation of surface roughness
to 28.546 um when the scanning speed reaches 350 mm/
min, as illustrated in Fig. 10. Increased scanning speeds
result in the formation of discontinuities and non-uniform-
ity in the melt tracks, which can be attributed to balling
defects [48, 50]. The occurrence of balling problems and
discontinuity problems is illustrated in Figs. 7(1) to (s). A
similar phenomenon is observed in both hatch distances,
with surface roughness increasing significantly from
6.577 pm to 51.718 um and from 13.814 um to 49.06 um
for HD300 and HD400, respectively, while SS50 to SS500
(see Table 5).

In addition to the effect of scanning speed, an increase in
hatch distance (a reduction in the extent of melt pool over-
lap) results in the formation of waviness on the top surface
of the sample, which can be attributed to the presence of
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Surface Roughness (Ra) (um)
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Normalised Energy Density (NED)

Fig. 11 The evolution of surface roughness (Ra) through each Nor-
malised Energy Density (NED) value

poor overlapping. The surface roughness values at a con-
stant speed, such as SS150, are 6.38 pm, 12.259 um, and
27.68 pm for HD200, HD300, and HD400, respectively. At
high scanning speeds, such as those observed after SS250,
surface roughness increases significantly in both HD300
and HD400 due to the formation of balling and porosity, as
illustrated in Figs. 7(n) to (s). An increase in the amount of
overlap in the melt pool ensures the compactness of the top
surfaces [49].

Figure 11 depicts the surface roughness (Ra) values for
varying energy density states. The normalised energy den-
sity values for certain specimens are identical, as evidenced
by the comparison of SST00HD300 and SS150HD200, as
illustrated in Table 5, where the energy density is observed
to be 3.04. This phenomenon can be attributed to the multi-
plication of hatch distance and scanning speed. The surface
roughness of samples with varying NED values is presented
in Fig. 11. To illustrate, the energy density values for the
SS300HD400 and SS400HD300 samples are identical at
0.76, while their respective roughness measurements are
44.756 pm and 47.025 um. These values have been aver-
aged and mapped in Fig. 11.

The optimal surface roughness (Ra) value is observed
to be 3.469 um, while the NED value is found to be 9.12.
The process parameters are SS50 and HD200. Furthermore,
the acceptable surface roughness results are 6.577 um and
6.380 um for the SSSOHD300 and SS150HD200 samples,
respectively, while the NED is 6.08 and 3.04, respectively,
in terms of the existing literature on LPBF for SS316L [26,
45, 59]. The optimal surface roughness results are achieved
within the range of 9.12 to 3.04 in terms of NED. A slight
increase is observed below 3.04, which can be attributed to
spattering, as illustrated in Figs. 7(e) and (h).

The surface roughness increases significantly when the
NED value is below 1.30. The surface roughness of samples
increases to 46.810 um and 53.665 pum while NED equals
1.22 and 0.57 respectively (see Fig. 11 and Table 5). This is
due to the presence of numerous small and large particles on
the top surface, as illustrated in Figs. 7(i) to (s) with white
dotted circles and yellow dotted rectangles. A further factor
contributing to the decline in surface quality is the pres-
ence of porosity and discontinuity along the melt track, as
illustrated in Figs. 7(1) to (s) by white dotted rectangles. A
literature review reveals that as decrease in surface rough-
ness and relative density is a primary cause of low energy
density [38].

3.6 Phase determination
Figure 12(a) depicts the XRD profile of SS316L austenitic
stainless-steel samples with varying scanning speeds (SS50,

SS200, and SS500, which are selected to represent low,
medium, and high scanning speeds) at HD200. Figure 12
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Fig. 12 a Phase analysis of SSSOHD200, SS200HD200, and SS500HD200 samples with their NED values, b, ¢, and d represents the magnified
versions of the dotted black rectangle for SSSOHD200, SS200HD200, and SS500HD200 respectively

illustrates the existence of two distinct phases: face-centered
cubic austenite (y phase) and body-centered cubic ferrite
(0 phase). The y phase is corroborated by the presence of
apparent diffraction peaks in the (111), (200), (220), (311),
and (222) crystallographic planes, as observed in the LPBF
SS316L sample referenced in the literature [60—63].

