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A B S T R A C T

Diode Point Melting (DPM) is an alternative additive manufacturing powder-bed melting approach that combines 
multiple low-power, short-wavelength lasers into a single spot that is raster-scanned by an XY gantry to selec
tively melt deposited powder. In this study, the DPM laser head is composed of eight 450 nm diodes (~35 W 
total) focused to ~100 × 150 μm and is used to fabricate 316L stainless steel. Parts achieve >98 % relative 
density while operating at slower scan speeds and estimated lower cooling rates than Laser Powder Bed Fusion 
(LPBF) (≈6.66 × 104 K s− 1 vs ~107 K s− 1). The DPM microstructure is distinguished by larger grains (~18 μm) 
and larger cellular sub-grains (~2 μm) relative to the typical LPBF of 316L. It was demonstrated that cellular size 
decreases with increasing scan speed, evidencing cooling-rate control of the sub-grain structure. Mechanical 
characterisation shows a modest reduction in elastic modulus and Vickers hardness compared with LPBF- 
processed 316L, attributed to grain coarsening and slightly higher porosity, while values remain above those 
of conventionally manufactured 316L. These findings demonstrate potential for DPM to be a low-cost and 
accessible alternative to LPBF with unique microstructural characteristics.

1. Introduction

Laser Powder Bed Fusion (LPBF) is a widely utilised additive 
manufacturing technique that serves as an alternative to conventional 
manufacturing methods. It enables the fabrication of fully dense, 
geometrically complex components by selectively melting metal powder 
layer by layer using a fiber laser. Although various metallic powders 
such as titanium alloys, nickel-based super alloys, and aluminium alloys 
are currently processed using LPBF, approximately one-third of all 
publications in the metal additive manufacturing literature focus on 
steels due to their wide range of industrial applications and superior 
mechanical properties [1]. Stainless steel 316L (SS316L), in particular, 
is a widely utilised feedstock material due to its broad range of appli
cations, including nuclear plants [2,3], biomedical [4], and marine ap
plications [5]. Its widespread adoption is attributed to its superior 
corrosion resistance [6,7], high strength [8], biocompatibility [7], and 
cost-effectiveness [9].

The mechanical properties of steel components fabricated through 
LPBF may differ significantly from those of conventionally manufac
tured parts, primarily due to the unique microstructure that arises from 

the rapid solidification inherent to the LPBF process. Tolosa et al. [10] 
reported that SS316L samples exhibit higher yield strength while 
maintaining significant elongation than their wrought counterparts. In 
addition to the enhanced yield strength, parts produced via LPBF exhibit 
higher tensile strength [11] and elastic modulus [12] than wrought 
parts. Therefore, microstructural characterisation in metal additive 
manufacturing is essential for controlling and tailoring the mechanical 
properties of fabricated components. Due to the layer-wise nature of 
fabrication in LPBF, grains tend to elongate along the building direction 
[13], resulting in a pronounced crystallographic texture characterised 
by a high fraction of <001> oriented grains [13,14]. Nevertheless, 
several studies have reported the presence of grains oriented along the 
<101> and <111> directions [15–18] to the building direction, 
attributed to the scanning strategy employed during fabrication [16,17]. 
At the sub-grain level, a cellular microstructure is commonly observed in 
SS316L due to the high cooling rates inherent in LPBF.

Researchers have particularly focused on the microstructural cus
tomisation of SS316L [14,19–21] in terms of cellular structure; the size 
of the cell size significantly influences the strength and ductility of the 
fabricated parts [8]. Bertoli et al. successfully validated the good 
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agreement between empirically estimated cooling rates and Rosenthal’s 
analytical solutions, demonstrating that cellular structure size decreases 
with increasing cooling rate [20]. Some researchers have also confirmed 
a decreasing trend in cellular structure size with increasing scanning 
speed, which corresponds to a higher cooling rate [19,22]. Krahmalev 
et al. [23] investigated the effects of further annealing at 1050 ◦C and 
reported that the cellular structure disappears due to recrystallisation, 
leading to a decrease in hardness. Li et al. [24] demonstrated that heat 
treatment at 1200 ◦C leads to an increase in grain size and a reduction in 
residual stress, resulting from rapid solidification in as-built SS316L. 
Apart from the cellular structure works in the literature, Gao et al. [25] 
revealed that a lower hatch distance and the application of remelting 
result in a microstructure free of geometrically necessary dislocations, 
characterised by equiaxed grains. Liu et al. [26] reported that remelting 
significantly increases the grain size of the sample compared to the 
as-built LPBF condition, transforming the microstructure from a cellular 
to a columnar substructure. Navarre et al. [27] demonstrated that the 
addition of 2 wt% Al to SS316L transforms the microstructure from fully 
γ-austenite in the as-built state to fully δ-ferrite. There are a limited 
number of studies in the literature that investigate the effect of different 
process parameters within the same sample. Elkaseer et al. [28] 
employed two distinct regions on a single sample, each processed with 
different scanning speeds, hatch distances, and laser powers, to inves
tigate their influence on the surface roughness and hardness of AISI 420 
parts. Sofinowski et al. [29] demonstrated that rotating the scanning 
angle enables control of the crystallographic texture along the build 
direction.

Despite its advantages, LPBF-manufactured parts also encounter 
several challenges, such as micro-cracking [30], distortion [31], and 
residual stress [32], low laser absorptivity of metal powders [33], in 
addition to the high equipment and production costs [32] associated 
with the process. Ye et al. [34] report that the poor fatigue performance 
of LPBF-produced samples is associated with their surface roughness, 
porosity, microstructural characteristics, and residual stress state. A 
further challenge in LPBF lies in processing highly reflective materials, 
such as aluminium alloys [35] and pure copper [36], which exhibit low 
absorptivity at the wavelengths commonly employed in the technique. 
Literature on process parameter optimisation for SS316L in LPBF in
dicates that the required laser power typically ranges from 100 to 380 W 
[37–40]; however, higher power levels between 1000 and 2000 W have 
also been employed in the study to achieve optimal energy density 
conditions [41]. Processing materials with higher thermal conductivity 
requires increased energy input, which in turn leads to higher 
manufacturing costs due to the use of high-power lasers [42]. Stainless 
steels such as SS316L and 17-4 PH exhibit higher thermal conductivity 
compared to other commonly used metal powders like Inconel 718, 
Inconel 625, and Ti6Al4V [43]. Therefore, processing SS316L using 
low-power diode lasers presents both an interesting and challenging 
research question in the field of laser-based additive manufacturing.

