Materials & Design 260 (2025) 114985

terials

BESEN

Contents lists available at ScienceDirect

Materials & Design

FI. SEVIER

journal homepage: www.elsevier.com/locate/matdes

In-situ Dynamic laser area heating during diode point melting for thermal
gradient reduction in laser powder bed fusion

Alkim Aydin "% ©, Erhan Cetin*’, Kamran Mumtaz*

@ School of Mechanical, Aerospace and Civil Engineering, The University of Sheffield, Sheffield, United Kingdom, S1 3JD

Y Department of Automotive Engineering, Cukurova University, Adana, Tiirkiye, 01250

¢ Additive Manufacturing Technologies Research and Application Center - EKTAM, Gazi University, Ankara, Tiirkiye, 06560
4 Department of Mechanical Engineering, Hitit University, Gorum, Tiirkiye, 19030

ARTICLE INFO ABSTRACT

Keywords: Additive Manufacturing (AM) via Laser Powder Bed Fusion (LPBF) generates steep thermal gradients and rapid
Additive Manufacturing solidification rates (10°-10° K/s) during processing. This can result in the formation of residual stresses and
Ti6A14V

process defects such as cracking and warpage. Conventional thermal gradient mitigation techniques like sub-
strate pre-heating or powder bed heating are energy-intensive, lack spatial precision, and compromise powder
recyclability. This study introduces a novel in-situ Dynamic Laser Area Heating (DLAH) method, enabling
spatially controlled surface heating up to 400 °C. The system uses a defocused 140 W, 915 nm diode laser with
beam-homogenising optics, dynamically aligned to follow the melt pool. DLAH is integrated into a custom Diode
Point Melting (DPM) platform that uses a 44 W, 450 nm laser for precision processing of Ti6Al4V powder. The
addition of DLAH broadens the processing window by stabilising melt pools over wider scan speeds and energy
densities. This enhanced thermal control suppresses stress-driven defects, achieving near-full density (99.99 %)
and improved surface finish (Ra = 2.84 uym). Static heating rates reached ~30.6 °C/s, but during actual scanning,
effective cooling rates varied with scan speed and DLAH overlap, allowing spatial modulation of solidification
kinetics. Microstructural analysis revealed that DLAH induced coarser o martensite (average width ~ 3.0 um vs
< 2.6 ym) and reduced aspect ratios (2.4-2.5 vs > 2.8), with little change in lath length. These findings show that
dynamic, localised thermal management enables control over microstructural features and mechanical proper-
ties, offering a scalable solution for improved process reliability and performance in metal AM.

Diode Point Melting (DPM)
Dynamic Laser Area Heating (DLAH)
Microstructure

heat-treatment operations that increase part production time and cost
[1,2]. Furthermore, the high energy input from the laser and the rapid

1. Introduction

The Additive Manufacturing technique Laser Powder Bed Fusion
(LPBF) uses a high-power rapidly moving laser to melt powdered feed-
stock and create high-density near-net-shape 3D components from a
variety of metallic alloys. Despite the many advantages of LPBF (e.g.
design freedom for complex geometries, geometric customisation, ma-
terial efficiency etc.), the process has several challenges such as high
investment and operating costs, scalability limitations, and post-
processing operations.

One of the major challenges associated with LPBF is the significant
thermal gradients that arise during the rapid laser melting and solidifi-
cation of powdered feedstock. These thermal gradients can create re-
sidual stresses that can lead to geometric warping/distortion during or
after printing, micro-cracks and the requirement for post-processing

cooling rates can result in significant thermal distortions and a rough
surface finish, necessitating extensive post-processing to achieve the
desired surface quality and dimensional tolerances. Elevated thermal
gradients in LPBF enhance Marangoni-driven convection and destabilize
the melt pool by amplifying capillary and buoyancy instabilities, leading
to uneven solidification tracks, such as balling and ripples, which
manifest as increased surface roughness in the as-built part [3,4].

To mitigate these issues, researchers have explored integrating sub-
strate heating systems that raise the temperature of the entire powder
bed in order to reduce thermal gradients. Caprio et al. [5] introduced an
inductive high-temperature LPBF system for highly crack-susceptible
Ti-48Al-2Cr-2Nb alloy, using a pre-heating temperature of 800 °C
and a controlled cooling rate of 5 °C/min after fabrication. This
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approach effectively minimized crack formation and resulted in a den-
sity exceeding 99 %. Ali et al. [6] developed a customised powder bed
that enabled up to 770 °C substrate heating during LPBF of Ti6Al4V.
Their investigation demonstrated a pronounced reduction in residual
stresses and notable improvements in mechanical performance. Specif-
ically, a 3.2 % increase in yield strength and a 66.2 % enhancement in
ductility were reported. Residual stress measurements indicated a pro-
gressive decline with increasing preheat temperature: a 71 % reduction
at 370 °C and an 88.3 % reduction at 470 °C, relative to the baseline
100 °C condition. At and above 570 °C, residual stresses were effectively
eliminated, with some instances showing the presence of beneficial
compressive stresses, which may contribute to improved fatigue resis-
tance. The pre-heating facilitated the decomposition of the martensitic
structure into an o + f equilibrium phase, further enhancing both
strength and toughness, making the process highly beneficial for struc-
tural applications. Buchbinder et al. [7] systematically examined pre-
heating effects on distortion in aluminium components produced by
LPBF. They found that starting from a pre-heating temperature of
150 °C, thermally induced residual stresses were significantly reduced,
and at 250 °C, distortion was eliminated entirely. The process also
prevented stress-induced cracks, ensuring defect-free production of
AlSi10Mg parts, thus making the process reliable for high-precision
manufacturing. Gussone et al. [8] investigated the influence of pre-
heating during LPBF of y-TiAl, showing a minimization in aluminium
evaporation and promoted direct solidification into the o phase. This led
to a fine near-lamellar (ay/y) structure with fewer defects. Pre-heating
not only stabilized the microstructure but also reduced thermal
stresses, minimizing macro-cracks and enhancing mechanical properties
after post-processing, such as hot isostatic pressing, which further
improved part reliability. Papadakis et al. [9] compared three pre-
heating methods that included chamber pre-heating, base-plate heat-
ing, and laser pre-scanning heating. They found that laser pre-scanning
is more energy-efficient for low-volume parts due to reduced energy
input. However, chamber and base-plate pre-heating are more effective
for high-volume or batch production utilisation more of the build vol-
ume, offering better control over thermal gradients and residual stresses
for larger or multiple parts. These findings highlight the versatility of
pre-heating approaches across different manufacturing scales and ma-
terials. Pre-heating is also particularly important in ceramic processing
to reduce crack formation. This is because ceramics are highly suscep-
tible to cracks due to thermal gradients caused by temperature differ-
ences, making pre-heating essential for minimizing these defects.
[1011]. Table 1 provides a summary of the pre-heating effects in addi-
tive manufacturing, allowing for easy comparison of different methods
and outcomes across various materials.

