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A B S T R A C T

Laser Powder Bed Fusion (LPBF) is a commonly used Additive Manufacturing (AM) method for the production of 
geometrically complex metal components that are used in high-value sectors. It uses high power fibre lasers 
directed by a galvanometric scanner to rapidly melt powdered feedstock. LPBF systems are expensive, making 
them inaccessible to many sectors and have challenges related to in-process thermal control, production of large 
components and scalability limitations. As an alternative to traditional LPBF, this study introduces Diode Point 
Melting (DPM), combining multiple low-power, energy efficient blue (450 nm) diode lasers into a single focal 
point. DPM’s laser source is fixed to a scanning gantry axis that traverses across the powder bed, creating a low- 
cost alternative to traditional LPBF (~x10 lower laser hardware cost). DPM processes slower than LPBF, 
generating reduced thermal gradients with improved material laser energy absorption due to use of a shorter 
laser wavelength. DPM processing of Ti6Al4V was undertaken using 38W creating samples that were 99.41% 
dense. DPM’s slower melt pool solidification rate enabled the formation of a stable α + β phase creating harder 
samples. The grain size of Ti6Al4V samples fabricated using DPM were significantly larger compared to those 
produced by LPBF (grain size area ~ x30 larger). Young’s modulus of the samples produced via DPM was found 
to be higher than LPBF manufactured Ti6Al4V, indicating increased stiffness. DPM is a promising low-cost 
alternative to LPBF, offering the opportunity to make net-shape metal AM more widely accessible in both aca-
demic and industrial sectors.

1. Introduction

Additive manufacturing (AM) offers numerous advantages over 
conventional manufacturing techniques, including greater geometric 
flexibility, reduced material waste, the ability to consolidate multiple 
components into a single structure, and the capacity for customisation 
without incurring additional costs [1–3]. The most widely used AM 
method in the industry is the Laser Powder Bed Fusion (LPBF) technique. 
LPBF is a metal AM technique that builds high-density components with 
fine microstructures by selectively melting layers from different engi-
neering alloys (e.g., Ti6Al4V [4], Inconel [5], AlSi10Mg [6], 316L 
stainless steel [7], CoCr [8]). This layer-by-layer process allows for the 
creation of fully dense, complex parts while minimising material waste. 
Ti6Al4V components made through LPBF are highly valued in used in 
high value sectors in aerospace, energy, and medical due to their 
lightweight, durable properties, and ability to meet complex design 

requirements [4,9,10]. However, LPBF systems have notable drawbacks, 
including the high investment and operating costs, scalability and 
components size limitation, post-processing requirements for finished 
parts, and limited laser absorptivity for most metals (for example, 
aluminium alloys absorb less than 10%, whereas titanium absorbs 
50–60%, for the wavelength of 1064 nm typically used in LPBF) and 
need for high laser power. Moreover, high-intensity lasers moving at 
high speeds can generate substantial thermal gradients, which can lead 
to defects in parts should as cracks and warpage [11,12]. An alternative 
to LPBF galvo-scanning approach has been investigated, a gantry system 
(a Cartesian motion system) where multiple 976 nm fibre coupled lasers 
are mounted and traverse a powder bed was investigated by Karp et al. 
[13] The system also includes extra motion axes, such as a vertical stage 
to fine-tune the focus position at the working plane and a rotation stage 
at the v-groove to adjust the orientation of the fibre array. The gantry 
system enables synchronised motion across the laser channels, which 
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compensates for the slower scanning speeds (i.e., 300 mm/s) by 
covering a wider area. A 16-channel laser array, with a combined output 
of up to 960W (sixteen 60 W, 976 nm diode modules), was demonstrated 
to achieve part densities greater than 99% at 2x the build rate of con-
ventional single-laser systems using CoCr powder. Additionally, Bern-
smann et al. [14] explored the use of a gantry system in LPBF as a 
cost-effective alternative to conventional methods. The gantry system, 
although slower than conventional galvo-scanners, proved capable of 
guiding the laser effectively, enabling the production of stable builds 
even at reduced speeds. In their system, a gantry setup incorporating a 
200 W multi-mode fibre laser with a wavelength of 1070 nm and 
allowing scanning speeds of up to 150 mm/s was utilised. Although the 
scanning speed was relatively low, samples achieving up to 99.84% 
relative density were still produced. Furthermore, Zavala-Arredondo 
et al. [15] introduced an alternative innovative technology, known as 
Diode Area Melting (DAM), that involves employing individually 
addressable diode lasers with a shorter wavelength of 808 nm and lower 
optical outputs, specifically between 3 and 5 W, mounted within a 
gantry system, as opposed to the high-power fibre lasers and galva-
nometer scanners commonly used in conventional LPBF systems. Using 
the DAM approach, Alsaddah et al. [16] also successfully produced 
Ti6Al4V samples with over 90% relative density by employing two 
different wavelength lasers, 450 nm, and 808 nm, with a laser power of 
only 3.5 W. The study revealed that the absorption when processing 
Ti6Al4V was 11% greater with 450-nm lasers compared to 808-nm la-
sers and 14% higher than with 1064-nm lasers. Similarly, Caglar et al. 
[17] used multiple low-power (4 W) 450 nm diode lasers to produce 
high-dense Ti6Al4V samples. They achieved 99.3% relative density in 
their samples and reduced hardness by around 40% through the appli-
cation of a rescanning strategy. When comparing the relatively new 
DAM process with conventional LPBF systems in terms of build rate, 
although DAM, with a rate of 0.104 cm³/hr [17], is currently much 
slower than LPBF, which has a rate of 1–100 cm³/hr [18], this scanning 
speed leads to a lower solidification rate of 750–1400 ◦C/s [16], 
compared to the LPBF cooling rates of 105–107 ◦C/s. In studies by 
Hooper et al. [19], Yang et al. [20], and Gong et al. [21], the cooling 
rates were measured as 1-40x106 K/s, 105−6 K/s, and 104−6 K/s 
respectively. During the rapid solidification and cooling processes 
characteristic of LPBF, the body-centered cubic (bcc) β phase in the 
Ti6Al4V alloy fully transforms into a metastable hexagonal close-packed 
(hcp) α′ martensite phase through a diffusionless shear transformation 
mechanism. As a result, the microstructure comprises very fine α′ 

martensite within columnar prior β grains [22]. These columnar β grain 
boundaries, while certainly enhancing the material’s strength and 
hardness [9], also promote intergranular failure, which orchestrates a 
reduction in ductility [23].

LPBF machines are predominantly equipped with fibre lasers (with a 
wavelength of 1064 nm), along with galvanometric scanners to direct 
the beam to the desired area, both of which are expensive components 
($15–50K) [14]. In addition, due to the movement limitations of optical 
mirrors and beam quality, the processing size over a powder bed is 
restricted. Moreover, the 1064 nm wavelength that fibre lasers operate 
at cause much of the laser’s energy to be reflected rather than absorbed, 
particularly with copper [24] and gold [25]. Furthermore, the rapid 
laser movement results in high cooling rates, which reduces the ductility 
of materials and leads to increased brittleness. Motivated by these issues, 
an alternative manufacturing approach referred to as Diode Point 
Melting (DPM), is proposed in this work. This study employs a 
short-wavelength (i.e., 450 nm), low-power (i.e., 43.5 W) diode laser, 
along with a gantry system for its movement. This method integrates 

several low-power diode lasers (each of 5.5 W) at a single focal point, 
offering a more affordable and accessible alternative to conventional 
LPBF. The laser source, power control, and cooling costs less than 
$1500. DPM’s total cost could be much less than commercially available 
LPBF systems, primarily due to the use of a low-cost 450 nm diode laser 
on traversing axis. Additionally, DPM’s scalability allows for the pro-
duction of larger components, such as bicycle frames, which are chal-
lenging to create with LPBF due to the limited distance the laser is 
allowed to travel from galvo-mirror/f-theta lens center before beam 
degradation takes place. This study investigates part properties and 
optimal process parameters for processing of Ti6Al4V using DPM, 
exploring influence of laser processing hatch distance, layer thickness, 
laser power, and production with/without supports.