This work presents Diode Point Melting (DPM), a low-power, low- 
cost alternative to traditional LPBF, coupling multiple low-power short- 
wavelength (450 nm) diode lasers into a single. The DPM laser head is 
mounted on a translating x-y gantry rail for selective SS316L laser 
processing across the powder bed. The laser absorptivity of SS316L 
powder increases by approximately 10 % when using 450 nm diode 
lasers compared to 1070 nm fiber lasers [44]. The capability of pro
ducing high-density parts, achieving up to 99.4 % relative density, was 
recently validated with Ti6Al4V [45] alongside investigations into the 
effect of in-situ dynamic laser area heating to enhance thermal control 
[46]. In this study, SS316L will be processed using DPM, this material 
presents new challenges due to its higher thermal conductivity and 
powder density compared to previous DPM-processed materials (Ti64). 
DPM SS316L component microstructural characterisation is performed 
(e.g. SEM, EBSD, XRD, EDS) as well as mechanical testing. Additionally, 
in this work, the scanning speed was varied on a layer-by-layer basis to 
tailor the microstructure along the build direction in DPM-processed 

SS316L, addressing the existing research gap on microstructural 
customisation.

2. Materials and methods

2.1. Material specifications

Spherical-shaped SS316L powder with size quantiles Dv (10) = 17.9 
μm, Dv (50) = 28.5 μm, and Dv (90) = 43.9 μm is utilised in all ex
periments. Fig. 1(a) illustrates the particle size distribution of the 
powder as measured using the Malvern Mastersizer 3000. Fig. 1(b) 
confirms the spherical morphology of the powder, as observed under 
SEM at 500× magnification. The chemical composition of the powder is 
presented in Table 1. The austenitic stainless steels are broadly preferred 
in corrosive environments due to their excellent corrosion resistance 
[6], in addition to their superior mechanical properties and 
cost-effectiveness [47].

2.2. Experimental setup and procedure

In this study, eight individual 450 nm diode lasers, each with an 
optical output of approximately 4.4 W, are focused on a single spot (see 
Fig. 2(a)). An air-cooling system is integrated into the enclosure to 
prevent the diode laser temperature from exceeding its operational 
limits. Additionally, focusing and collimating lenses are used to direct 

Fig. 1. (A) The particle size distribution of SS316L powder, (b) particle 
morphology of SS316L under SEM at 500x.
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and focus the laser beams into a single spot. The resulting laser spot has a 
rectangular shape with dimensions of 100 × 150 μm2 at focus. In 
contrast to the galvo scanning system used in industrial LPBF machines, 
the custom-built laser system, with a total optical power of 35 W, moves 
along the x-y direction using a gantry system to melt the powder (see 
Fig. 2(b)). It offers a solution to the scalability limitations associated 
with LPBF by enabling the fabrication of larger components [48]. 
Furthermore, 99.99 % pure shield argon is purged into the experiment 
setup before the processing and oxygen content is monitored during the 
experiment (kept under 1000 ppm).

In this paper, two hatch distances are employed in the fabrication of 
SS316L in DPM, as 75 μm and 100 μm correspond to 50 % and 33 % laser 
spot overlap (overlap is given from the long side of the laser spot). 
Additionally, the scanning speed parameters range from 750 to 1800 
mm/min (12.5–30 mm/s). The scanning speed and hatch distance pa
rameters are selected to be comparable to those used in a previous study 
conducted with DPM [45]. The layer thickness is set to 30 μm, consistent 
with literature studies on LPBF-processed SS316L [49–52]. The laser 
power is maintained at a maximum of 35 W, as previous research on 
DPM processing of Ti6Al4V has shown that using full power leads to 
improved densification compared to using half power [45].

In all experiments, a total of 50 layers with a thickness of 30 μm were 
processed following the initial 25 layers, which were excluded from all 
subsequent analyses. The top 50 layers are considered for all analyses. 
To eliminate any random effects during processing, at least three sam
ples were produced for each parameter set, with fabrication carried out 
in different regions of the substrate. In brief, a full factorial experimental 
design is employed, incorporating two process parameters: hatch dis
tance (two levels) and scanning speed (eight levels). This results in 16 
parameter combinations, each replicated at least three times, yielding a 
minimum of 48 experimental runs. Laser power and layer thickness 
remain constant throughout. The design facilitates the analysis of both 
main and interaction effects, while replication enables estimation of 
experimental error and assessment of statistical significance.

Following the investigation of the as-built DPM samples, remelting is 
carried out using both full power (35 W) and half power (17.5 W) to 

examine its effect on relative density and melt pool formation. In this 
process, each layer of the sample is remelted using the same scanning 
strategy as in the initial pass.

Additionally, samples consisting of 80 layers are fabricated at scan
ning speeds of 1200, 1350, 1500, and 1800 mm/min, identified as the 
optimal scanning speeds for densification. A hatch distance of 100 μm is 
employed in this study, based on the densification results, which indi
cate it as the optimal value for achieving a higher relative density. These 
samples are then analysed to evaluate cellular structure size, to under
stand the influence of cooling rate on microstructural control.