It is typically observed that samples produced through
traditional LPBF processes exhibit only the y austenite
phase both in their as-built [60, 64—66] and heat-treated
states [64—66]. In addition to LPBF, samples manufactured
by alternative methods, including casting [67] and electron
beam melting [68, 69], do not display the delta ferrite phase
in their X-ray diffraction analysis. The presence of the small
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0 ferrite phase has also been documented in some of the
literature on LPBF of SS316L, as referenced in [32, 39, 61,
62]. The ferrite phase is typically resistant to high tempera-
tures, and the traditional LPBF process is unable to provide
an adequate duration for the transformation into an austen-
itic phase [62]. Consequently, the observation of subsequent
phases on samples may be prevented by the implementation
of a high cooling rate at traditional LPBF [32]. It is antici-
pated by LPBF that the 6 ferrite phase may serve to reinforce
the y austenite phase, which is susceptible to deformation
[39, 62]. It has also been found that delta ferrite in austenitic
steel welds increases the resistance to stress corrosion crack-
ing caused by tensile stress in corrosive environments [70].
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The second peak in Fig. 12(a), which corresponds to the
(110) plane and follows the (111) crystallographic plane,
serves to validate the existence of the d ferrite phase in
SS316L DAM samples. The peaks corresponding to the
(111) and (110) crystallographic planes are represented
in greater detail for the SSS50HD200, SS200HD200, and
SS500HD200 samples in the sequence (NED values of
samples correspond to 9.12, 2.28, and 0.91 respectively), as
illustrated in Figs. 12(b), (c), and (d), respectively. Further-
more, the regions explicitly depicted in Figs. 12(b), (c), and
(d) are highlighted with a dotted black rectangle in Fig. 12(a)
for the sole purpose of focusing attention on SS200HD200,
due to the limited space available. The XRD analysis has
validated that all samples (in terms of varying energy den-
sity, hatch distance, and scanning speed parameters) in this

Fig. 13 SEM micrographs
for sample a SS200HD400
under 800 X magnifica-

tion, b SS500HD400

under 800 X magnifica-

tion, ¢ SS200HD400 under
5000 x magnification (sample
produced with 1.14 NED),
d SS500HD400 under

800 x magnification (sample
produced with 0.46 NED)

work exhibit delta ferrite phases. No coincident or specific
parameters, like the previously mentioned LPBF literature
works, have been identified that show a small amount of
ferrite in the microstructure of DAM samples.

3.7 Microstructure analysis

The typical cellular dendritic microstructure of LPBF
SS316L samples in sub-grain resolution has been previ-
ously documented in the literature [22, 25, 35, 71]. Liverani
et al. have stated that the dimensions of each cell do not
exceed 2 pm [22]. It has been demonstrated that an increase
in energy density results in grain size coarsening in the
microstructure of parts [71]. The determination of the over-
all grain size in LPBF SS316L samples is a challenging

(b) 100 pm
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process due to the significant degree of variation observed
in the dimensions of the grains. In their study, Leicht et al.
[25] examined both the grain size and the cell size within
the grain for only one specific grain. It was revealed that the
grain size increased from 200 pm in length and 10 pm in
width to> 0.5 mm in length and 50 pm in width, while the
energy density increased from 58 J/mm? to 203.1 J/mm?.
Additionally, the cell size was observed to increase from
361 +50 nm to 575+ 50 nm at the same energy density
increases were valid [25]. Larimian et al. [23] validated the
relation between the scanning speed and grain size from
cross-sectional surfaces both vertical and perpendicular to
the building direction. It is acknowledged that a rise in scan-
ning speed results in an augmentation of the cooling rate,
and thus the cooling rate of the process is of paramount
importance to the microstructure of the parts.

Figure 13 depicts the SEM micrograph images of the
SS200HD400 and SS500HD400 samples at 800 X and
5000 x magnifications, respectively from cross-sectional sur-
faces. Figures 13(a) and (b) illustrate the broader section of
the microstructure of the sample, wherein the cellular struc-
ture under the sub-grain level is discernible. Figures 13(c)
and (d) illustrate the sub-grain level of the microstructure
of the sample under 5000 X magnification. The size of
the cellular structure exhibits fluctuations of 3—4 pm for
SS200HD400 (see Fig. 13(c)), while a decrease of approxi-
mately 2 pm is observed for SSSO0HD400 (see Fig. 13(d)).
The observed reduction in cell size can be attributed to a
corresponding decrease in energy density values [25].