2. Materials and methods

All the experiments are conducted on Ti6Al4V Grade 5 ELI23 pow-
der, supplied by Carpenter Additive. The powder is produced by the gas 
atomisation method with the batch number PR100548. Tables 1 and 2
show the composition of elements calculated by the ASTM F3001
method in the Ti6Al4V powder material.

The particles are produced in spherical morphology and size range 
specified as 15–45 μm. The size distribution determined by the manu-
facturer with ASTMB822 standard and given by size quantiles Dv (10) =
17.4 μm, Dv (50) = 30.8 μm, Dv (90) = 51.6 μm. The hall flowability 
with ASTM B213 standard is represented to be 37.00 s/50g and apparent 
density 2.21 g/cm3 according to the manufacturer test report. Fig. 1a 
represents the particle size distribution according to the Malvern Mas-
tersizer 3000 result. Fig. 1b shows an SEM (Scanning Electron Micro-
scopy) image of virgin Ti6Al4V powder. It can be clearly seen that 
particles match the spherical morphology with a small amount of 
irregular near-spherical particles.

The experiments are conducted on The University of Sheffield’s 
developed Diode Area/Point Melting machine, named DAMX (devel-
oped under the EPSRC’s Novel Manufacturing Instrumentation call). 
This machine has an integrated gantry system in the build chamber that 
gives an allowance to attach the DPM laser. The platform has an argon 
gas recirculation system which continuously feeds argon gas into the 
build area. Oxygen level is continuously monitored with an Atlas Sci-
entific EZO-O2™ embedded oxygen sensor. During the experiments O2 
level are maintained below 1000 ppm. Fig. 2 represents the general view 
of the in-house developed DAMX machine and its inner printing plat-
form. Laser power, layer thickness, hatch distance, additional support 
structures, and laser speed are considered process parameters. In this 
context, the Ti6Al4V samples are produced using two different laser 
power (19 W and 38 W), four different layer thicknesses (30, 60, 90, and 
120 μm), four different hatch distances (50, 75, 100, and 125 μm) and 
two different support conditions (with/without support) under various 
laser scanning speeds.

The laser system used in the experiments has a total power output of 

Table 1 
Composition of elements in the Ti6Al4V powder material supplied by Carpenter Additive.

Ti Al V O N H Fe C Others
Balance (wt. %) 5.91 3.88 0.07 0.01 0.002 0.19 <0.01 0.40

Table 2 
Physical properties of the Ti6Al4V powder material [26].

Material Ti6Al4V Powder
Absorptivity (A) 0.72 (450 nm wavelength)
Thermal conductivity (λ) 7.2 W/m.K (at 298 K)
Material density (p) 4420 kg/m3

Specific heat (CP) 560 J/kg.K in (283–923 K)
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43.5 W. During testing, the laser is operated at 85% of its maximum 
power (38 W) giving a constant laser power output during power de-
livery. The laser spot size is measured to be 100 × 150 μm. This is 
achieved by combining the output of eight individuals 5.5 W, 450 nm 
diode lasers, which are focused into a single spot. Cube specimens are 
produced with dimensions of 8 × 8 × 5 mm3. For each case, at least three 
samples are produced for repeatability. After manufacturing each 
specimen, the specimens are cleaned by using an ultrasonic cleaner and 
isopropanol. The top surface roughness (Ra) of the produced samples is 
examined optically using Alicona Infinite Focus SL using the following 
formula. 

Ra=1
L
∫ L

0
|Z(x)|dx (1) 

where L denotes the sampling length, and Z(x) represents the profile 
height at position x. For the microhardness testing Zwick Roell Durascan 
machine is used to measure the Vickers hardness values. Throughout all 
the tests, a load of 1.0 kgf is applied, and five different measurements are 
taken for each sample in every test. For the microscopic examination, 
the specimens are externally mounted with bakelite by using Buehler 
Simplimet Mounting Press. After the mounting, grinding, and polishing 
operation is used via the Buehler Automet machine. 320/600/1200/ 
2400 and 4000 grit paper is used accordingly to complete the grinding. 
For polishing 90% of 0.06 μm colloidal suspension with combination of 
10% hydrogen peroxide (H2O2) solution is used for polishing. In the final 
step before optical microscopy, all the samples are rinsed with water in 
Automet machine and cleaned with isopropanol. Nikon LV150NL opti-
cal microscope is used for capturing the density maps. Also with 
polarised filters, some microstructures are observed successfully. ImageJ 
software [27] is used to determine the density and porosity size mea-
surements. It is a widely utilised software for determining the density 
and porosity sizes of LPBF samples using analysing optical images. 

High-resolution images of sample cross-sections, obtained via Nikon 
LV150NL microscopy, are post-processed in ImageJ through grayscale 
conversion and noise reduction. Thresholding techniques are then used 
to segment pores from the solid material, resulting in binary images in 
which porosity is quantified as the percentage of black pixels relative to 
the total image area. It should be noted that the same threshold values 
are used to get more accurate results for all samples. The relative density 
is calculated as 100% minus the porosity percentage, with results 
averaged from all cross-section regions to ensure accuracy. Also, for the 
porosity sizes measurements, 10 randomly pores are selected and 
measured to achieve more accurate results. Porosity sizes greater than 
10 μm are typically classified as lack-of-fusion porosities, characterized 
by irregular shapes, with measurements taken along the major axis. 
Conversely, porosities smaller than 10 μm are classified as gas pores, 
which generally exhibit circular shapes, with measurements based on 
their diameters [28–32]. The measurement approach was determined by 
the shape of the pores, using either the major axis or the diameter as 
appropriate.

A JEOL-7900F Schottky Field Emission Scanning Electron Micro-
scope is employed to perform Electron Backscatter Diffraction (EBSD) 
analysis for the purpose of examining the crystallography and me-
chanical properties of the Ti6Al4V samples. Before the EBSD analysis, 
PECS argon ion beam system is used to fully remove any unwanted 
colloidal silica or any unwanted particles. With JEOL-7900F, an area of 
0.30 x 0.40 mm2 on the YZ plane has scanned with a step size of 250 nm. 
To reconstruct the parent β grains, the Burgers orientation relationship is 
applied, specifically {0111}α//{110}β and 〈1120〉α//〈111〉β. The soft-
ware Aztec Crystal is utilized to generate pole figures (PFs) using equal- 
area projection, marked by a half-width of 10 degrees and scaled in 
multiples of random density. Additionally, the software facilitated in-
verse pole figure (IPF) mapping, parent β grain reconstruction, and grain 
size analysis. A misorientation threshold of 10◦ is established to 

Fig. 1. a) Powder size distribution graph and b) SEM image of Ti6Al4V.