Unlike the aforementioned methods, pre-heating is also utilised in
the Electron Beam Melting (EBM) technique. The primary reason for
applying pre-heating in Electron Beam Melting (EBM) is to prevent the
’smoke effect,” which occurs when high-velocity electrons strike the
powder bed, creating a negative charge buildup that causes particles to
repel and eject due to electrostatic forces. Pre-heating mitigates this
effect by pre-sintering the powder particles, forming weak interparticle
bonds that stabilize the powder bed and improve its conductivity. This
sintering step is critical for maintaining powder bed integrity during the
process, ensuring consistent part quality [11]. The required pre-heating
(sintering) temperature varies by material, typically ranging from
500 °C to 1000 °C in EBM processes. Consequently, EBM typically yields
samples with slightly coarser microstructures and lower residual stresses
compared to LPBF. As seen from the previous-mentioned studies, pre-
heating has several positive effects, such as reducing cooling rates,
lowering residual stresses within the material, promoting grain growth,
and mitigating hot tearing. To reduce residual stress, the most
commonly used techniques involve heating the powder bed or the
substrate. However, heating the entire powder bed, rather than a spe-
cific region, requires substantial energy and allows no spatial control.
Additionally, repeated heating can lead to issues such as sintering of the
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Table 1
Preheating within LPBF systems.

Material Technology

for pre-heating

Pre-heating
temperature

Key findings Ref.

800 °C Crack formation was [5]
reduced, resulting in a

density exceeding 99 %.
Cooling rate controlled

at 5 °C/min, enhancing
mechanical stability.

Residual stress was [6]
significantly reduced,

with a 3.2 % increase in

yield strength and a

66.2 % improvement in
ductility due to phase
transformation from
martensitic to o + p.

Thermal stresses were [7]
reduced significantly,

and distortion was

eliminated at 250 °C.
Pre-heating at this
temperature also

prevented stress-

induced cracks,

ensuring defect-free
manufacturing.

Pre-heating minimized [8]
macro-cracks and

stabilized the

microstructure into a

fine near-lamellar (op/

y) structure. Mechanical
properties improved
significantly, especially

after hot isostatic

pressing.

Laser pre-scanning [9]
heating was more
energy-efficient for

small parts, while

chamber and base-plate
heating proved more

effective for large-

volume or batch

production by better
managing thermal

gradients and residual

stresses.

Cold platform resulted [10]
in higher

supersaturation of Si,
enhancing hardness and
tensile properties after

direct aging. Hot

platform strategy

reduced the aging

response due to

overaging effects.

Powder
bedpre-
heating

Ti-48-Al-
2Cr-2Nb

Ti6Al4V Substratepre- 100 to 770 °C

heating

AlSi10Mg Substratepre-

heating

150 °C,
250 °C

y-TiAl Substratepre-
heating

800 °C,
1000 °C

AlSilOMg, 100 to 500 °C

Ti6Al4V

Laser pre-
heating

AlISi10Mg Substrate 160 °C

pre-heating

powder, adhesion between particles, and changes in chemical compo-
sition can affect the material’s long-term recyclability [12]. Additionally
heating the bottom of the powder via the substrate can result in a
temperature gradient across the z-axis, with no method to directly heat
at the top powder layer, the most critical when managing stress
reduction.

Diode Point Melting (DPM) is a gantry scanned variant of powder
bed fusion in which several low-power 450 nm diode emitters are
optically combined into a single melt spot mounted on a traversing axis;
this architecture exploits higher absorptivity at 450 nm, avoids galvo
optics, and drives down laser hardware cost (source/power/cooling <
$1500) while enabling larger scan fields than conventional 1064 nm
LPBF, albeit at lower throughput. In the current setup, eight 5.5 W di-
odes were focused to a ~100 x 150 um spot; DPM was deliberately run
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slower than LPBF, yielding reduced thermal gradients and improved
energy coupling, and in Ti-6Al-4 V achieved up to 99.41 % relative
density at 38 W [13]. Microstructurally, the slower solidification fosters
a stable a + f structure with prior-p grains ~ 30 x larger than LPBF and a
correspondingly higher stiffness (Young’s modulus) than as-built LPBF,
consistent with reduced cooling-rate martensite formation. In exchange,
as-built surfaces are rougher due primarily to the larger spot (Ra ~
25.4-39.5 um in DPM vs 2.6-8 ym in LPBF) [13], Overall, relative to
fibre laser galvo based LPBF, DPM trades speed and surface finish for
markedly lower hardware cost, improved optical absorption, reduced
thermal gradients, and more equilibrated (o + () microstructures, while
retaining the ability to reach near-full density when parameters are
properly normalised and tuned.

In this study a new heating approach has been developed and inte-
grated into an alternative to LPBF, Diode Point Melting (DPM) [13] a
process that utilises a 450 nm diode laser attached to an x/y gantry
system [14-17] that traverses the powder bed melting material layer by
layer. The new Dynamic Laser Area Heating (DLAH) approach utilises a
specially designed de-focused laser system that precisely follows the
DPM laser through direct attachment to the x/y gantry system. This
creates a square heating area (100 mmz) centred to the DPM laser on the
powder bed. This in-situ dynamic heating approach removes the
requirement for an entire powder bed to be pre-heated, directly laser
heating the top layer of a powder bed with capacity for spatial tem-
perature control through real-time adjustment of DLAH laser power.
This provides heat before DPM melting (pre-heat) followed by heating
after the melt pool has formed (post-heating) due the 10x10mm square
pre-heat area centred precisely around the 100x150um DPM laser spot
(described in more detail in section 2.2).

2. Material and method
2.1. Material

In this study gas atomised Ti6Al4V Grade 23 powder provided by
Carpenter Additive was used. The particles display a spherical shape and
have a size range of 15-45 ym. Based on the manufacturer’s measure-
ments, which are conducted following the ASTMB822 standard, the size
distribution quantiles are as follows: D1 = 17.4 um, D5y = 30.8 um, and
Dgg = 51.6 um[13]. The particle size distribution graph and Scanning
Electron Microscopy (SEM) image of Ti6Al4V powder are presented in
Fig. 1. It is evident that the particles predominantly exhibit spherical
morphology, with a small proportion of irregular near-spherical parti-
cles present. According to the manufacturer’s test report, the apparent
density is 2.21 g/cm3, and the hall flowability, as determined by the
ASTM B213 standard, is 37.00 s/50 g. Ti6Al4V substrate plates were
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14 [ Size Density ‘

Size Density (%)
©
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used to build the DPM components. Table 2 shows the composition of
elements calculated by the ASTM F3001 method in the Ti6Al4V powder
material and Table 3 shows the physical properties of the same powder.