2.3. Material characterisation

Samples are subjected to a metallography procedure after cutting. 
First, the samples are cross-sectioned and then subjected to automated 
grinding and polishing. P320 to P4000 waterproof grinding papers, 
followed by a Chemomet cloth with a 0.06 μm colloidal silica suspen
sion, are used sequentially for grinding and polishing. Following the 
ultrasonic cleaner stage, optical microscopy analysis is performed to 
determine the relative density of the samples using ImageJ [53] soft
ware. ImageJ converts microscopy images into grayscale, followed by 
automated thresholding applied to the cross-sectional images of the 
samples to quantify their relative density. Subsequently, the polished 
surfaces are swabbed with a cotton stick soaked in Kalling’s Reagent to 
etch the samples and reveal their microstructural details. Kalling’s Re
agent facilitates the visualisation of melt pool boundaries and sub-grain 
microstructures, which are examined using both optical microscopy and 
SEM. Following etching, EDS analysis was performed on 10 different 
regions, including cellular boundaries and interior areas, to assess the 
elemental composition. The lineal intercept method, defined as the ratio 
of the total length of lines by the number of intercepts (see Equation (1)), 
is used to measure the average cellular size structure in DPM-processed 
SS316L. 

l=
L
NI

Eq. 1 

Table 1 
The elemental 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

Fig. 2. (A) The schematics of the DPM laser, (b) the schematics of the experiment setup of DPM.
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Here L denotes the total length of test lines, NI is the number of in
tercepts, and l represents the average cell size.

Before etching, the sample with the highest relative density is ana
lysed using XRD to identify crystallographic phases. This is followed by 
an in-depth microstructural investigation through EBSD using a JEOL- 
7900F Schottky Field Emission Scanning Electron Microscope. Addi
tionally, nanoindentation is conducted at 9 different points in a 3 × 3 
array using an open-loop trapezoidal loading and unloading approach 
with the Micro Materials NanoTest Vantage system, applying a load of 
20 mN. Subsequently, the Vickers hardness of all samples was measured 
using a Zwick Roell Indentec ZHV30 Vickers hardness tester, applying a 
0.5 kgf load. Six separate hardness measurements are performed on the 
polished cross-sections of each sample to minimise the influence of 
random variations during testing.

Most studies in the literature on processing SS316L using LPBF utilise 
the Volumetric Energy Density (VED) formulation to optimise process 
parameters [54,55] and understand the mechanical properties of the 
fabricated parts [56], although its limitations have been highlighted in 
several studies [57,58]. Thomas et al. [59] proposed a new formulation 
called Normalised Energy Density (NED), which incorporates not only 
process parameters such as laser power, scanning speed, layer thickness, 
and hatch distance, but also material-specific properties, including laser 
absorptivity, specific heat capacity, density, and melting temperature, 
which are factors not considered in the conventional VED formulation. 
Therefore, NED formulation has been shown to offer a more compre
hensive explanation of process behavior compared to VED. NED is 
defined as the ratio of q* (dimensionless beam power) to the product of l* 

(dimensionless layer thickness), v* (dimensionless scanning speed) and 
h* (dimensionless hatch distance), as shown in Equation (2). This 
formulation incorporates both processing parameters and material 
properties within a unified, dimensionless framework. 

E*
0 =

q*

v*l*h* =
Aq

2vlh
1

ρCp(Tm − T0)
Eq. 2 

Where A is the laser absorptivity of powder, ρ is the density (kg/m3) of 
the powder, q is a laser power (W), l is a layer thickness (m), h is the 
hatch distance (m), v is scanning speed (m/s), Cp is the specific heat (J/ 
kg.K) of the powder, Tm is the melting temperature (K) of the powder 
and T0 is the initial temperature (K) of the system.

3. Results

3.1. Porosity and energy density analysis

Fig. 3 illustrates the relative density distribution of DPM-processed 
SS316L samples with two hatch distance values, 75 μm and 100 μm, 
corresponding to 50 % and 33 % laser beam overlap, across varying 
scanning speeds ranging from 750 to 1800 mm/min (12.5–30 mm/s, see 
Table 2). Additionally, optical microscopy images are presented above 
the relative density distribution to highlight regions of high, medium, 
and low porosity in the sample processed with a scanning speed of 1500 
mm/min and a hatch distance of 100 μm.

A notable difference in porosity is observed among the samples 
fabricated with varying hatch distances. Specifically, samples produced 
with a hatch distance of 100 μm exhibit higher density across all scan
ning speeds compared to those with a 75 μm hatch distance. Hatch 
distance plays a critical role in determining melt pool overlap; excessive 
overlap can induce random flow patterns within the molten track, which 
in turn promotes pore formation in the final parts [60]. Porosity in the 
samples increases with scanning speeds up to 1500 mm/min (25 mm/s), 
beyond which a decline in relative density is observed, as illustrated in 
Fig. 3. A similar trend, where relative density initially increases and then 
decreases with increasing scanning speed, has been reported in the 
literature for SS316L processed via LPBF. [21]. This behaviour can be 

attributed to the high energy input at low scanning speeds, which can 
lead to keyhole formation in the melt pool because of intense metal 
vaporisation. The maximum relative density of 98.1 % is achieved in the 
sample processed with a scanning speed of 1500 mm/min and a hatch 
distance of 100 μm. However, some regions within this sample exhibit 
densities exceeding 99 %, as shown in Fig. 3.

The relative density and NED values of all samples, along with their 
corresponding processing parameters, are presented in Table 2. The 
sample with the highest relative density is highlighted. Table 2 dem
onstrates that NED serves as a useful indicator of relative density in the 
fabricated samples. Samples with high NED values (greater than 45) 
generally exhibit poor relative density (<95 %), likely due to excessive 
energy input causing vaporisation and over-melting. Conversely, sam
ples with lower NED values (below 45) tend to achieve higher relative 
density (>95 %) in general. These results suggest that while NED pro
vides a valuable metric for predicting densification outcomes, individual 
process parameters such as hatch distance and scanning speed also play 

Fig. 3. Relative density of all samples varying scanning speeds (from 750 to 
1800 mm/min) and hatch distances (75 and 100 μm) with porosity maps.

Table 2 
The relative density and NED values for all samples.