Fig. 2. a) The University of Sheffield DAMX machine and b) schematic of inner chamber.
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differentiate between sub-grains.
Normalised energy density (NED) calculations are employed for all 

multilayer experiments in this study. To examine only the top surface 
roughness and single surface conditions, surface energy density (SED) is 
also utilised to create an ideal comparison chart. The formulas represent 
the definition and explanation of SED, VED (volumetric energy density) 
and NED calculations. 

SED=Es =
P

v x h (2) 

where P, v and h stand for output laser power (W), scan speed (mm/ 
min), and hatch distance (mm), respectively. 

VED=Ev =
P

v x h x l (3) 

where l stands for the layer height of the powder (mm). 

NED=En =
P*

v*x l*x h* [33] (4) 

P* =
A x q

rB x λ x (TM − T0)
v* =

v x rB
α

l* = 2 x l
rB

h* =
h
rB

(5) 

NED=En =
P*

v*x l*x h* =

⎡

⎢

⎢

⎣

A x P
rB x λ x (TM−T0)

v x rB
α

x 2 x l
rB x h

rB

⎤

⎥

⎥

⎦

=

[ A x P x α

2 x λ x v x l x h x (TM − T0)

]

(6) 

α=
λ

p x CP
(7) 

NED=En =
P*

v*x l*x h* =
[ A x P
2 x v x l x p x h x CP x (TM − T0)

]

(8) 

Where A is absorptivity, α is thermal diffusivity (m2/s), v scanning speed 
(m/s), l is layer height (m), p is material density (kg/m3), h is hatch 
distance (m), CP is the specific heat capacity of the powder (J/kg.K), TM 
is the melting temperature of powder (K), T0 is the powder bed tem-
perature (K), rB is the laser beam spot radius (m), λ is thermal conduc-
tivity (W/m.K). NED graph for ideal material melting regions can be 
found in the literature works [33].

SED and NED quantify energy densities in two and three dimensions, 
respectively. In LPBF, various process parameters significantly influence 
the characteristics of the final product [34]. Despite this complexity, it is 
commonly recommended to focus on one or two key parameters. The 
primary parameters in LPBF laser power, scan speed, hatch distance, and 
layer height collectively determine the VED utilised in the process. VED 
is frequently employed as a benchmark for optimising these parameters 

due to its comprehensive integration of these four critical factors.
Guo et al. [35] argued that variations in laser absorption, particu-

larly at a constant input energy density, substantially affect melt pool 
dynamics. This absorption variability stems from the differing impacts 
of laser power and scan speed on the formation of the deepening zone 
during melt pool solidification. It was demonstrated that changes in 
energy absorption rates, even with constant VED levels, result in vari-
ations in the melt pool. Specifically, at a constant VED, an increase in 
energy absorption occurs when both laser power and scan speed are 
simultaneously elevated. When high energy density is applied, particu-
larly to alloys with low melting point elements, several detrimental ef-
fects can occur. Excessive energy input may cause overheating and 
evaporation of these low-melting-point elements, thereby altering the 
alloy’s chemical composition. This can lead to issues such as increased 
porosity, the formation of undesirable phases, and a reduction in me-
chanical properties. Additionally, high energy density can enlarge the 
heat-affected zone, exacerbating residual stresses and distortion in the 
final component [36–38].

Although VED is explanatory in many aspects, it was found that VED 
does not sufficiently explain melt pool physics or predict laser-powder 
interactions [38,39]. Thomas et al. [33] conducted a comprehensive 
analysis of the factors influencing the microstructure of LPBF-produced 
parts and introduced the concept of NED. This analysis considered fac-
tors such as beam quality, focusing, wavelength, scanning strategy, 
oxygen levels in the chamber, powder-specific heat capacity (CP), single 
laser beam radius (rB), thermal conductivity (λ), diffusivity (α), material 
density (p), and other relevant parameters. Specific parameters included 
melting temperature (TM), powder-bed temperature (T0), layer height (l) 
and its normalised version (l*), hatch distance (h) and its normalised 
version (h*), laser power (q) and its normalised version (q*) and scan-
ning speed (ν) and its normalised version (v*). This research demon-
strated that dimensionless parameter groups offer a more 
comprehensive explanation than VED.

3. Results

All the process optimisations start with the investigation of laser 
power effect on relative density results. The main objective of the 
optimization of process parameters is to obtain the best parameters that 
could reduce the overall printing time without losing the densification, 
achieving high surface accuracy parts, and to keep microhardness values 
above a certain level. After the power level investigation, the research 
moved on to an effect on layer thickness and followed up with hatch 
distancing and support structure accordingly. In this work, LH repre-
sents layer height (unit: μm), HD represents hatch distance (unit: μm), P 
represents laser power (unit: W) and V represents scanning velocity 
(unit: mm/min) in the following results section.

Fig. 3. a) Laser power test illustration and b) effect of power rate comparison chart.
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3.1. Effect of laser power

In this section, the effects of Ti6Al4V samples produced with two 
different laser powers on relative density are examined. The laser used in 
this study has a maximum power output of 43.5 W. To assess the effect of 
laser power on the relative density of the samples, two power levels, 38 
W and 19 W, are selected. Operating at the maximum power output of 
43.5 W could potentially damage the laser over extended use; therefore, 
38 W (85% of overall power) is chosen as a near-maximum level. 
Additionally, 19 W is selected as half of this power setting to enable a 
comparative analysis at reduced power. Laser power test illustration and 
power rate – relative density comparison chart of samples produced is 
presented in Fig. 3a and b, respectively.

It should be also noted that in order to better understand the effect of 
laser power, constant hatch distance and layer height values are taken 
into account. The layer thickness and hatch distance values are selected 
based on a review of the existing literature on the processing of Ti6Al4V 
using traditional LPBF techniques. The values in the literature demon-
strate fluctuations for Ti6Al4V, with a range of 30–60 μm [40–43] and 
50–160 μm [41,42,44,45], respectively for layer thickness and hatch 
distance. Therefore, the layer thickness of 60 μm and hatch distance of 
100 μm are selected. For all samples in Fig. 3b, it is observed that the 
samples produced with 38 W laser power have better relative density 
values than the samples produced with 19 W. According to the figure, all 
the samples with a relative density of 90% and above are obtained with 
38 W. The porosity analysis reveals a notable influence of laser power 
and scanning speed on pore size. At 19 W laser power, pore sizes 
demonstrate a slight reduction with increasing scanning speed, while at 
38 W laser power, a significant decrease in pore size is observed across 
all speeds. This indicates that higher laser power effectively minimizes 
porosity, aligning with the overall trend of reduced porosity rates 
correlating to smaller pore sizes. For both laser power settings, the 
observed pores exhibit irregular shapes, which are characteristic of 
porosity caused by a lack of fusion [28–32]. As expected, this revealed 
that high laser power has a significant effect on the relative densities of 
the samples compared to low laser power. Furthermore, the LPBF study 
revealed that an increase in laser power from 100W to 200W result in a 
notable reduction in pore size, from 390 to 360 μm, and a considerable 

decrease in the volumetric ratio of porosity, from 0.27 to 0.02% [46]. In 
addition, Khorasani et al. [47] linked a reduction in laser power with a 
lack-of-fusion error resulting from a decline in temperature within the 
melt pool. Additionally, no significant correlation was observed between 
the laser power and scanning speed difference. NED values of the sam-
ples in also presented in Table 3. According to the table, it was observed 
that the samples with the highest relative density values (above 90%) 
are obtained in the samples with NED values between 34 and 86.