2.2. System development

2.2.1. Diode Point melting (DPM) and Dynamic laser area heating (DLAH)

The DPM and DLAH lasers are both connected to a gantry movement
system. Gantry system and DPM laser are controlled by a computer and
DLAH is controlled by laser diode controller. Fig. 2 illustrates the
schematic of the experimental setup. With the movement of the gantry
system, this dual laser system can melt and/or heat at the desired region.
The DPM laser is shown schematically in Fig. 3a. and consists of eight
individual 450-nm diode emitters (~5.5 W each; 44 W total) are opti-
cally combined and conditioned to produce an elliptical focal spot of
100 x 150 um at normal (vertical) incidence. When the optical head is
tilted by 45° about the minor (100 pm) axis, the projected major
diameter becomes 100 x 212 pym. The available optical power remains
44 W; hence the peak irradiance decreases in proportion to the increase
in illuminated area (~1.18 x 10* pm? - ~1.67 x 10% pm?, ~1.41 x
larger). The DLAH laser is shown in Fig. 3b., it consists of a de-focused
140 W diode laser (915 nm wavelength) heating at the powder bed a
10x10mm square area. The DLAH diode laser is coupled to a fibre that
enters the DLAH laser head, the laser passes through a collimating lens,
beam homogeniser and de-focusing lens. A beam homogeniser was
employed to convert the native Gaussian intensity profile into a top-hat
distribution, ensuring uniform irradiance across the beam cross-section.
This spatial uniformity minimises localized overheating and thermal
gradients, leading to more consistent melt pool behaviour, reduced re-
sidual stress formation, and enhanced microstructural homogeneity
during laser-material interaction. The beam conversation is shown
schematically in Fig. 3c.

Due to the methodology employed and hardware setup, both the
DLM and DLAH lasers would be position at angles to each other but
focused on the same area on the powder bed. This would create different
angles of laser irradiation relative to the substrate which would change
or distortion DLM and DLAH beam profiles at the powder bed. To
examine its influence four different laser setups were used, as shown in
Fig. 4. In Case-1, only the DPM laser is used and is position in an inclined
(45° degrees from vertical), with no DLAH laser active. In Case-2, both
the DPM and DLAH lasers are used, with the DPM laser inclined and the
DLAH laser perfectly vertical relative to the powder bed. In Case-3,
similar to Case-1, only the DPM laser is used, but it is positioned verti-
cally. Finally, in Case-4, both the DPM laser and the DLAH laser are
active, with the DPM laser vertical and the heating laser inclined.

For all cases, the lasers referred to as “inclined” are positioned at an

Fig. 1. A) powder size distribution graph and b) sem image of ti6al4v.
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Table 2

Chemical composition of elements in the Ti6Al4V powder material supplied by Carpenter Additive.
Ti Al A (0] N H Fe C Others
Balance (wt. %) 5.91 3.88 0.07 0.01 0.002 0.19 <0.01 0.40

Table 3
Physical properties of the Ti6Al4V powder feedstock [13,18].

Material Ti6A14V Powder

Absorptivity (A)
Thermal conductivity (A)
Material density (p)
Specific heat (Cp)

0.72 (450 nm wavelength)
7.2 W/m.K (at 298 K)
4420 kg/m®

560 J/kg.K in (283-923 K)

angle of 45° from the vertical, while the lasers refer to as “vertical” are
positioned directly above the powder bed at 0° from the vertical. The
DLAH laser and DPM laser are synchronized to turn on and off simul-
taneously. The DLAH laser is defocused and uses specialized beam-
shaping optics to convert its Gaussian beam profile into a top-hat pro-
file. With the top-hat profile, a uniform temperature distribution is
achieved when positioned vertically as shown in Fig. 5. As the DLAH
laser is position 30°-45° from the vertical, the uniformity of the beam
energy distribution across the heating area changes, its significance
during processing will be examined.

The DPM laser has a Gaussian beam characteristic, when the DPM
laser is positioned vertically, the laser beam is circular, when positioned
at an incline position, the beam profile becomes elliptical. Fig. 6 shows
how a pre-heat and post-heat zone generated by the DLAH laser sur-
rounds and moves precisely with the generated DPM melt pool. Fig. 7,
shows the influence on heating area and maximum heating temperature
at the powder bed when changing the focal length of the DLAH laser
relative to the powder bed. A FLIR C5 thermal camera was used to
measure the heated area and compute the area-averaged surface tem-
perature (<400 °C). To obtain a representative point estimate and assess
spatial uniformity, an Optris CTVideo 3 M pyrometer acquired five spot
readings per experiment; centre, top-left, top-right, bottom-left, and

bottom-right, where the five values were averaged to yield a pyrometric
mean and compared with the camera-derived average (with emissivity
and reflected-temperature corrections applied). When the DLAH focal
length was set at 150 mm, the heating area was 15.0x15.0 mm? with the
powder reaching a maximum surface temperature of 200 °C and was
deemed too low a surface temperature for this study. One slightly more
focused to 90 mm focal length, the heating area reduces to 10.0x10.0
mm, however the maximum powder temperature doubles to 400 °C. At a
focal length of 90 mm, the dynamic laser assisted heating (DLAH) system
produced a powder heating rate of 30.6 °C/s and a cooling rate of
19.6 °C/s when held stationary. It should be noted that these values
were obtained under static conditions; during actual processing, the
translational motion of the DLAH laser is expected to decrease the
heating rate and increase the cooling rate, depending on the scanning
speed. The influence of laser movement on thermal transients is further
examined in subsequent sections.

In the first part of this study, single layer Ti6Al4V samples are pro-
duced solely with DPM using different laser irradiation angles relative to
the powder bed (vertical and 45° to vertical) The DPM will process
Ti6Al4V powder at scanning speeds of 120, 1200, 1800, 2400, 3000,
3600, 4200, and 4800 mm/min. From preliminary trials when the laser
speed exceeded 4800 mm/min, the density of the samples decreased
significantly due to lack of fusion, therefore scan speed values above this
are not considered exceeded. However, at speeds of 1200 mm/min and
below, no significant differences are observed with across the melt pool
until approximately 120 mm/min. Therefore, only one scan speed below
1200 mm/min (120 mm/min) is shown the results, followed by in-
crements of 600 mm/min up to a maximum value of 4800 mm/min.
Additionally, the laser power, hatch distance, and layer thickness values
are kept constant at 45.5 W, 100 ym (33 % overlap), and 1000 pm (to
measure melt pool penetration depth), respectively. Prior to processing,
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Fig. 2. Schematic of the DPM and DLAH.
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Fig. 4. The DPM and DLAH laser positions used during this study.
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Fig. 5. DLAH 10x10mm laser beam characteristics at different angles from the vertical.

A: Pre-heating zone
B: Melting zone
C: Post-heating zone

~=_— Scanning Direction

Fig. 6. The effect of movement of DPM & DLAH on top surface of powder bed,
creating pre heating in front of DPM laser, Zone A. DPM laser melting region in
the centre of Zone B and post heating Zone C that encapsulated the solidifying
melt pool generated within Zone B.

the chamber is purged with argon gas until the oxygen concentration
dropped below 0.1 %. An oxygen sensor is used to continuously monitor
and ensure that the oxygen level remain stable throughout the
procedure.