Laser Power 
(W)

Scanning Speed 
(mm/min)

Hatch Distance 
(μm)

Relative 
Density (%)

NED

35 750 75 91.97 ± 1.63 90.56
900 ​ 92.43 ± 1.68 75.47

1050 ​ 92.67 ± 1.75 64.69
1200 ​ 92.91 ± 0.68 56.60
1350 ​ 94.36 ± 0.93 50.31
1500 ​ 95.33 ± 1.59 45.28
1650 ​ 95.02 ± 0.95 41.16
1800 ​ 91.38 ± 0.9 37.73
750 100 94.25 ± 2.96 67.92
900 ​ 94.63 ± 0.53 56.60

1050 ​ 94.11 ± 2.09 48.51
1200 ​ 95.52 ± 2.3 42.45
1350 ​ 95.72 ± 2.07 37.73
1500 ​ 97.77 ± 0.35 33.96
1650 ​ 96.52 ± 0.26 30.87
1800 ​ 96.8+±0.33 28.30
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significant roles and must be optimised independently.
Fig. 4 presents a comparison of literature data for SS316L processing 

via LPBF (having >99 % relative density) alongside the best-performing 
DPM sample in terms of relative density, plotted against the NED dia
gram. In our previous work, the higher energy requirement for pro
cessing SS316L with diode lasers, in comparison to Ti6Al4V, was 
thoroughly examined using NED mapping [61].

SS316L has a higher density and thermal conductivity compared to 
Ti6Al4V [45], making it more challenging to process using a low-energy 
slow moving laser spot (the laser spot size is 100 μm by 150 μm, see 
Fig. 2). It is therefore recommended to use a more powerful diode laser 
to increase the scanning speed and overcome the challenges posed by 
the high thermal conductivity of SS316L, to achieve near-full density 
(~99.9 %) comparable to LPBF results reported in the literature.

From this point onward, all independent analyses, including optical 
microscopy, SEM, XRD, EBSD, and nanoindentation, except for Vickers 
hardness, are performed on the sample exhibiting the highest relative 
density. This corresponds to the specimen processed at a scanning speed 
of 1500 mm/min with a hatch distance of 100 μm.

3.2. Microstructural characterisation

After etching with Kalling’s Reagent, the melt pool boundaries 
become visible in the optical microscopy images, as shown in Fig. 5(a). 
The hierarchical microstructure, resulting from the layer-by-layer 
fabrication using DPM, is presented in both the optical microscopy 
image (Fig. 5(a)) and the SEM images (Fig. 5(b)–(e)). When a new layer 
is deposited onto the previously melted layer, the laser partially remelts 
the underlying layer, resulting in overlapping, as indicated by the yellow 
dotted ellipse in Fig. 5(a). Additionally, the dotted white squares in 
Fig. 5(a) highlight the overlapping of crescent-shaped melt pools, which 
occurs due to the hatch distance employed during scanning. Detailed 
microstructural images captured using SEM are presented in Fig. 5(b), 
with melt pool boundaries distinctly highlighted by dotted white arcs.

Fig. 5(c) clearly illustrates the growth of columnar grains along the 
building direction through the melt pool boundaries. In this process, the 
previously solidified layer serves as a seed for the recently melted layer 
during rapid solidification [49]. Epitaxial growth of columnar grains 
follows the direction of heat flow, which aligns with the building di
rection and is perpendicular to the melt pool curvature [49,66]. Fig. 5(d) 
illustrates the primary sub-grain microstructure, which consists of 
cellular dendrites. Both columnar and cellular structures arise from the 
solidification process associated with laser processing in DPM.

The size of the cellular structure in LPBF-processed SS316L has been 

reported in previous studies as < 1 μm [8], 275.2 ± 24.6 nm [67], 
330–590 nm [68], and 400–850 nm [69]. According to solidification 
theory, the ratio of the high thermal gradient (G) to the crystal growth 
rate (R) has an impact on cellular dendrite formation. Additionally, the 
cooling rate during solidification is determined by the product of G and 
R [40]. An increase in crystal growth rate, driven by a higher scanning 
speed, given the correlation between the solidification rate (R) and 
scanning speed [20] leads to an overall increase in the cooling rate of the 
process. For instance, in LPBF-processed SS316L, an increase in cellular 
size from 250 to 1200 nm has been observed as the scanning speed 
decreases from 7000 mm/s to 283 mm/s [19]. Recently, Erman et al. 
[61] investigated the cellular structure size of SS316L processed using 
Diode Area Melting (DAM) with 450 nm blue diode lasers, reporting a 
range of 3–4 μm, highlighting the inherently slower cooling rate of the 
process. Fig. 5(e) explicitly highlights the region encompassed by the 
cellular sub-grain structure. The cellular structure is calculated by the 
lineal intercept method by 1.97 μm in DPM-processed SS316L (see Fig. 5
(e)). The cooling rate in the DPM process can be estimated using an 
empirical relationship based on the dendritic spacing of SS316L. This 
relationship is generally expressed as [70]: 

d=80Ṫ− 0.33 Eq. 3 

where Ṫ (K/s) is the cooling rate, and d is the dendritic spacing. Based on 
the formula, the cooling rate of the DPM process is estimated to be 6.66 
× 104 K/s. The cooling rate of SS316L processing in DPM falls between 
that of LPBF and DAM techniques (ranging from 107 to 600 ◦Cs [71]). 
Consequently, the resulting cellular structure size lies between those 
observed in these two processes.

Fig. 6(a) shows the inverse pole figure (IPF) from the plane, which is 
parallel to the building direction (cross-section plane against scanning 
direction, shown as a dotted square in Fig. 6(a)). Fig. 6 reveals the 
presence of columnar grains, which are attributed to the high thermal 
gradient along the building direction during solidification. Grain growth 
is observed to extend across the melt pool boundaries along the build 
direction, spanning approximately 3–4-layer thicknesses, as shown in 
Fig. 6(a). Additionally, the grain width remains consistently smaller 
than the laser spot size (see Fig. 6(a), spot size is 150 μm in width), 
indicating the absence of significant lateral growth.