3.8 Hardness measurements

A review of the literature concerning the microhardness of
LBPF SS316L components indicates that the Vickers hard-
ness values of these components range from 160 to 240 HV.
This is due to several factors, including the use of different
scanning strategies, laser power, scanning speeds, and hatch
distance [39, 45, 61, 72, 73]. However, most parts exhibit
hardness values of approximately 225 HV. It was observed
in the literature that the application of heat treatment on the
as-built LPBF sample resulted in a negative impact on its
microhardness. Sathies et al. [74] confirm that the sample
that has undergone a heat treatment of two hours at 1100 °C
and subsequent cooling in a furnace exhibits a microhard-
ness of 175.6 HV, representing a 20% decrease compared
to the as-built LPBF sample. Furthermore, microhardness
values in samples produced via traditional methods, such
as casting, are observed to be lower. Bartolomeu et al. [67]
have indicated that the microhardness of as-cast and hot-
pressed samples is 165 HV and 176 HV, respectively, while
the hardness of the as-built LPBF sample is 229 HV.

The microhardness of DAM SS316L samples is rela-
tively low in comparison to the values reported in the
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literature for LPBF, although some values are comparable
to those reported for other samples, such as SS100HD300,
SS200HD400, SS350HD400, and SS400HD400 (which are
206.66 HV, 196.2 HV, 197.6 HV, and 200.4 HV respec-
tively). This discrepancy can be attributed to the reduced
cooling rate in comparison to LPBF, a finding that has
been corroborated in previous DAM studies [4, 5]. Fur-
thermore, Song et al. [73], indicated that the sample utiliz-
ing a hexagonal scanning pattern exhibits reduced micro-
hardness in comparison to alternative scanning strategies,
with a value of approximately 180 HV. They ascribed
the observed decline in hardness to a slower cooling rate
[73]. The mean microhardness values for the sample in the
same hatch distance set (see Fig. 14) indicate that the DAM
samples exhibit greater hardness than the as-cast and heat-
treated samples while displaying lower hardness than the
as-built LPBF samples. The discrepancies between DAM
and LPBF samples can also be attributed to the thickness
disparity between the samples in addition to the cooling
rate difference. In this study, DAM samples are produced
in a single layer, whereas LPBF samples are manufactured
in multiple layers.

Lastly, all samples within the same hatch distance set are
averaged, and the resulting values are represented by error
bars in Fig. 14. It can be observed that the average micro-
hardness values of samples increase when the hatch distance
is increased. The mean microhardness value for HD200 is
177.8 HV, while that for HD400 is 186.8 HV. Additionally,
the relative densities of samples within the same hatch dis-
tance set are averaged, except HD400, for which four sam-
ples with HD400 relative density could not be calculated
due to discontinuity at cross-sectional surfaces. (see Fig. 4,
Fig. 6 and Table 5). The relative density average of samples
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with HD200 is found to be 99.74%, while that of samples
with HD300 is 99.79%. A correlation exists between the
averaged density and the averaged microhardness results.
When the relative density of samples increases, the micro-
hardness values of samples also increase [44].

4 Conclusion

This paper presents evidence of the small-scale manufac-
turing capability of DAM in SS316L, which is a highly
desirable attribute in traditional LPBF processes due to
its enhanced corrosion resistance and biocompatibility.
SS316L represents a novel chapter in the field of DAM,
exhibiting a higher density than its predecessor, Ti6AI4V
feedstock. The DAM process enables the fabrication of
fully melted and fused SS316L parts. It is observed that
DAM enables a 99.99% dense part. It has been demon-
strated that DAM represents a promising alternative to
LPBF for the fabrication of samples with lower energy
density requirements, due to the higher laser absorptivity
of SS316L powder at a wavelength of 450 nm. The micro-
structural investigation reveals the significant presence of a
o ferrite phase, in addition to the main y austenite phase in
SS316L. This suggests that the presence of d ferrite is evi-
dent in samples produced with varying energy inputs, with-
out any coincidental procedures in previous LPBF works.
It is hypothesized that a reduced cooling rate results in the
formation of the 6 ferrite phase. The presence of delta-fer-
rite in austenitic stainless-steel welds prevents cracking due
to tensile stress in corrosive environments. The inherently
slower cooling rate of DAM also results in an increase in
the size of the cellular structure at the sub-grain level in
comparison to LPBF work. While the cellular size in LPBF
counterparts does not exceed 2 pm, the DAM samples dis-
play a cellular size of 3—4 pm. The present study compares
the surface roughness and microhardness of DAM samples
with those of LPBF samples from the literature. The sam-
ple with a slower scanning speed (SS50) and lower hatch
distance (HD200) yielded superior results in terms of top
surface defects and surface roughness measurements, with
a value of 3.469 um. Notable discrepancies in microhard-
ness measurements between the DAM samples and previ-
ous LPBF works are attributed to the slower cooling rate.
The hardness of the samples remains higher than that of
the as-cast SS316L samples.
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