2.2.2. Statistical Analysis: Full factorial Three-Way ANOVA

To statistically evaluate the influence of process parameters and their
interactions on key material responses, a full factorial three-way anal-
ysis of variance (ANOVA) was applied [19]. The design incorporated
three factors: scanning speed (8 levels), DPM laser angle (2 levels: ver-
tical/inclined), and heating condition (2 levels: on/off). The response
variables examined were relative density and surface roughness. This
comprehensive approach allowed quantification of both main effects
and interaction effects (two-way and three-way) on the measured out-
puts. Each combination of factors was evaluated across the experimental
space (2 x 2 x 8 = 32 runs), and statistical models were developed using
ordinary least squares (OLS) regression.

The ANOVA revealed that scanning speed had the most statistically

Incoherent Incoherent
Fluence Fluence
.02E-005 5.01E-005
.S1E-005 4.51E-005
.01E-005 4.01E-005
3.51E 005 3.51E-005
3.01E-005 3.01E-005
2.51E-005 2.50E-005
2.01E-005 2.00E-005
1.50E-005 1.50E-005
1.00€-005 1.00E-005
5.02E-006 5.01E-006
0.00E+000 0.00E+000
600
—=— 150 mm height ( 15.0x15.0 mm? pre-heating area )
500 - —— 120 mm height ( 12.8x12.8 mm? pre-heating area )
—e— 90 mm height ( 10.0x10.0 mm? pre-heating area )
-~
& 400+
>
=
=
= 300+
= "
-3
=
E 200
=
100 A
0 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
Time (s)

Fig. 7. Temperature-time graphs according to DLAH laser in stationary posi-
tion for different heights.

significant main effect on both relative density and surface roughness.
Heating presence and laser angle also showed notable effects, particu-
larly under higher speed conditions. Significant interaction terms were
observed, indicating that the influence of one factor (e.g., heating)
varied depending on the level of another (e.g., angle). These statistical
insights supported the identification of optimal parameter combinations
and underscored the complex interdependencies present in hybrid diode
melting and heating techniques.

2.3. Material Preparation

DPM processed samples are embedded in bakelite using a Buehler
Simplimet Mounting Press before optical microscope examination. After
bakelite process, the samples are grinded and polished using a Buehler
Automet machine. The grinding process is performed sequentially with
60, 320, 600, 1200, 2400, and 4000 grit papers. Before transitioning to
each successive grit paper, the samples are rinsed with water and
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cleaned with isopropanol. Following grinding process, polishing is
employed using 1 um colloidal suspension solution.

2.4. Material Characterization

The surface roughness, single layer relative density and melt pool
characteristics of the Ti6Al4V samples are investigated in detail in this
work. Measuring surface roughness during single layer DPM + DLAH
trials is essential for evaluating the quality of powder melting, surface
remelting uniformity, and scan strategy effectiveness. Surface roughness
directly influences powder recoating in subsequent layers; excessive
roughness can disrupt powder spreading, cause uneven layer thickness,
and introduce porosity or lack-of-fusion defects. By assessing roughness
at the single layer stage, it becomes possible to optimise key process
parameters such as laser power, scan speed, hatch spacing, and scan
strategy before initiating multi-layer builds. This ensures improved
layer-to-layer consistency, reduces defect accumulation, and enhances
final part quality and dimensional accuracy. Important parameters for
assessing surface roughness include Ra, Rq, and Rz, which provide
essential insights into the surface’s roughness and profile characteristics
[20,21]. This study specifically utilized the Ra value, calculated using
the following formula.

1 L
Ra:i/o |Z(x)|dx (@]

where L represents the sampling length and Z(x) denotes the height of
the profile at position x. The top surface roughness of the manufactured
samples is analysed optically using the Alicona Infinite Focus SL system.
In addition, Nikon optical microscopy is used to determine the melt pool
characteristics under 5x magnification. The sample microstructure is
also captured using a Tescan Vega3 SEM machine and X-ray Diffraction
(XRD) data captured from Panalytical Aeris X-Ray Diffractometer ma-
chine. Following the images captured from optical microscopy and SEM
machine, Image J software is used to calculate the melt pool depth and
relative density of the samples. This image correlation software signif-
icantly reduced calculation time compared to the Archimedes method
[22,23], particularly when handling multiple samples, by consistently
applying the same threshold values to ensure more accurate results.
The normalised energy density (NED) formula [13,24] is used for all
analyses in this work and corresponding formula is given as follows.

NED = E, = 3 (2)
vil'h
- Axq + _ VTp - 21 - _h
-t YT e T P @
Aq
e 9 |wrmw-To | _ Aqu
NED’E“’V*rh*’ w2l By {valh(TM— To)} “)
A
o= — 5
pCp ®
q Aq }
NED =E, = —— = (6)
vilh |:2V1pth(TM7T0)

where A represents absorptivity, g denotes laser power (W), a is thermal
diffusivity (mz/s), v is scanning speed (m/s), l indicates layer height (m),
p is material density (kg/mg), h refers to hatch distance (m), C, is the
specific heat capacity of the powder (J/kgK), Ty, is the melting tem-
perature of the powder (K), Ty is the powder bed temperature (K), rg is
the laser beam spot radius (m), and 1 represents thermal conductivity
(W/mK).
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3. Results and discussion
3.1. Defects of the Ti6Al4V samples

Literature studies on LPBF systems typically identify three funda-
mental defects mechanisms: keyholing, balling, and lack of fusion
[25,26]. These mechanisms are directly related to scanning speed and
laser power. The keyhole mechanism generally occurs at low scanning
speeds and high laser power, lack of fusion at high scanning speeds and
insufficient laser power. Some selected defects of samples formed during
DPM processing are shown in Fig. 8 for different process parameters.
Lack of fusion (LOF) in powder-bed processes arises when the local
volumetric energy density and/or geometric overlap (track-to-track,
layer-to-layer) are insufficient, leaving planar unbonded interfaces;
balling stems from Plateau-Rayleigh breakup of a thin molten powders
and is promoted by high scan speed/low line energy, poor wettability,
and steep surface-tension (Marangoni) gradients; keyholing occurs
when peak irradiance drives recoil pressure above a threshold, creating
a vapor cavity whose collapse leaves deep, near-spherical/chain pores
and a high depth-to-width (“teardrop”) fusion zone. In our DPM, the step
and dwell point exposures with 450 nm diodes yield efficient absorption
and wider, more equiaxed conduction mode pools at lower peak irra-
diance, while Dynamic Laser Area Heating (DLAH) raises the preheat
level, reducing melt viscosity and thermal gradients, improving wetting
and inter-track bonding; together these effects shrink the LOF window,
suppress balling, and shift the process away from the keyhole regime for
the same consolidation level. Keyhole was assessed by metallographic
cross-sections (polished) taken normal and parallel to the scan direction
across representative parameters, inspecting fusion-zone geometry and
pore morphology; no deep, teardrop-shaped keyhole porosity or narrow,
high-aspect melt pools were observed, whereas occasional pores at inter-
track boundaries under under-energised settings were consistent with
LOF.