The grain size of parts produced by laser processing technologies 
depends on the cooling rate and increases as the cooling rate decreases 
[72]. The presence of larger grain sizes under slower cooling conditions 
arises from the extended time available for grain growth [73]. Addi
tionally, the grain size may vary within the sample along the building 
direction due to high thermal conduction between the substrate and the 
sample. A finer microstructure is expected in the region of the sample 
close to the substrate; therefore, EBSD measurements are conducted 
from the middle of the sample. The average grain size in DPM-processed 
SS316L is measured to be 17.6 μm in the region shown in Fig. 6(a), 
which is approximately five times larger than that of fine-grained LPBF 
counterparts (3.2–3.4 μm) [74] and about twice as large as typical LPBF 
grain sizes (7.6 μm) [15]. Although some studies have reported higher 
grain sizes in typical LPBF samples, ranging from 12.6 to 16.7 μm [49,
52,75]. The grain size observed in DPM-processed SS316L still exceeds 
these values when measured on a cross-section parallel to the building 
direction (i.e., perpendicular to the scanning direction).

EBSD analysis indicates the absence of a strong crystallographic 
texture, suggesting no preferential grain orientation across the analysed 
region. A relatively weak alignment of the <101> and <111> crystal
lographic directions is observed in the BD-TD plane. The weak texture 
intensity is further supported by the {100}, {110}, and {111} pole fig
ures shown in Fig. 6(b), with a maximum intensity value reaching 8.53.

Furthermore, the influence of crystallographic orientation on 
Young’s modulus was evaluated using the texture information obtained 
through EBSD, applying the Hill approximation. The Hill approxima
tion, which represents the arithmetic mean of the Reuss (lower bound) 

Fig. 4. NED diagram for the best sample in DPM in terms of porosity and 
literature works [38,39,62–65] for processing SS316L in LPBF.
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and Voigt (upper bound) models, is employed to estimate the macro
scopic elastic properties of LPBF-processed samples [76,77]. The elastic 
modulus values calculated using the Hill approximation along different 
directions, EBD = 190.96 GPa,ETD = 175.09 GPa, indicate the absence 
of significant crystallographic texture in the DPM-processed SS316L, as 
evidenced by the relatively small difference (~10 %) between the two 
directions. Moreover, these calculated values are consistent with the 
experimentally measured elastic modulus values, which will be pre
sented in the nanoindentation test section.

Grain interference is classified as low-angle grain boundaries 
(LAGBs) when the misorientation is less than 10◦ and high-angle grain 
boundaries (HAGBs) when it exceeds 10◦. The presence of LAGBs, along 
with the formation of cellular structures and high dislocation densities, 
has been attributed to the enhanced ductility and strength of LPBF- 
processed SS316L [8]. According to EBSD analysis, the fraction of 
LAGBs in DPM-processed SS316L is 71.2 %, and HAGBs constitute 28.8 
%. The high proportion of LAGBs is attributed to the extensive cellular 
structure network within the microstructure, which contributes to 

Fig. 5. (A) Optical microscopy image representing melt pool boundaries at 20× magnification., (b) SEM image showing melt pool boundaries at 1kx, (c) SEM image 
highlighting epitaxial growth of columnar structures at 2kx magnification., (d) SEM image showing cellular structures at 2kx magnification., (e) close-up view of 
cellular structures under SEM at 4kx magnification.

Fig. 6. (A) EBSD inverse-pole figure (IPF) map, (b) pole figures for {100}, {110}, and {111} crystallographic planes.
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strengthening by impeding dislocation motion [15]. The low fraction of 
HAGBs is also attributed to the reduced residual stress resulting from 
rapid solidification [24].

3.3. Phase determination and elemental composition analysis

XRD analysis is conducted for phase identification on both the virgin 
powder and the DPM-processed sample with the highest relative density. 
The analysis is performed in the region where the normal vector of the 
plane is oriented perpendicular to the building direction, as illustrated in 
Fig. 7(a). The XRD diffraction peaks in Fig. 7(a) indicate the presence of 
(111), (200), (220), (311), and (222) crystallographic planes. XRD re
sults confirm the presence of the γ-austenite phase exclusively, which is 
consistent with literature data on SS316L processing in LPBF [52,63,78]. 
It is noteworthy that no other intermetallic compounds, such as δ-ferrite 
corresponding to the (110) crystallographic plane, were observed 
following the (111) austenite peak. The formation of the δ-ferrite phase 
is suppressed by the high cooling rates in LPBF [37], a phenomenon that 
also applies to the DPM process. As outlined in Section 3.2, SS316L 
samples processed via DAM, with inherently slower cooling rates than 
those in DPM and LPBF, show the presence of the δ-ferrite phase [61]. It 
is also observed that the austenite peaks in the DPM-processed sample 
are broader compared to the powder material. This broadening can be 
attributed to the residual stress and dislocation density induced by the 
thermal cycling and rapid solidification inherent in laser processing 
[55].

Fig. 7(b) and (c) present the EDS mapping at the sub-grain level, 
revealing the cellular structure along with the corresponding elemental 
composition, respectively. Fig. 7(b) indicates that the boundaries of the 
cellular structures are enriched with chromium (Cr) and manganese 
(Mn). Elements such as Cr, molybdenum (Mo), and silicon (Si) are 
known α-phase stabilisers and are typically observed in regions con
taining ferrite [40]. It is important to note that Cr (shown in red in Fig. 7
(b)) is observed at the cellular boundaries, consistent with the literature; 
however, the accumulation of Si or Mo at the boundaries is not evident 
[40]. However, EBSD and XRD analyses did not detect the presence of 
ferrite phases in the DPM-processed SS316L samples, which is consistent 

with the absence of significant accumulation of α-stabilizing elements.

3.4. Micro-hardness measurements

Fig. 8 presents the Vickers hardness values of DPM-processed SS316L 
samples with 75 μm and 100 μm hatch distances at varying scanning 
speeds. Additionally, hardness data from the literature for cast and 
wrought SS316L are included for comparison in Fig. 8(a) and (b), 
respectively. The Vickers hardness values of the samples range from 
204.3 H V to 229.3 H V, with an average hardness of 215.3 H V. The 
average micro-hardness of LPBF-processed SS316L samples ranges from 
216 H V to 235 H V [10,39,74,79,80] that are presented in Fig. 8(a) and 
(b), with some extreme values reaching up to 315 H V [81] reported in 
the literature. Cherry et al. [79] emphasised that the decrease in Vickers 
hardness is primarily attributed to increased porosity. However, no clear 
correlation between hardness and relative density is observed in 
DPM-processed samples. Therefore, the discrepancy in hardness results 
between DPM and LPBF samples may be attributed to the slightly higher 
proportion of porosity in DPM samples, as well as the inherently slower 
cooling rate. Even though the hardness values of some DPM-processed 
samples are close to those of LPBF-processed samples, the average 
hardness of DPM samples is 10–20 H V lower compared to 
LPBF-processed SS316L. Yet, it is noticeably higher than traditionally 
processed SS316L, such as cast and wrought samples, as shown in Fig. 8
(a) and (b).