3.2. Effect of layer thickness

In this section, the effects of different layer thicknesses on the rela-
tive density and NED values of the samples are examined. In this context, 
four different layer thickness values were considered: 30, 60, 90 and 
120 μm. Layer thickness test illustration and layer height - relative 
density comparison chart is presented in Fig. 4a and b, respectively. It 
should also be noted that constant hatch distance and laser power values 
are taken into account in order to better understand the effect of layer 
height and thickness. Since it is seen in the previous section that the 
cases with the highest relative density are in the samples with a laser 
power of 38W, the laser power is selected as a constant 38 W in this 
section. It is also clearly seen from Fig. 4b that the samples with the 
highest relative density value are the samples with a layer thickness of 
30 μm. The layer height from 30 μm to 120 μm generally leads to a 
decrease in relative density from 98.79% to 89.30% and an increase in 
porosity size from about 19.20 μm (±8.70) to 73.00 μm (±19.24) (see 
Table 4). This trend suggests that thicker layers may result in incomplete 
melting and bonding, thereby reducing density and enlarging porosity. 
At higher relative densities, porosity typically comprises a mix of gas- 
induced pores and lack-of-fusion defects. Gas porosities are generally 
spherical and result from entrapped gases during rapid solidification. 

Table 3 
Effect of power rate overall comparison result table.

Specimen name NED Relative density (%) Porosity Sizes (μm)
60LH, 100HD, 19P, 800V 42.64 89.44 56.50 (±19.74)
60LH, 100HD, 19P, 1200V 28.43 89.06 55.10 (±11.76)
60LH, 100HD, 19P, 1600V 21.32 88.26 51.50 (±16.53)
60LH, 100HD, 19P, 2000V 17.06 89.89 50.60 (±12.89)
60LH, 100HD, 38P, 800V 85.29 94.56 46.60 (±20.04)
60LH, 100HD, 38P, 1200V 56.86 94.20 44.00 (±14.72)
60LH, 100HD, 38P, 1600V 42.64 94.04 40.10 (±10.80)
60LH, 100HD, 38P, 2000V 34.12 93.20 38.40 (±11.36)

Fig. 4. a) Layer thickness test illustration and b) effect of layer height comparison chart.

Table 4 
Effect of layer height overall comparison result table.

Specimen name NED Relative density (%) Porosity Sizes (μm)
30LH, 100HD, 38P, 800V 85.29 97.81 28.40 (±13.39)
30LH, 100HD, 38P, 1200V 56.86 98.38 19.80 (±6.76)
30LH, 100HD, 38P, 1600V 42.64 98.79 19.20 (±8.70)
30LH, 100HD, 38P, 2000V 34.12 97.66 32.40 (±13.85)
60LH, 100HD, 38P, 800V 42.64 94.56 46.60 (±20.04)
60LH, 100HD, 38P, 1200V 28.43 94.20 44.00 (±14.72)
60LH, 100HD, 38P, 1600V 21.32 94.04 40.10 (±10.80)
60LH, 100HD, 38P, 2000V 17.06 93.20 38.40 (±11.36)
90LH, 100HD, 38P, 800V 28.43 90.32 54.30 (±7.09)
90LH, 100HD, 38P, 1200V 18.95 90.91 58.50 (±15.20)
90LH, 100HD, 38P, 1600V 14.21 92.02 51.50 (±12.62)
90LH, 100HD, 38P, 2000V 11.37 93.32 47.20 (±19.61)
120LH, 100HD, 38P, 800V 21.32 92.35 71.20 (±22.93)
120LH, 100HD, 38P, 1200V 14.21 90.62 73.00 (±19.24)
120LH, 100HD, 38P, 1600V 10.66 89.30 67.20 (±23.04)
120LH, 100HD, 38P, 2000V 8.53 90.66 67.30 (±22.77)
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Lack-of-fusion porosities, often irregular in shape, occur due to insuffi-
cient melting between layers or scan tracks. As relative density de-
creases, the overall porosity size tends to increase, with a notable 
reduction in gas porosities. This shift suggests that, at lower densities, 
the predominant porosity type is lack-of-fusion defects, which are larger, 
and more irregular compared to gas pores [28–32]. With this approach, 
the porosity analysis reveals that at a layer height of 30 μm, both gas 
porosity and lack of fusion porosity are observed. However, as the layer 
height increases from 60 μm to 120 μm, all identified porosity features 
are predominantly categorized as lack of fusion porosity [28–32]. It is 
demonstrated that a significant number of studies yielding relative 
densities above 99.5% are conducted with a layer height of 30 μm in the 
literature [42,48,49]. In particular, it is found that the sample with the 
highest relative density value among all samples is the sample with 
98.79%, 30 μm layer height, and 1600 mm/min scanning speed.

In Table 4, NED values are given according to different scanning 

speed for different layer thickness values. It is observed that the NED 
values of the samples with the highest relative density values are found 
to be between 34 and 86, which is consistent with previous observations 
(see Table 3). Furthermore, the relative density results of two samples in 
the same energy states (42.64, Table 4) demonstrate discrepancies, with 
values of 98.79% and 94.56%, respectively, for 30LH and 60LH. A 
reduction in layer thickness results in an increase in relative density, a 
finding that is corroborated by a review of the literature on LPBF. Greco 
et al. [50] posited that selecting a layer thickness of 25 μm instead of 35 
or 45 μm at an equivalent energy state results in an enhanced density of 
the samples.

3.3. Effect of hatch distance

3.3.1. Relative density
In this section, the effects of different hatch distances on the relative 

densities of the samples are examined. In this context, four different 
hatch values are considered: 50, 75, 100, and 125 μm. Since it is seen in 
the previous section that the cases with the highest relative density were 
in the samples with a layer thickness of 30 μm, the layer thickness is 
chosen as constant and 30 μm in this section. In Fig. 5a, the hatch dis-
tance test illustration, and in Fig. 5b, relative density values of samples 
with different hatch values are presented according to various speed 
values.

As can be clearly seen from Fig. 5b and Table 5, the sample with the 
highest relative density is the structure with a hatch distance of 50 μm, 
layer thickness of 30 μm, laser power of 38 W, and scanning speed of 
800 mm/min. It can be hypothesised that a reduction in hatch distance 
should result in an increase in relative density and reducing porosity 
sizes due to enhanced melt pool overlap [51]. It was observed that there 
is no significant correlation between hatch distance values and relative 
density. As the hatch distance is increased from 50 μm to 75 μm, a 
corresponding decrease in relative density is observed, by the findings of 
previous literature. However, an additional increase in hatch distance to 
100 μm from 75 μm yields a denser result. This behavior has also been 
documented in one of the literature LPBF works concerning the pro-
cessing of Inconel 718 [52]. Besides, a low hatch distance value signif-
icantly decreases production speed, adversely affecting both time and 
cost efficiency. To illustrate, a sample with a 50 μm hatch distance and a 
scanning speed of 800 mm/min exhibits a relative density that is 0.62% 
higher than that of a sample with a 100 μm hatch distance and a scan-
ning speed of 1600 mm/min. The printing time for a single layer is 
increased threefold. In addition, the sample exhibited a relative density 
exceeding 99% with a 100 μm hatch distance and a scanning speed of 
1600 mm/min. These parameters are achieved through the utilisation of 
a support structure, the specifics of which will be discussed later in this 
paper. In addition to the relative density calculations, this study exam-
ines hardness values and top surface roughness respectively. Subse-
quently, the discussion concentrates on the hardness and surface 

Fig. 5. a) Hatch distance test illustration and b) Effect of hatch distance comparison chart.