During the examination of the Ti6Al4V samples produced with
various process parameters, the balling and lack of fusion mechanisms
are observed while the keyhole mechanism is not detected. Due to a lack
of melting energy, some pores are noticeable in certain areas. Spatter —
consisting of ejected molten metal droplets — is observed on some
sample surfaces. This phenomenon occurs during laser melting and so-
lidification of the metal powder bed, and may also involve partially
sintered powders.

3.2. Effect of the position of the DPM laser without DLAH (Case-1 and
Case-3)

In this section, the structures of Ti6Al4V samples produced with DPM
lasers positioned at inclined and vertical position without using DLAH
are examined for various scanning speeds. Fig. 9 presents the SEM and
optical images of the samples for DPM lasers at vertical and inclined
position. According to Fig. 9, which provides images at 200x magnifi-
cation for SEM, when the scanning speed exceeds 1800 mm/min, spatter
formation begins, and noticeable material defects appear. In the pro-
duction with DPM lasers positioned both vertically and inclined, lack of
fusion defect type is observed, particularly at scanning speeds above
2400 mm/min. When the scanning speed exceeds 4000 mm/min, sig-
nificant pore formation is noted in the material. Comparing the SEM
images of samples produced with vertical and inclined lasers clearly
shows that the samples made with inclined lasers have more pronounced
defect than those produced with vertical lasers. This difference is
particularly noticeable at higher scanning speeds.

The defects observed in the structures of single layer samples directly
affect material characteristics such as surface roughness and relative
density. Fig. 10a presents the relative density values of samples pro-
duced with lasers positioned both inclined and vertically, based on
various scanning speeds and NED values. According to the figure, the
relative density values for the vertical case range from 96.80 % to 99.98



A. Aydin et al.

Scan Speed:

4200 mm/min P

NED: 0.77

Materials & Design 260 (2025) 114985

Sintered powder

Scan Speed: ]
1800 mm/min %
NED: 1.36 ~
M,

_

Aol ’\4/ O e~

== 5ooﬁm:-

Fig. 8. The defects of Ti6Al4V samples produced with DPM and with/without DLAH lasers.

%, while for the inclined configurations, this range is between 93.79 %
and 99.88 %.

At a scanning speed of 120 mm/min, the relative densities of the
inclined and vertical laser configurations are 99.88 % and 99.94 %,
respectively. For scanning speeds up to 2400 mm/min, both configu-
rations maintain relative densities above 99 %. However, at 3600 mm/
min, the densities decrease to 97.19 % (inclined) and 95.41 % (vertical),
and at 4800 mm/min to 93.79 % and 96.80 %, respectively. As shown in
Fig. 10a, increasing scanning speed reduces the NED, leading to a
decline in density. Specifically, as the NED decreases from 20.42 to 0.51,
the density drops from 99.94 % to 96.80 % in the vertical configuration
and from 99.88 % to 93.79 % in the inclined configuration, corre-
sponding to reductions of 3.14 % and 6.09 %, respectively.

Fig. 10b shows the surface roughness of the Ti6Al4V samples pro-
duced with DPM lasers at inclined and vertical positions for various
scanning speed and NED values. According to the figure, the surface
roughness values for the vertical case range from 6.2 to 48.34 um, while
for the inclined configurations, this range extends from 8.97 to 61.49
um. As depicted in Fig. 10b, the surface roughness values increase with
the laser scanning speed for both vertical and inclined configurations.
For example, an inclined DPM laser exhibits a surface roughness of 8.97
um at 1800 mm/min, which rises to 32.28 pm at 3000 mm/min and
reaches 61.49 ym at 4800 mm/min. Similarly, for the vertically posi-
tioned samples, the surface roughness values are 20.90 pym, 28.21 um,
and 40.73 um at scanning speeds of 1800 mm/min, 3000 mm/min, and
4800 mm/min, respectively. When comparing vertical and inclined
cases at the same scanning speeds, it is generally observed that the
vertical samples exhibit lower surface roughness values. The case with
the lowest surface roughness is found as 6.2 ym in the sample produced
using a vertical laser configuration and a scanning speed of 1200 mm/
min (i.e., NED = 2.04). However, the case exhibiting the highest surface
roughness value is found as 61.48 pm at the maximum scanning speed of
4800 mm/min (i.e., NED = 0.51) with the laser positioned at an inclined
angle.

Fig. 9 also displays the 10x magnification of optical microscope
images for melt pools of single layer Ti6Al4V samples produced using
DPM lasers at inclined and vertical position. Fig. 11 also presents melt
pool depth graphs calculated from Fig. 9 images. In LPBF systems, the
melt pool should exhibit a homogeneous distribution, smooth bound-
aries, and low porosity. In LPBF systems, the melt pool should exhibit a

homogeneous distribution, smooth boundaries, and low porosity.
Additionally, the size and shape of the melt pool can be significantly
affected by the processing parameters.

Examination of the melt pool images shown in Fig. 9 which 10x
optical images indicates that the scanning speed significantly influences
the melt pool characteristics for single-layer samples. According to
Fig. 9, significant melt pool fluctuations and considerable amounts of
sintered but unmelted powder are observed in inclined configurations
when the scanning speed exceeds 1800 mm/min. These melt pool in-
stabilities may cause uneven powder spreading or inadequate melting
for subsequent layers. As a result, porosity can progressively increase in
multi-layered samples over time [27,28]. As the melt pool depth in-
creases, the melt pool width may narrow and potentially cause issues
such as keyhole mechanisms at low speeds and high laser powers.
Therefore, maintaining a uniform melt pool is crucial for successful part
production in laser-based manufacturing. According to Fig. 11, the melt
pool depth values range from 147.59 to 321.11 pm for the vertical case,
while for the inclined configurations, this range varies from 129.98 to
245.52 ym. When the DPM laser is positioned at an angle, it is observed
that the melt pool depth increased as the scanning speed increased from
120 mm/min to 1800 mm/min. The maximum melt pool depth of
245.52 pm is recorded at a scanning speed of 1800 mm/min, while the
minimum depth of 118.76 um is observed at 4800 mm/min. When the
DPM laser is in the vertical position, it is observed that as the scanning
speed increases from 120 mm/min to 2400 mm/min, the melt pool
depth also increases, reaching a maximum depth of 321.11 pm at this
speed. Beyond this speed, the melt pool depth begins to decrease.

3.3. DPM processing with DLAH

3.3.1. Effect of DLAH presence for DPM laser in inclined position (Case-1
and Case-2)

In this section, the structures of Ti6Al4V samples produced with DPM
lasers positioned at inclined position with using DLAH are examined for
various scanning speeds. Fig. 12 presents the SEM and optical micro-
scopy images of the samples with and without DLAH for DPM lasers in
inclined position. According to the figure, when the heat laser is inac-
tive, no material defects are observed in the sample up to a laser scan-
ning speed of 1800 mm/min. However, beyond 1800 mm/min, more
pores and unmelted powders are observed in various regions of the



A. Aydin et al.

Materials & Design 260 (2025) 114985

Scannlng Inclined DPM Laser

speed

Beam Sizes:
DPM Laser: 100 um X 212 pm

[mm/min]

Vertical DPM Laser

Beam Sizes:
DPM Laser: 100 pm X 150 ym

DPM

.