Sun et al. [39] suggested that the variation in hardness values among 
LPBF samples can be attributed to differences in the size of the cellular 
structure at the sub-grain level, which result from changes in the 
induced cooling rate. The etched cross-sections (Fig. 5(e)) clearly show 
that the cellular structure size in DPM samples is larger than in 
LPBF-processed samples. Previously, the hardness of DAM-processed 
SS316L samples, which exhibited a larger cellular structure compared 
to DPM samples, was reported to be approximately 180 H V [61]. 
Moreover, EBSD measurements reveal that the grain size in 
DPM-processed samples is 5 times larger than that observed in LPBF 
samples. This inverse relationship between grain size and hardness 
aligns with the Hall–Petch relation, which predicts a decrease in 

Fig. 7. (A) XRD pattern of the DPM-processed SS316L and the virgin SS316L powder, (b) EDS maps for elemental segregation over cellular structure, (c) chemical 
composition of the area presented in Fig. 7(b).
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hardness with increasing grain size. Additionally, the fluctuations 
observed in the micro-hardness data of DPM-processed SS316L can be 
attributed to the specific regions where indentations were performed. 
Measurements taken at grain boundaries typically yield higher hardness 
values compared to those taken within the grain interiors. Furthermore, 
data collected from regions with finer grains tend to show higher 
hardness values compared to areas with larger grain structures [82]. 
Additionally, the hardness of SS316L samples produced via LPBF in
creases with increasing relative density [83]. Therefore, the lower 
hardness observed in DPM samples compared to LPBF counterparts may 
be attributed to their lower relative density.

3.5. Nano-indentation test

Fig. 9 presents the typical load-displacement curve obtained from 
nanoindentation tests. Based on nine nanoindentation points, the 
maximum nano-hardness value is measured as 5.03 GPa, while the 
minimum is 3.68 GPa. These values are comparable to those observed in 
LPBF-processed parts, which exhibit a maximum nano-hardness of up to 
6 GPa, particularly within grains exhibiting well-defined cellular sub
structures [66]. Furthermore, the fluctuations observed in Fig. 9 during 

the loading and unloading phases of the nanoindentation test can be 
attributed to the presence of defects such as balling and porosity, as well 
as the resistance offered by the cellular substructure [66]. The variation 
in nano-hardness values in DPM-processed SS316L can be attributed to 
the specific indentation locations, particularly whether they intersect 
cellular boundaries, as well as differences in the size of the cellular 
structures. Guo et al. [40] reported that the nano-hardness of 
EBM-processed SS316L was 3.25 ± 0.15 GPa at cellular boundaries, 
whereas it was 2.88 ± 0.11 GPa within the cellular interiors. Kong et al. 
demonstrated that LPBF-fabricated parts with finer cellular structures 
exhibited higher nano-hardness values compared to those with larger 
cellular structures [19].

Another contributing factor to the variation in nano hardness mea
surements in DPM is micro-level anisotropy, which arises from the layer- 
wise nature of the manufacturing process and directional solidification 
of the melt pool [84]. Furthermore, variations in nano hardness mea
surements can result from differences in the crystallographic orientation 
of the grains where the data are collected [18].

In addition to the nano-hardness values of DPM-processed SS316L, 
the reduced modulus measured via nanoindentation ranged from 
169.49 GPa to 194.37 GPa (see Fig. 9). These values are comparable to 
those reported for LPBF-processed SS316L [18,85,86], except for some 
works [66,74] that shows higher values due to fine microstructure. The 
slight reduction in the elastic modulus of DPM-processed SS316L 
compared to LPBF counterparts, like the trend observed in Vickers 
hardness values, can be attributed to grain coarsening, as evidenced by 
the EBSD results.

4. Discussion

4.1. Remelting

Fig. 10 presents the optical microscopy images of samples subjected 
to 50 % and 100 % power remelting. There is no significant increase in 
relative density observed in the remelted samples compared to the as- 
built DPM samples; the relative density of the remelted specimens re
mains within the range presented in Fig. 3. In conclusion, the highest 
relative density obtained in this study is 98.1 %, corresponding to a 
scanning speed of 1500 mm/min and a hatch distance of 100 μm. 
Porosity observed in the remelted samples is highlighted with dotted 
white circles and rectangles in Fig. 10(a) and (b). The melt pool 
boundaries are indicated by double yellow and green arrows in Fig. 10
(a) and (b), respectively. The melt pool boundaries in the remelted 
samples are noticeably shallower compared to those in the as-built DPM 
samples, indicating a reduced penetration depth during remelting (see 

Fig. 8. Vickers hardness of DPM-processed SS316L samples (a) having a 75 μm hatch distance, (b) having a 100 μm hatch distance with cast SS316L [52], wrought 
SS316L [80], and LPBF SS316L [10,39,74,79,80].

Fig. 9. Load-displacement curve of DPM-processed SS316L obtained from 
nano-indentation test with nano-hardness and elastic modulus results.
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Fig. 5(a)). Yasa et al. [87] also demonstrated that, following remelting, 
the melt pool geometry transitions from the typically curved shape 
observed in conventionally LPBF-produced SS316L to a more linear 
form. The double-headed arrows indicate the melt pool depth in the 
sample remelted at 50 % power in Fig. 10(c). Although the melt depth is 
shallower than that of the as-built DPM sample (see Fig. 5(a)), it is 
greater than that observed in the sample remelted at 100 % power (see 
Fig. 10(d)).