Table 5 
Effect of hatch distance overall comparison result table.

Specimen name NED Hardness 
(HV)

Relative 
density (%)

Porosity Sizes 
(μm)

50HD, 30LH, 38P, 
800V

170.58 392.8 99.41 14.10 (±4.98)

50HD, 30LH, 38P, 
1200V

113.72 388.1 98.53 25.40 
(±10.45)

50HD, 30LH, 38P, 
1600V

85.29 386.9 96.55 32.00 
(±12.14)

50HD, 30LH, 38P, 
2000V

68.23 383.9 95.68 45.70 
(±19.17)

75HD, 30LH, 38P, 
800V

113.72 392.6 97.82 31.90 
(±14.26)

75HD, 30LH, 38P, 
1200V

75.81 381.8 97.76 30.40 
(±14.66)

75HD, 30LH, 38P, 
1600V

56.86 383.6 97.00 38.10 
(±15.62)

75HD, 30LH, 38P, 
2000V

45.49 405.8 96.81 40.60 
(±15.11)

100HD, 30LH, 38P, 
800V

85.29 377.9 97.81 28.40 
(±13.39)

100HD, 30LH, 38P, 
1200V

56.86 378.8 98.38 19.80 (±6.76)

100HD, 30LH, 38P, 
1600V

42.64 367.4 98.79 19.20 (±8.70)

100HD, 30LH, 38P, 
2000V

34.12 383.7 97.66 32.40 
(±13.85)

125HD, 30LH, 38P, 
800V

68.23 373.0 97.97 27.90 
(±13.68)

125HD, 30LH, 38P, 
1200V

45.49 360.8 97.54 25.50 (±8.73)

125HD, 30LH, 38P, 
1600V

34.12 378.4 98.43 26.70 
(±12.37)

125HD, 30LH, 38P, 
2000V

27.29 394.8 97.60 34.40 (±9.49)
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roughness measurements of samples with varying energy density values. 
It is found from Table 5 that the sample with the highest hardness value 
is the sample with a hatch distance of 75 μm, layer thickness of 30 μm, 
laser power of 38 W, and scanning speed of 2000 mm/min.

3.3.2. Microhardness measurements
In assessing the microstructure of materials produced through LPBF, 

microhardness measurements serve as a crucial indicator of material 
performance, as they directly correlate to the mechanical properties, 
durability, and reliability of the as-built structures. This parameter not 
only provides insights into the quality and consistency of the fusion 
process but also aids in understanding the influence of various process 

parameters on the final microstructure. Fig. 6 shows the Vickers hard-
ness values along with both scanning speed and hatch distance values. It 
is clear that the highest hardness value is attained as hatch distance 
equals 75 μm with 405.8 HV (see Table 5) while the lowest hardness 
value is observed as hatch distance equals 125 μm with 360.8 HV (see 
Table 5). There is no distinct relation between hardness and scanning 
speed in a specific hatch distance set; nevertheless, both hardness values 
are higher than as-built LPBF [50,51]. Vilaro et al. carried out a 
comprehensive study of the microstructural evolution of Ti6Al4V during 
the LPBF process. Their results indicate that slower cooling rates facil-
itate the formation of a balanced α+β phase microstructure. This equi-
librium is achieved because reduced cooling rates allow sufficient time 

Fig. 6. Hardness values of the Ti6Al4V samples for different hatch distances.

Fig. 7. Top surface roughness of Ti6Al4V samples produced with the laser of 38W for different scanning speeds and hatch distances.
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for the β phase to transform into both α and β phases, resulting in a more 
homogeneous distribution of these phases throughout the material. Such 
a microstructure is associated with improved mechanical properties, 
including increased hardness and improved ductility, due to the uniform 
dispersion of the α and β phases [53]. As average values for hardness 
results are 387.925 HV, 390.95 HV, 376.95 HV, and 376.55 HV for hatch 
distances 50 μm, 75 μm, 100 μm, and 125 μm respectively. It is under-
stood that lower hatch distances such as 50 and 75 μm demonstrate 
better hardness values compared to 100 and 125 μm.

Table 5 reveals that two samples that have nearly the same NED 
values express similar hardness results. For example, samples that are 
fabricated following process parameters such as hatch distance of 100 
μm/scanning speed of 1600 mm/min and hatch distance of 125 μm/ 
scanning speed of 1200 mm/min have 42.64 and 45.49 respectively. 
Also, this similarity is observed in other samples which were fabricated 
following process parameters such as a hatch distance of 50 μm/scan-
ning speed of 1200 mm/min and hatch distance of 75 μm/scanning 
speed of 800 mm/min like 388.1 HV and 392.6 HV hardness results. 
Nevertheless, this cannot be extrapolated to all sets of samples, given the 
inconsistency between samples with similar NED values, which do not 
always yield comparable hardness results (see 75HD2000V and 

100HD1600V in Table 5).

3.3.3. Surface roughness measurements
Surface roughness plays a pivotal role in determining the fatigue 

strength of LPBF-fabricated parts, often surpassing the influence of 
microstructure alone. This roughness arises from factors such as build 
orientation, powder particle characteristics, rapid solidification effects, 
and the inherent “staircase” layering effect. Fig. 7 shows the surface 
roughness of Ti6Al4V samples produced with the laser of 38 W with 
different scanning speeds and hatch distances. The top surface rough-
ness of as-built LPBF samples exhibits lower values compared to DPM 
Ti6Al4V samples [49,54,55]. This discrepancy can be attributed to the 
relatively larger laser spot size employed in DPM compared to LPBF [43,
54,55]. In their work, Yang et al. observed that the largest laser spot size, 
which is 0.4 mm, resulted in a surface that was rougher than that pro-
duced by a smaller spot size [56]. The top surface roughness of the 
samples was discussed in terms of a surface energy density calculation, 
which is illustrated in Equation (2). When Fig. 7 is examined, it is seen 
that the surface roughness value for all samples is in the range of 25–40 
μm. For hatch values of 50 and 75 μm, it is observed that as the scanning 
speed increased, in other words, as the surface energy density values 
decrease, the top surface roughness increase. Furthermore, it is 
demonstrated that an increase in the number of laser tracks, resulting 
from excessive melt pool overlap, can lead to a reduction in surface 
roughness [57]. This shows that high surface energy value has a sig-
nificant effect on the roughness of the material surface quality. On the 
other hand, no correlation is observed between the varies in speed and 
top surface roughness for hatch distances of 100 and 125 μm. It is also 
seen that the sample with the best top surface roughness value among all 
samples was the sample with 125 μm hatch distance and 1600 mm/min 
scanning speed (i.e., 11.4 J/mm2). In addition, the top surface roughness 
values of samples with high hatch distance and high-speed values are 
generally lower than the others. This shows that a low surface energy 
density value has positive effects on the top surface roughness of 
Ti6Al4V.