(NED) 200X Magnification

Top Surface

120
(20.42)

1,200
(2.04)

1,800
(1.36)

2,400
(1.02)

3,000
(0.82)

3,600
(0.68)

4,200
(0.58)

4,800
(0.51)

10X Maghnification
Cross Section

200X Magnification
Top Surface

10X Maghnification
Cross Section

200 pm,

Fig. 9. SEM and optical microscopy images of Ti6Al4V samples produced without DLAH laser.

samples. When the DLAH is active, no defects are observed in the ma-
terial at laser scanning speeds up to 3000 mm/min. Beyond laser scan-
ning speed of 3000 mm/min, partial structural defect begins to appear.
This indicates that the DLAH laser has a significant impact on the
melting characteristics of the powder. This can also be clearly seen from
the relative density and surface roughness values presented in Fig. 13.

Fig. 13 presents the relative density values obtained from the SEM

images and surface roughness values. As seen in Fig. 13, up to a laser
speed of 3000 mm/min, the samples with DLAH exhibit higher relative
density values compared to those without DLAH. Specifically, at a laser
speed of 120 mm/min, the relative density of the sample without DLAH
is 99.88 %, whereas with the DLAH laser active, this value reaches
99.99 %. Similarly, without DLAH, the relative density values at laser
scanning speeds of 1200, 1800, and 2400 mm/min are 99.46 %, 99.10
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Fig. 11. Melt pool depth comparison of DPM laser in inclined and vertical
position for different scanning speeds.

%, and 99.41 %, respectively, while with the DLAH laser active, these
values increase to 99.99 %, 99.95 %, and 99.92 %. The highest relative
density values, at 99.99 %, are achieved when the DLAH laser is active
and the laser scanning speeds are 120 mm/min and 1200 mm/min.
Additionally, when comparing based on NED values, it is clear that the
samples with active heat consistently have the highest relative density
values. Fig. 13 also presents the top surface roughness values of Ti6Al4V
samples at different laser scanning speeds. Unlike the SEM images and
relative density values, it is apparent that the surface roughness values
with DLAH are significantly lower (i.e., better) compared to those
without DLAH for all laser scanning speed and NED values. This
improvement can be attributed to the reduction in thermal gradients
induced by DLAH, which leads to a more thermally stable melt pool
[29]. A reduced thermal gradient minimizes Marangoni convection-
driven turbulence, promoting a smoother and more controlled fluid
flow within the melt pool. Consequently, this stabilizes the melt pool
boundaries and reduces the likelihood of process-induced instabilities
such as spatter, balling, and ripple formation. Moreover, the smoother
thermal profile enhances wettability by lowering the surface tension
differential and decreasing melt viscosity, which collectively contribute
to improved melt spreading and interlayer bonding [30].These condi-
tions foster more uniform solidification fronts, reducing localized
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solidification defects and promoting a more homogeneous layer for-
mation, thereby resulting in superior surface quality.

The surface roughness measurements demonstrate significant
improvement when using DLAH across all tested scanning speeds
(120-4800 mm/min). As shown in Table 4, DLAH activation reduced
roughness values by 39.7-85.5 %, with the most dramatic improvements
(67-85 % reduction) occurring at mid-range speeds (1200-3600 mm/
min). The optimal combination occurred at 1200 mm/min, achieving
both the lowest surface roughness (2.84 um) and highest relative density
(99.99 %, Fig. 13).

Fig. 12, optical images at 10x magnification and Fig. 14 display
optical microscope images of melt pools and melt pool depth values for
single layer Ti6Al4V samples produced using DPM lasers in inclined and
vertical position. Fig. 12 shows that, particularly at high scanning
speeds, the melt pool depth is greater and exhibits a significantly more
irregular and wavy form when DLAH is not active. In contrast, when the
DLAH laser is active, the melt pool depth decreases and becomes more
uniformly distributed. Although the combined use of DLAH and DPM
lasers increases total energy input, it results in a reduced average melt
pool depth. This counterintuitive behaviour arises from the suppression
of steep thermal gradients, which diminishes Marangoni convection and
recoil-driven penetration [31]. As a result, the melt pool becomes more
laterally spread and stable, with reduced turbulent flow and downward
momentum. Additionally, DLAH laser partially sinters the powder bed,
increasing thermal conductivity and altering optical properties such as
absorptivity and scattering. These changes promote uniform lateral
energy distribution rather than deep energy penetration, further
contributing to a shallower but more uniform melt pool. This improved
thermal and fluid dynamic environment reduces surface waviness, en-
hances melt track continuity, and improves layer stability [4,32]. This
trend is also reflected in the graphs shown in Fig. 14. It presents the melt
pool depth values for different laser scanning speeds and NED values,
both with the DLAH laser active and passive. At a scanning speed of 120
mm/min, the melt pool depth of the sample without DLAH is higher than
that of the sample with DLAH. However, when the laser speed increases
to 1200 mm/min, the positive effects of DLAH begin to emerge, and at
nearly all laser scanning speeds, the melt pool depth of the samples with
DLAH is lower. Figs. 12 and 14 clearly demonstrate that DLAH signifi-
cantly improves material quality, particularly in terms of relative den-
sity enhancement and surface roughness reduction.
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Fig. 12. SEM and optical microscopy images of Ti6Al4V samples produced with and without DLAH for DPM laser in inclined position.

3.3.2. Effect of DLAH inclined and DPM laser in vertical position (Case-3
and Case-4)

In this section, the structures of Ti6Al4V samples produced using
DPM lasers positioned vertically and with DLAH are analysed at
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different scanning speeds. Fig. 15 displays the SEM images of samples
produced with DPM lasers in vertical position, both with and without
DLAH. Fig. 16 illustrates that when the DLAH laser is deactivated, the
relative density values range from 95.41 % to 99.98 %. However, with
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Table 4
Surface roughness measurements with and without DLAH activation at varying
scanning speeds, showing percentage improvements.

Scanning Speed Without DLAH With DLAH Reduction
(mm/min) (pm) (pm) (%)
120 17.25 10.40 39.72
1200 16.28 2.84 82.56
1800 8.97 2.93 67.37
2400 33.24 4.82 85.50
3000 32.28 5.15 84.03
3600 50.09 8.01 84.00
4200 55.90 29.39 47.43
4800 61.49 20.30 66.98
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Fig. 14. Melt pool depth comparison of DPM laser in inclined position with and
without heat laser for different scanning speed and normalised energy density.

the DLAH activated, the relative density values are between 97.05 % and
99.99 %. The scenario with the highest relative density of 99.99 % oc-
curs when the DLAH laser is active, and the laser scanning speed is 1200
mm/min.

In Fig. 15, in the vertical scanning position without DLAH, no sig-
nificant sample structural defect is observed up to a laser scanning speed
of 1800 mm/min, but processing defects start to appear beyond this
speed. When DLAH is activated, no significant defect is observed up to a
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laser scanning speed of 3600 mm/min. Especially at laser scanning
speeds of 2400, 3000 and 3600 mm/min, the effectiveness of the DLAH
laser on the microstructure is notably evident. Without the DLAH laser,
spatter and balling mechanisms are more prevalent at these speeds.
However, with DLAH active, such processing defects are considerably
reduced. This effect is also evident in the relative density and surface
roughness values shown in Fig. 16.