Higher-magnification micrographs in Fig. 10(c) and (d), corre
sponding to the regions outlined by dotted grey rectangles in Fig. 10(a) 
and (b), offer a more detailed view of melt pool formation. Furthermore, 
a distinct secondary melting boundary is visible in the sample remelted 
at 100 % power, indicating deeper thermal penetration during the sec
ond pass. This feature is highlighted in Fig. 10(d) using solid and dotted 
white arcs to represent the first and second melting boundaries, 
respectively. This phenomenon has also been observed during the pro
cessing of SS316L using LPBF with dual lasers, where one laser functions 
as the primary forming laser and the other serves as a control laser [26].

4.2. The effect of cooling rate on microstructure

Fig. 11 shows the variation of cellular structure size with scanning 
speed in the same sample along the build direction. The sample is pro
duced using the optimal scanning speed parameters based on the 
densification results. The schematics in the top right corner of Fig. 11
illustrate the cross-section of the sample. The cellular structure observed 
at the bottom part of the sample exhibits distinct characteristics 
compared to the middle and top regions, primarily due to the rapid 
solidification that occurs between the first deposited layer and the 
relatively cold substrate [22]. To mitigate this effect, a support structure 
is included in the sample; however, this region was not subjected to 
further analysis.

The average cellular structure sizes were measured as 1.39 μm, 1.27 
μm, 1.17 μm, and 1.10 μm for the regions processed at scanning speeds 
of 1200 mm/min, 1350 mm/min, 1500 mm/min, and 1800 mm/min, 
respectively. The decreasing trend in cellular structure size with 

increasing scanning speed, along with the standard deviation calculated 
from 10 measurements for each parameter, is shown in Fig. 11. A 
notable point is that the decreasing trend in cellular structure size re
mains evident even when higher scanning speeds are applied in the 
upper layers. This highlights the dominant influence of process- 
parameter selection, particularly scanning speed. Even though the 
reduced heat transfer to the substrate in the upper layers [73], the 
cooling rate decreases, emphasising the dominant role of scanning-speed 
selection. The direct correlation between scanning speed and the cooling 
rate during SS316L processing has been previously validated in LPBF 
studies [19]. A decreasing trend in cellular structure size with increasing 
scanning speed was observed, where scanning speeds of 7000 mm/s, 

Fig. 10. Optical microscopy image representing melt pool boundaries at 20× magnification for (a) 50 % remelting, (b) 100 % remelting, close-up view of melt pool 
boundaries at 50× magnification for (c) 50 % remelting, (d) 100 % remelting.

Fig. 11. The size of cellular structures in the sample produced with varying 
scanning speeds.
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4250 mm/s, 850 mm/s, and 283 mm/s corresponded to average cell 
sizes of approximately 200 nm, 250 nm, 500 nm, and 1 μm, respectively 
[88].

Several studies have been conducted to create bimetallic structures 
using different powders to combine their advantages — for example, 
producing bimetallic samples with IN718 and SS316L to leverage their 
superior properties in high-stress, high-corrosion, and high-temperature 
environments [89]. The cellular structure also plays a significant role in 
determining the strength and ductility of the material. This approach is 
considered a promising avenue for understanding and controlling the 
microstructure of SS316L samples, particularly in terms of cellular 
structure size. Mechanical testing is needed for future implementation to 
more thoroughly evaluate the effectiveness of this approach.

4.3. Overall comparison of results in DPM vs LPBF

Table 3 provides an overall comparison of the two processing tech
nologies, LPBF and DPM, in terms of grain size, cellular structure size, 
cooling rate, microhardness, nano-hardness, and elastic modulus. It is 
demonstrated that SS316L (having >98 % relative density) parts exhibit 
average microhardness and nano-hardness values of approximately 215 
H V and 4.32 GPa, respectively, comparable to those of LPBF-fabricated 
counterparts. The slower cooling rate in DPM processing leads to grain 
coarsening (~18 μm) and a noticeable increase in sub-grain cellular 
structures in SS316L (to ~2 μm), compared to parts produced via LPBF 
(~6.66 × 104 K/s vs 107 K/s). Further investigation into the cellular 
structure size reveals that it increases as the scanning speed decreases, 
which is attributed to the corresponding reduction in the cooling rate. It 
is important to highlight that no significant reduction in micro- and 
nano-hardness is observed despite the grain coarsening in DPM- 
processed SS316L. Elastic modulus measurements, both experimental 
and theoretical, reveal that DPM-processed SS316L exhibits an average 
value of approximately 185 GPa, which is comparable to that of LPBF- 
produced counterparts. Remelting of the sample affects the melt pool 
shape, transforming it from a curved to a more linear geometry. Further 
increase in remelting power results in the formation of secondary melt 
boundaries adjacent to the previously solidified layers.

5. Conclusion

This work has explored the processing of SS316L using Diode Point 
Melting (DPM), a low-cost short-wavelength blue diode laser technique 
characterised by lower cooling rates compared to conventional LPBF. 
The inherently slower solidification in DPM offers a unique thermal 
control during fabrication, but the higher thermal conductivity and 
density of SS316L, relative to Ti6Al4V, introduce processing challenges.

Through optimisation of process parameters, relative densities of up 
to 98.1 % were achieved at a scanning speed of 1500 mm/min and hatch 
spacing of 100 μm. These conditions required substantially higher nor
malised energy density (NED) values than those typical for LPBF, with 
the best-performing samples reaching 33.96 compared to the LPBF 
range of 3.6–14.3. The resulting microstructures are markedly coarser 
than LPBF counterparts, with average grain sizes of 17.6 μm and cellular 
structures of 1.97 μm, in contrast to the 3.2–16.8 μm grains and 
0.275–0.85 μm cells commonly reported for LPBF-fabricated SS316L. 
This coarsening, together with the higher porosity inherent to the cur
rent DPM process, contributed to the observed reductions in both micro- 
and nano-hardness.

Analysis of multi-speed builds revealed a clear relationship between 
scanning speed and microstructural refinement. Decreasing the scan
ning speed increased the cellular structure size from 1.1 ± 0.13 μm to 
1.39 ± 0.15 μm. This capability to influence microstructure through 
build orientation and layer-specific parameter adjustment highlights the 
potential of DPM for application-specific tailoring of mechanical 
properties.