Fig. 8 shows the variation of top surface roughness along with 
scanning speed for each hatch distance set. It is clear that top surface 
roughness increases from 800 to 1200 mm/min, then decreases to 2000 
mm/min as hatch distance equals 100 or 125 μm. The top surface 
roughness diminishes at elevated scanning speeds due to the poor melt 
pool overlap for high hatch distance values (100 and 125 μm) [58]. A 
slight increase in top surface roughness is observed when the hatch 
distance was set to 125 μm and the scanning speed was 2000 mm/min. 
Top surface roughness on hatch distance of 75 μm samples fluctuate 
around 36 μm and it was not affected by different scanning speeds. Top 
surface roughness for samples with 50 μm hatch distance increase with 
scanning speed and maximum roughness value is obtained with the 
following parameters 50 μm of hatch distance and 2000 mm/min of 
scanning speed. It can be concluded that the minimum top surface 

Fig. 8. Comparison chart of surface roughness of Ti6Al4V samples produced 
with the 38W laser for different scanning speeds and hatch distances.

Fig. 9. a) Support structure test illustration and b) effect of support comparison chart.
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roughness result is observed on the sample with those process parame-
ters 125 μm hatch distance and 1600 mm/min scanning speed.

3.4. Effect of support structure

Fig. 9a shows the visualisation of two samples with/without support 
together over the substrate. The yellow part under the sample placed on 
the left side shows the support structure. Fig. 9b presents relative density 
results for samples with/without support structure over varying scan-
ning speeds. Support structures are primarily utilised in LPBF applica-
tions to enhance heat dissipation and minimise issues such as warpage or 
thermal distortion in printed parts [59]. Additionally, studies have 
shown that incorporating support structures (within support structure 
volume below component you have melted/sintered powder mixed with 
unmelted powder and air voids in powder bed) during LPBF can reduce 
the formation of columnar pores while increasing the relative density of 
H13 steel samples [60]. In experiments where power (38W), hatch 
distance (100 μm) and layer height (30 μm) is optimised and remained 
constant. Scanning speed has changed from 800 mm/min to 2000 
mm/min with 400 mm/s intervals. The addition of support structures 
significantly improved the relative density of the samples across all 
scanning speeds. likely due to enhanced thermal management and 
reduced warping during the laser powder bed fusion process. The 
porosity sizes are also generally smaller across all scanning velocities. 
For example, at 800 mm/s, the porosity size decreases from 22.40 μm 
(±8.57) with support to 46.60 μm (±20.04) without support. Similarly, 
at 1200 mm/s, the porosity size is 15.90 μm (±9.86) with support, 
compared to 56.50 μm (±19.74) without support (se e Table 6). The 
same trend is observed for velocities of 1600 mm/s and 2000 mm/s, 
where the use of support results in slightly lower porosity sizes. This 
indicates that the presence of support structures contributes to a more 
uniform and reduced porosity distribution. Moreover, the use of 
low-density support structures restricted heat transfer from the main 
printed part to the substrate, allowing the part to retain more heat and 
thus experience slower cooling rates, which further enhances its density. 
Furthermore, Table 6 clearly illustrates the relative density of samples 
subjected to various process parameters.

3.5. Microstructural investigation

Following a systematic investigation to determine the optimum 
process parameters a set of conditions yielded the most favourable 
outcomes are identified. The subsequent research presents an analysis of 
this microstructure, focusing on the relationship between the selected 
process parameters and key features such as grain size, phase distribu-
tion, and morphological attributes. According to optimal process pa-
rameters of DPM, which is laser power 38 W, scanning speed 1600 mm/ 
min, hatch distance 100 μm and layer height 30 μm. Fig. 10 shows 

samples with the best process parameters. Then, X-ray diffraction (XRD) 
and EBSD analysis are conducted from these samples.

The phase composition proposed from metallographic observations 
is confirmed by XRD diffraction patterns in Fig. 11. Literature study [61] 
and the Powder Diffraction File (PDF) maps 00-044-1294 [62] 
00-009-0098 [63] are used to assign the crystallographic structure of the 
XRD peaks, as typical maps for rapidly prototyped Ti6Al4V alloys are 
not yet available in the reference databases. No β-Ti is identified for the 
LPBF material as all peaks are assigned to hcp titanium. Similar to the 
DPM samples, the result is very close to the LPBF samples, but due to the 
slow cooling rate, only a very small percent of the 110-degree crystal 
orientation (β-Ti) structure is observed in the XRD analysis.

To understand of the microstructural morphology of the best pa-
rameters on the printed part, EBSD on the frontal xz-, lateral yz-, and 
horizontal xy-planes of the stress-relieved parts are carried out. The α 

orientation maps from lateral yz-planes indicate that there are fewer α 

colonies present in the microstructure, different from that observed for 
LPBF Ti6Al4V in the as-built condition [52]. The corresponding α con-
tour pole figures show that the α texture is stronger as a result of the 
multiple variants that have formed within the β columnar grains. The 
reconstruction of the crystallographic orientation of the corresponding β 

phase shows that the β grains grow epitaxially through successive 
deposited layers. The prior-β phase has a dominant solidification texture 
with different orientation the grain growth direction. This is because of 
the slow cooling rate of the DPM system compared to LPBF. The results 
easily represent the differences reported for LPBF Ti6Al4V in the as-built 
condition [52].

The IPF colours are shown in the build direction. The IPF of the 
original scan is shown in Fig. 12b. The maximum Feret diameter is used 

Table 6 
Effect of support structure overall comparison result table.

Specimen name Support Relative density 
(%)

Porosity Sizes (μm)

30LH, 100HD, 38P, 800V Yes 98.48 22.40 (±8.57)
30LH, 100HD, 38P, 

1200V
Yes 99.09 15.90 (±9.86)

30LH, 100HD, 38P, 
1600V

Yes 99.19 14.40 (±7.04)

30LH, 100HD, 38P, 
2000V

Yes 98.43 25.00 (±6.88)

30LH, 100HD, 38P, 800V No 97.81 46.60 (±20.04)
30LH, 100HD, 38P, 

1200V
No 98.38 56.50 (±19.74)

30LH, 100HD, 38P, 
1600V

No 98.79 55.10 (±11.76)

30LH, 100HD, 38P, 
2000V

No 97.66 51.50 (±16.53)

Fig. 10. DPM manufactured Ti6Al4V parts with best process parameters.

Fig. 11. The XRD (X-ray diffraction) patterns for Ti6Al4V alloy obtained in the 
a) LPBF [64] and b) DPM sample used in this study.
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to evaluate the size of the α/α′ lamellae in the different zones. The 
average maximum Feret diameter for DPM and LPBF zones are measured 
as 9.73 μm and 6.61 μm [65], Detection of the β phase in EBSD analysis, 
the amount of β detected by EBSD is 0.34% in volume of the desired 
scanning zones. The inverse pole figure obtained from Fig. 12b, shows 

needle-shaped textures, indicating the presence of acicular α-martensite 
[66,67]. The size of acicular α-martensite has an average grain width of 
1.2–3.15 μm and a length of 8–99.6 μm. In addition, the acicular 
α-martensite forms complex β-columnar grains that occur along the di-
rection of growth with a size of 100 s μm.

Fig. 12. a) FSD image of EBSD specimen and b) IPF ZColor microstructure views c) α and β grains orientation on EBSD index mapping.