When the DLAH laser is inactive, the relative density values at laser
scanning speeds of 3000 mm/min and 3600 mm/min are 97.62 % and
95.41 %, respectively. However, with the DLAH laser active, these
values increase to 99.06 % and 98.84 %, respectively. Similarly, when
examining the surface roughness values, the measurements for laser
scanning speeds of 2400, 3000, and 3600 mm/min are 41.01, 28.21, and
48.34 pm, respectively, when DLAH is inactive. When active these
values decrease to 8.32, 10.20, and 21.90 um, respectively. This corre-
sponds to an improvement in surface quality of approximately 79.70 %,
63.83 %, and 54.69 %. Additionally, for all laser scanning speeds, the
scenarios with DLAH exhibit lower (better) surface roughness values
compared to those without DLAH. The scenarios with the lowest surface
roughness values occur at a laser scanning speed of 1200 mm/min, both
with and without DLAH. In both cases, the surface roughness value is
approximately 6 pm.

SEM and optical microscopy images of Ti6Al4V samples produced
with/without DLAH for DPM laser in vertical position are shown in
Fig. 15. Similar to the case where the DPM laser is inclined, when the
DPM laser is positioned vertically, the melt pool characteristics of the
produced Ti6Al4V samples show significant improvement for various
laser scanning conditions. For instance, at a laser scanning speed of
1800 mm/min, the sample cross-section, which exhibits a wavy form
when the DLAH laser is inactive, becomes more uniform with the acti-
vation of DLAH.

The melt pool depth graph is presented in Fig. 17. According to this
graph, at a laser scanning speed of 120 mm/min, the melt pool depth is
270.92 um when the DLAH laser is active, compared to 170.42 um when
it is inactive. This can also be seen in the optical microscope images in
Fig. 20. As the laser scanning speed increases beyond 120 mm/min, the
effects of DLAH on the microstructure of the material become more
evident. For example, at laser scanning speeds of 1200, 1800, and 2400
mm/min, the melt pool depth is 186.33, 184.87, and 321.11 um,
respectively, when the DLAH laser is inactive. When the DLAH laser is
active, these values are reduced to 134.93, 100.47, and 125.57 um,
respectively. Among all cases in Fig. 19, the lowest melt pool depth of
100.47 pm occurs at an NED value of 1.36 with the DLAH laser active,
while the highest melt pool depth of 147.59 pm is observed at an NED
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Fig. 15. SEM and optical microscopy images of Ti6Al4V samples produced without and with DLAH laser for DPM laser in vertical position.

value of 0.58 without DLAH.

In summary, for both vertical and inclined DPM laser configurations,
the use of a DLAH laser results in significant improvements in the
relative density, surface roughness, and melt pool characteristics of the
produced samples. With DLAH, the relative density increases to as high
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as 99.99 %, and the surface roughness values decrease to as low as 2.84
um. Furthermore, examination of the sample cross-sections reveals that
DLAH transforms the melt pool region from a wavy to a more uniform
form. This examination also provides important findings that each layer
top surface will be more parallel with DLAH in multilayer production
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and the porosity and defects that may occur between each layer will
decrease.

3.4. Optimal positions for DPM/DLAH lasers (Case-2 and Case-4)

Previous sections demonstrate that DLAH significantly improves
surface finish, increases relative density, and stabilizes melt pool char-
acteristics. This section examines Ti6Al4V samples produced with the
DLAH laser active, considering both vertical and inclined positions of
the DPM laser. Since earlier chapters present SEM and optical images,
this section focuses solely on the graphs for relative density and surface
roughness. Fig. 18 presents a comparison of relative density and surface
roughness for the DPM laser in inclined and vertical positions, with
DLAH laser, across various scanning speeds and NED. From the figure, it
is observed that for laser scanning speeds up to 3000 mm/min with the
DPM laser in the vertical position, and up to 2400 mm/min with the
DPM laser in the inclined position, the relative density values exceed 99
%. However, as the laser scanning speed increases further, a reduction in
relative density values is observed. The highest relative density values
for all cases occur when the NED values are 20.4 and 2.04, and the laser
scanning speeds are 120 and 1200 mm/min, respectively, with the DPM
laser in the inclined position. Similarly, the same relative density of
99.99 % is achieved when the DPM laser is in the vertical position, with
an NED value of 2.04 and a laser scanning speed of 1200 mm/min. For
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Fig. 18. Relative density and surface roughness comparison of DPM laser in inclined and vertical position with heat laser for different scanning speeds.
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DLAH-activated scenarios, surface roughness values differ significantly
between vertical and inclined DPM laser positions. While this positional
effect is more pronounced for surface roughness, relative density also
shows measurable differences at higher scanning speeds. For all NED
values except 20.4 (at a laser scanning speed of 120 mm/min), lower
surface roughness values are obtained when the DPM laser is positioned
vertically. The lowest surface roughness value of 2.84 um is observed
when the DPM laser is in the vertical position with an NED value of 2.04.
To clearly illustrate the impact of DLAH on the material’s surface
roughness, the worst-case scenario where the DPM laser is in the in-
clined position and DLAH is not used is included in Figs. 18 and 19. The
figure demonstrates that the DLAH laser significantly impacts the mi-
crostructures of the Ti6Al4V samples and achieves a notable improve-
ment in surface roughness values. Specifically, for a NED value of 1.02
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(i.e., a laser scanning speed of 2400 mm/min), the surface roughness
with DLAH is found to be 6.89 times lower compared to the condition
without DLAH.

3.5. Microstructural customisation

The XRD analysis results of samples produced at speeds of 120, 1800,
and 3000 mm/min are presented in Fig. 19. According to these results, at
the speeds of 120 mm/min and 1800 mm/min, positive peaks corre-
sponding to the p-phase were observed in the crystal orientation of 110
when heat is active. This indicates a much slower cooling rate and a
trend towards an increase in the f-phase. However, in scenarios where
the speed exceeded 3000 mm/min, the combined movement of the
melting (DPM) and heating (DLAH) lasers resulted in insufficient time
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Fig. 19. XRD analysis of samples 120 mm/min, 1800 mm/min and 3000 mm/min speed conditions.
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for the DLAH laser to effectively heat the surface due to the high speed,
thereby not contributing adequately to reducing the cooling rate. This
situation is also reflected in the XRD results, where no significant change
in the p-phase corresponding to the crystal orientation of 110 is
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observed.