Overall, this study establishes a first benchmark for processing 

SS316L via DPM, confirming both the viability and the current limita
tions of this approach. While coarser microstructures and higher 
porosity presently limit mechanical performance, the demonstrated 
thermal control, parameter sensitivity, and low-cost system architecture 
suggest that with improved energy delivery and porosity reduction 
strategies, DPM could evolve into a competitive alternative to LPBF for 
cost-sensitive 3D printing of metallic components.

To summarise the outcomes of this research. 

• DPM enables the fabrication of high-density additively manufac
tured parts (>98 %) while providing improved thermal control using 
diode lasers.

• A grain size of 17.6 μm and a cell size of 1.97 μm were observed in 
DPM-processed SS316L, attributable to the lower estimated cooling 
rate (≈6.66 × 104 K s− 1) compared with conventional LPBF (~107 K 
s− 1).

• Mechanical properties comparable to LPBF were achieved, including 
a Vickers hardness of 215.3 H V, nano-hardness values of 3.68–5.03 
GPa, and a reduced modulus of 169.49–194.37 GPa.

• Remelting produced a shallower melt pool relative to as-built DPM 
samples.

• Layer-wise adjustment of process parameters (e.g., scanning speed) 
enabled microstructural tailoring along the build direction, partic
ularly with respect to cellular structure size.
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Table 3 
Overall comparison of LPBF and DPM processes.

LPBF DPM

Grain Size (μm) 3.2–16.8 [15,49,52,69,74,75] 17.6
Cell Size (μm) 0.275-0.85 [8,67–69] 1.97
NED 3.6–14.3 [38,39,62–65] 33.96
Cooling rate (K/s) 105-108 [90,91] ~6.66x104

Micro-hardness (HV) 216-235 [10,39,74,79,80] 204.3–229.3
Nano-hardness (GPa) 1.92-6.0 [49,66,74,84,86] 3.68–5.03
Elastic Modulus (GPa) 162.5–230 [18,66,86] 169.49–194.37

S.C. Erman et al.                                                                                                                                                                                                                                Journal of Materials Research and Technology 40 (2026) 991–1002 

1000 



References

[1] Haghdadi N, Laleh M, Moyle M, Primig S. Additive manufacturing of steels: a 
review of achievements and challenges. J Mater Sci 2021;56(1):64–107. https:// 
doi.org/10.1007/s10853-020-05109-0.

[2] Keller C, Tabalaiev K, Marnier G, Noudem J, Sauvage X, Hug E. Influence of spark 
plasma sintering conditions on the sintering and functional properties of an ultra- 
fine grained 316L stainless steel obtained from ball-milled powder. Mater Sci Eng A 
2016;665:125–34. https://doi.org/10.1016/j.msea.2016.04.039.

[3] Song R, Xiang J, Hou D. Characteristics of mechanical properties and 
microstructure for 316L austenitic stainless steel. J Iron Steel Res Int 2011;18(11): 
53–9. https://doi.org/10.1016/S1006-706X(11)60117-9.

[4] Kong D, Ni X, Dong C, Lei X, Zhang L, Man C, Yao J, Cheng X, Li X. Bio-functional 
and anti-corrosive 3D printing 316L stainless steel fabricated by selective laser 
melting. Mater Des 2018;152:88–101. https://doi.org/10.1016/j. 
matdes.2018.04.058.

[5] Mohammadi Zahrani E, Saatchi A, Alfantazi A. Pitting of 316L stainless steel in 
flare piping of a petrochemical plant. Eng Fail Anal 2010;17(4):810–7. https://doi. 
org/10.1016/j.engfailanal.2009.10.015.

[6] Sedriks AJ. Corrosion resistance of austenitic fe-cr-ni-mo alloys in marine 
environments. Int Met Rev 1982;27(1):321–53. https://doi.org/10.1179/ 
imr.1982.27.1.321.

[7] Hryniewicz T, Rokosz K, Filippi M. Biomaterial studies on AISI 316L stainless steel 
after magnetoelectropolishing. Materials 2009;2(1):129–45. https://doi.org/ 
10.3390/ma2010129.

[8] Wang YM, Voisin T, McKeown JT, Ye J, Calta NP, Li Z, Zeng Z, Zhang Y, Chen W, 
Roehling TT, Ott RT, Santala MK, Depond PJ, Matthews MJ, Hamza AV, Zhu T. 
Additively manufactured hierarchical stainless steels with high strength and 
ductility. Nat Mater 2018;17(1):63–71. https://doi.org/10.1038/nmat5021.

[9] Alsalla HH, Smith C, Hao L. Effect of build orientation on the surface quality, 
microstructure and mechanical properties of selective laser melting 316L stainless 
steel. Rapid Prototyp J 2018;24(1):9–17. https://doi.org/10.1108/RPJ-04-2016- 
0068.

[10] Tolosa I, Garciandía F, Zubiri F, Zapirain F, Esnaola A. Study of mechanical 
properties of AISI 316 stainless steel processed by ‘selective laser melting’, 
following different manufacturing strategies. Int J Adv Manuf Technol 2010;51 
(5–8):639–47. https://doi.org/10.1007/s00170-010-2631-5.

[11] Shunmugavel M, Polishetty A, Goldberg M, Singh R, Littlefair G. A comparative 
Study of mechanical properties and machinability of Wrought and additive 
manufactured (Selective laser melting) titanium alloy – Ti-6Al-4V. Rapid Prototyp 
J 2017;23(6):1051–6. https://doi.org/10.1108/RPJ-08-2015-0105.

[12] Challis VJ, Xu X, Halfpenny A, Cramer AD, Saunders M, Roberts AP, Sercombe TB. 
Understanding the effect of microstructural texture on the anisotropic elastic 
properties of selective laser melted Ti-24Nb-4Zr-8Sn. Acta Mater 2023;254: 
119021. https://doi.org/10.1016/j.actamat.2023.119021.
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