Fig. 13. a) Reconstructed parent β grains for LPBF example [65], b) reconstructed parent β grains for DPM zone c) color key for β phase and d) color key for α phase.

Fig. 14. a) Pole figures of reconstructed parent β grains from a) DPM zone, b) LPBF example T1 [68], c) LPBF example T2 [68] and d) LPBF example T3 [68].
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The IPF of parent β grains reconstructed from Fig. 13b according to 
the Burgers orientation relationship is given in Fig. 13b. The grain area 
is used to evaluate parent β grain size, as parent β grains are much larger 
than α laths. The average grain area is measured as 13743 μm2 for DPM, 
and 454 μm2 for LPBF regions [65]. This indicates that parent β grains in 
the DPM zone are approximately ×30 times larger than in the LPBF 
zone. The parent β grains observed within the DPM zone are not fully 
captured during the scanning process, indicating that the imaging was 
incomplete. This incomplete scanning suggests that the actual size of the 
DPM grains exceeds the previously calculated values. The findings imply 
that the current calculations may underestimate the true dimensions of 
the DPM grains.

Fig. 14 shows the textures of the samples in pole figures. It shows that 
all samples, including LPBF, have a stronger texture in the {100} 
orientation than in the {110} and {111} orientations. The maximum 
texture intensities of DPM, LPBF produced T1, T2 and T3 samples 
observed in the {100} orientations are 27.41, 42.85, 32.13 and 59.18 
respectively, indicating that DPM has the least concentrated texture. 
This is because the cooling rate of DPM is less than <104 ◦C/s compared 
to the cooling rate of LPBF which is ~107 ◦C/s [19,20]. The cooling rate 
affects the grain growth mechanisms, resulting in different grain ori-
entations and texture intensities.

Various schemes exist for estimating the bulk elastic properties of 
anisotropic polycrystalline materials, the most common of which is the 
Voigt-Reuss-Hill approximation. Using the texture distribution obtained 
by EBSD, the stiffness tensor for the hexagonal α-phase is transformed 
into the orthorhombic macroscopic tensor. To investigate this further, 
the measured EBSD data is used to predict the macroscopic elastic tensor 
of the measured specimen. Once the EBSD data has been acquired, it is 
then possible to combine it with the Voigt-Reuss-Hill method described 
above to calculate the average elastic tensor. The initial hexagonal 
tensors are defined as C11, C12, C13, C33, C44 with the value of 160, 90, 
66, 181 and 46,5 GPa respectively [69].

Fig. 15 shows the averaged Young’s modulus distribution over the 
entire scan area, calculated using the Hill method from the EBSD data 
shown in Fig. 14a. The Hill method is an arithmetic average of the upper 
and lower bounds given by the Reuss and Voigt methods. With this 
method, calculated bounds for Voigt 115,78 GPa, Reuss 112,24 GPa and 
the Hill is 114,01 GPa from Fig. 15 overall scanning area. Young’s 
Modulus of the LPBF samples ranging from 102 to 114 GPa for Ti6Al4V 
alloy, as reported in various studies [70–76]. The rapid cooling associ-
ated with LPBF often results in the retention of metastable phases, 
particularly the martensitic α′ phase, which is known to exhibit rela-
tively lower stiffness. This variation can be attributed to differences in 
the microstructural development caused by the cooling rates. In LPBF 
processing, the rapid cooling leads to the formation of martensitic 

structures due to their less organized atomic arrangement, tend to have a 
lower modulus. Conversely, slower cooling rates, as applied in the DPM 
samples, facilitate the complete transformation of β-phase to α and β 

phases, which generally results in higher stiffness. The higher Young’s 
modulus of the slow-cooled DPM samples compared to the LPBF man-
ufactured samples is likely due to the more stable microstructure 
resulting from the slower cooling rate. This finding indicates that the 
cooling rate plays a critical role in determining the mechanical prop-
erties of Ti6Al4V alloy, with slower rates producing a material that is 
stiffer and more resistant to deformation.

3.6. Summary of obtained results and literature comparison of the 
samples produced by optimum process parameters

The relative density-NED results obtained with different hatch, layer 
thickness, power, and speed parameters are presented in Fig. 16. In the 
figure, the values above 98% (red triangles) of the relative density, 
below 90% (black triangles) and between these values (blue squares) are 
referred to high, low and medium density, respectively. Additionally, 
representative optical images for high, medium, and low-density struc-
tures are provided. These graphical illustrations are designed to 
generate a parameter map that marks areas with densities over 98%. The 

Fig. 15. Young’s modulus map from a Ti6Al4V sample, determined from 
crystal orientation measured by EBSD (20 kV, Symmetry detector, 250 nm step 
size, 300 μm × 400 μm scanned area). Young’s modulus is calculated assuming 
a tensile direction along the z-axis.

Fig. 16. Relative density-NED graph of DPM manufactured Ti6Al4V samples.

Fig. 17. NED mapping sample produced by best process parameters in this 
study and literature LPBF [78–92] and DAM study [17].
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figure reveals that it is possible to achieve samples with densities 
exceeding 95% using a 38 W laser power and a 450 nm DPM approach, 
provided that the NED value is above 68. Furthermore, for samples with 
an NED value over 120, densities exceeding 99.4% have been demon-
strated to be achievable. Similar to this study, Caglar et al. [17] achieved 
a relative density above 98% using nine 450 nm 4 W diode lasers, 
yielding a total laser power of 36 W, by applying a rescanning strategy. 
In addition, Alsaddah et al. [77] used ten 808 nm 5 W diode lasers, 
reaching a total laser power of 50 W, to reach a comparable relative 
density level (above 98%) by adding a heating module to the powder 
bed system. This indicates that with the DPM approach used in this 
study, the 38 W 450 nm diode lasers demonstrate a 24% higher effi-
ciency in laser power compared to the 808 nm, 50 W DAM approach 
reported by Alsaddah et al. [77].

Fig. 17 and Table 7 show the NED mapping and overall comparison 
of the studies on traditional LPBF and DAM with the current DPM study. 
In Fig. 17 and Table 7, only the most dense samples from traditional 
LPBF and DAM studies in the literature, as well as samples with relative 
density values of 98% and above from this study, are considered. 
Accordingly, the densest samples are obtained with NED values ranging 
between 3.7 and 14.6 for samples produced by traditional LPBF systems, 
between 16.6 and 20.4 for the DAM approach, and between 34.1 and 
170.6 in this study.

In Table 7, prepared based on the densest samples found in literature, 
the relative density, surface roughness, hardness, grain area, Young’s 
modulus, and NED values obtained from the DPM approach in this study 
are compared with those from previous studies in the literature. In terms 
of surface roughness, this study exhibits higher top surface roughness 
compared to traditional LPBF, while remaining within the range of the 
DAM approach. When considering hardness values, this study achieves 
significantly higher hardness values than the DAM approach, while 
obtaining hardness values that are above average compared to tradi-
tional LPBF. Additionally, in terms of grain size, the DAM approach has a 
grain size area that is 13 times larger compared to the traditional LPBF 
approach, while the DPM approach used in this study exhibits a grain 
size area that is 30 times larger. When considering Young’s modulus, the 
traditional LPBF approach exhibits a lower Young’s modulus, while the 
DAM and DPM approaches yield similar results. This can be attributed to 
the lower cooling rates observed in the DAM and DPM approaches.

4. Conclusion

This study investigated the potential of DPM using an efficient short 
wavelength laser as an alternative to traditional LPBF for the fabrication 
of Ti6Al4V components. DPM laser hardware costs are significantly 
lower than traditional LPBF generating reduced melt pool solidification 
rates. This research focused on optimising key parameters such as laser 
power, hatch distance, layer thickness and scan speed to achieve high 
material density components of up to 99.41% with the pore size of 
14.10 μm (±4.98).

LPBF samples achieve significantly smoother surfaces, with surface 
roughness (Ra) values ranging from 2.6 to 8 μm, compared to Diode 
Point Melting (DPM), which has a higher roughness range of 25.4–39.5 
μm. However, this difference in roughness can be attributed to the laser 
spot sizes used in DPM, which typically use a larger rectangular spot of 
100 × 150 μm, whereas LPBF uses smaller circular laser spot sizes of 
30–50 μm. Consequently, the larger spot size in DPM inherently con-
tributes to a rougher surface compared to the finer resolution achieved 

in LPBF. Optimal results in DPM, achieved at a hatch distance of 125 μm 
and a scan speed of 1600 mm/min, give surface roughness values of 
around 25 μm due to improved melt pool overlap.

The processes reduced cooling rates facilitated the formation of a 
unique texture orientation and grain structure of larger β-phase grains 
and formations of stable α + β phase grains, which contributed to an 
increase in hardness and stiffness compared to those typically observed 
in LPBF-produced parts. The grain size of Ti6Al4V samples fabricated 
using DPM was 30x times larger compared to those produced by LPBF. 
The microstructure observed had similar traits (example large parental β 

grains) to those produced LPBF with post heat treatment samples.
This study highlighted the viability of DPM as a cost effective, scal-

able alternative to LPBF for the manufacturing of Ti6Al4V components. 
Future work could further refine the DPM parameters, explore addi-
tional alloy systems and evaluate the long-term performance charac-
teristics of DPM fabricated parts in real-world applications. The 
integration of in-situ monitoring and feedback control systems could 
also improve the reproducibility and consistency of DPM-produced 
parts, positioning DPM as an alternative to traditional LPBF technol-
ogy in AM.
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electron beam additive manufacturing methods of fabricating titanium bone 
implants. Appl Sci 2017;7:657. https://doi.org/10.3390/app7070657.

[65] Caglar H, Aydin A, Gulenc IT, Groom K, Mumtaz K. Dual-laser powder bed fusion 
using 450 nm diode area melting and 1064 nm galvo-scanning fiber laser sources. 
Mater Des 2024;248:113511. https://doi.org/10.1016/j.matdes.2024.113511.

[66] Liu Y, Xu H, Zhu L, Wang X, Han Q, Li S, Wang Y, Setchi R, Wang D. Investigation 
into the microstructure and dynamic compressive properties of selective laser 
melted Ti–6Al–4V alloy with different heating treatments. Mater Sci Eng, A 2021; 
805:140561. https://doi.org/10.1016/j.msea.2020.140561.

[67] Kobryn PA, Semiatin SL. The laser additive manufacture of Ti-6Al-4V. JOM 2001; 
53:40–2. https://doi.org/10.1007/s11837-001-0068-x.

[68] Cui Y, Cai J, Li Z, Jiao Z, Hu L, Hu J. Effect of porosity on dynamic response of 
additive manufacturing Ti-6Al-4V alloys. Micromachines 2022;13:408. https://doi. 
org/10.3390/mi13030408.

[69] Tromans D. Elastic anisotropy of HCP metal crystals and polycrystals. Int. J. Res. 
Rev. Appl. 2011;6:462–83.

[70] Benedetti M, Torresani E, Leoni M, Fontanari V, Bandini M, Pederzolli C, Potrich C. 
The effect of post-sintering treatments on the fatigue and biological behavior of Ti- 
6Al-4V ELI parts made by selective laser melting. J Mech Behav Biomed Mater 
2017;71:295–306. https://doi.org/10.1016/j.jmbbm.2017.03.024.

[71] Shunmugavel M, Polishetty A, Littlefair G. Microstructure and mechanical 
properties of wrought and additive manufactured Ti-6Al-4V cylindrical bars. 
Procedia Technology 2015;20:231–6. https://doi.org/10.1016/j. 
protcy.2015.07.037.

[72] Vrancken B, Thijs L, Kruth J-P, Van Humbeeck J. Heat treatment of Ti6Al4V 
produced by selective laser melting: microstructure and mechanical properties. 
J Alloys Compd 2012;541:177–85. https://doi.org/10.1016/j. 
jallcom.2012.07.022.

[73] Vilaro T, Colin C, Bartout JD. As-fabricated and heat-treated microstructures of the 
Ti-6Al-4V alloy processed by selective laser melting. Metall Mater Trans 2011;42: 
3190–9. https://doi.org/10.1007/s11661-011-0731-y.

[74] Gong H, Rafi K, Gu H, Janaki Ram GD, Starr T, Stucker B. Influence of defects on 
mechanical properties of Ti–6Al–4V components produced by selective laser 
melting and electron beam melting. Mater Des 2015;86:545–54. https://doi.org/ 
10.1016/j.matdes.2015.07.147.

[75] Mower TM, Long MJ. Mechanical behavior of additive manufactured and powder 
metallurgy Ti6Al4V. In: Proceedings of the 13th world conference on titanium. 
Wiley; 2016. p. 1331–6. https://doi.org/10.1002/9781119296126.ch225.

[76] Facchini L, Magalini E, Robotti P, Molinari A, Höges S, Wissenbach K. Ductility of a 
Ti-6Al-4V alloy produced by selective laser melting of prealloyed powders. Rapid 
Prototyp J 2010;16:450–9. https://doi.org/10.1108/13552541011083371.

[77] Alsaddah M, Khan A, Groom K, Mumtaz K. Diode area melting of Ti6Al4V using 
808 nm laser sources and variable multi-beam profiles. Mater Des 2022;215: 
110518. https://doi.org/10.1016/j.matdes.2022.110518.

[78] Vandenbroucke B, Kruth J. Selective laser melting of biocompatible metals for 
rapid manufacturing of medical parts. Rapid Prototyp J 2007;13:196–203. https:// 
doi.org/10.1108/13552540710776142.

[79] Liu J, Sun Q, Zhou C, Wang X, Li H, Guo K, Sun J. Achieving Ti6Al4V alloys with 
both high strength and ductility via selective laser melting. Mater Sci Eng, A 2019; 
766:138319. https://doi.org/10.1016/j.msea.2019.138319.

[80] Li Z, Kucukkoc I, Zhang DZ, Liu F. Optimising the process parameters of selective 
laser melting for the fabrication of Ti6Al4V alloy. Rapid Prototyp J 2018;24:150–9. 
https://doi.org/10.1108/RPJ-03-2016-0045.

[81] Pal S, Gubeljak N, Hudak R, Lojen G, Rajtukova V, Predan J, Kokol V, Drstvensek I. 
Tensile properties of selective laser melting products affected by building 
orientation and energy density. Mater Sci Eng, A 2019;743:637–47. https://doi. 
org/10.1016/j.msea.2018.11.130.

[82] Zhu Y, Chen X, Zou J, Yang H. Sliding wear of selective laser melting processed 
Ti6Al4V under boundary lubrication conditions. Wear 2016;368–369:485–95. 
https://doi.org/10.1016/j.wear.2016.09.020.
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