The evolution of martensitic microstructures in Ti6Al4V produced
via DPM and DLAH laser was investigated under four distinct case
configurations illustrated in Fig. 20. These configurations were
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Fig. 20. Optical microscopy of etched images of Ti6Al4V samples in different conditions.
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categorised into two principal groups based on the presence or absence
of auxiliary DLAH laser heating. A systematic study was conducted
across scan speeds ranging from 2 mm/s to 80 mm/s to evaluate the
influence of process thermodynamics and scan strategy on the
morphology of martensitic o laths. The primary objective was to
quantify the geometric parameters of the martensitic structure namely
lath length, width, and aspect ratio and to interpret the influence of
thermal gradients induced by melting and heating directions on the
resultant microstructure.

In the absence of external laser heating (Case 1 and Case 3), the high
thermal gradients generated by the rapid localised melting produced a
rapid solidification front, thereby favouring the formation of fine acic-
ular of martensite similar to Refs [33-35]. In particular, the inclined
melting laser condition consistently exhibited vertically aligned and
slender o structures with limited retained B-phase presence. The average
lath widths in the no-heating group remained below 2.6 pym across all
speeds, while aspect ratios generally exceeded 2.8, indicative of needle-
like, high aspect-ratio martensite. The vertical melting laser configura-
tion, where the melting path was directed vertically, resulted in a rela-
tively uniform basketweave martensitic microstructure, particularly
pronounced at intermediate scan speeds. The unidirectional thermal
flow in vertical melting laser led to well-defined columnar growth of
martensitic packets, with minimal morphological disruption. In
contrast, the inclusion of laser-based heating in Case 2 and Case 4
configurations substantially altered the solidification conditions. The
application of heating either during or prior to melting served to reduce
the cooling rate by raising the ambient thermal field around the melt
pool. This modification of the thermal gradient facilitated the coars-
ening of martensitic structures and occasionally allowed partial
diffusion-driven transformations. The inclined heating laser condition,
characterised by inclined heating and vertical melting, generated
notably wider martensitic laths, particularly at low scan speeds. This
reflects the extended solidification times and lower undercooling ach-
ieved via the angular diode laser. Eshawish et al. [35] investigated the
influence of cooling rates following solution treatment on the micro-
structure of LPBF-fabricated Ti-6Al-4 V, demonstrating that slower
cooling rates (air cooling and furnace cooling) promote more extensive
f — o phase transformation, resulting in coarser a-lath structures. In the
vertical laser heating configuration, where heating was applied verti-
cally and melting occurred along an angular trajectory, the resultant
microstructures were highly heterogeneous. The combined influence of
non-uniform thermal exposure and off-axis scanning produced a com-
plex mix of acicular and semi-equiaxed o morphologies, especially at
moderate scan speeds.

The microstructural observations are quantitatively supported by
Table 5 data. Across all conditions, DLAH configurations consistently
produced wider o laths (average ~ 3.0 um) with reduced aspect ratios
(2.4-2.5), contrasting with the finer, elongated laths (width < 2.6 um,
aspect ratio > 2.8) formed under rapid solidification without DLAH.
Notably, lath length remained stable (7.1-7.5 um), indicating width/
aspect ratio are more thermally sensitive than length. In summary, this
study confirms that the inclusion of laser-based heating significantly
alters the morphological characteristics of o martensite in DPM pro-
cessed Ti6Al4V. Derimow et al. [34] investigated the effects of varying
temperatures and cooling rates on the microstructure of LPBF-fabricated
Ti6Al-4 V. Their results demonstrate that the cooling rate significantly

Table 5
Quantitative analysis of heating conditions.

Metric Without DLAH Laser With DLAH Laser
(Case 1 + 3) (Case 2 + 4)

Mean lath length (um) 7.21 + 0.29 7.30 + 0.24

Mean lath width (um) 2.51 +0.18 3.02 + 0.29

Mean aspect ratio 2.87 £0.10 2.47 £0.16

Lath count per image ~85-120 ~75-110
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influences the a lath morphology, affecting mechanical properties.
While without DLAH conditions promote the formation of fine, high
aspect ratio laths associated with rapid solidification and steep thermal
gradients, DLAH introduces a more complex thermal environment that
facilitates coarsening and structural heterogeneity. These findings are of
particular importance for tailoring mechanical properties via micro-
structural control, as finer martensite is typically associated with
increased strength, whereas coarser morphologies may offer improved
ductility. Bartolomeu et al. [36] confirmed this outcome in their detailed
review of LPBF-fabricated Ti6Al4V microstructures, revealing that the
rapid cooling rates in LPBF result in the formation of acicular
o -martensite with a needle-like morphology. They also noted that post-
processing heat treatments can adjust the a-lath thickness, ultimately
influencing the material’s strength and ductility. Moreover, Zhang et al.
[37] emphasized in their study that an appropriate heat treatment can
establish an optimal strength-ductility balance in LPBF-fabricated
Ti-6Al-4 V specimens.

3.6. Heating and oxidation of powder

In LPBF processes, oxidation of reactive alloying elements such as
titanium and aluminium are a critical concern, especially under
imperfect shielding conditions where residual oxygen levels remain in
the inert argon environment. Even at oxygen concentrations below 0.1
vol% as maintained in this study, there is a thermodynamic driving force
for oxide formation at elevated temperatures due to the high affinity of
Ti and Al for oxygen [38]. The incorporation of a 915 nm DLAH laser
introduced prolonged thermal exposure of the powder surface, raising
the substrate and adjacent powder temperatures to approximately
400 °C. This increased exposure time and temperature could, in prin-
ciple, enhance the diffusion and reaction rates between oxygen and
exposed metal particles. However, several observations suggest that
oxidation was mitigated or at least did not become detrimental under
the tested conditions. Firstly, no evident oxide layers or increased sur-
face defects were observed in SEM micrographs of samples produced
with active heating, and relative density consistently exceeded 99 % in
most conditions with heating, suggesting minimal inclusion-related
porosity. Secondly, the DLAH beam was operated defocused with a
quasi-top-hat power-density profile, delivering uniform, low-flux heat-
ing over a broad area. Beam-shaping analyses for LPBF show that flat-
tening the intensity distribution broadens the surface-temperature
plateau and reduces central overheating relative to Gaussian input,
thereby reducing temperatures associated with evaporation/chemical
decomposition; moreover, non-Gaussian profiles demonstrably lower
evaporation losses by > 2.5 x compared with Gaussian beams [39]. In
Ti-6Al-4 V, oxidation (a-case formation) intensifies with increasing
temperature and time and tends to occur above ~480 °C in oxygen-
containing atmospheres, so moderating peak surface temperatures is
consistent with reducing the thermodynamic/kinetic driving force for
transient oxidation surges under otherwise similar conditions. While we
did not quantify oxygen uptake in this study, the temperature-
dependence of oxidation provides the mechanistic basis for this inter-
pretation [40]. It is also worth noting that at elevated preheating tem-
peratures (e.g., >400 °C), previous studies have observed a passive
oxidation behaviour in Ti6A14V due to the formation of a thin TiO layer
which can act as a barrier to further oxygen ingress [41,42]. The use of
gas-atomised powder with low surface area and the short dwell time of
the heating laser likely further limited oxidation kinetics. Overall, while
laser heating increases thermal exposure of powder particles, its appli-
cation in a tightly controlled low-oxygen argon atmosphere combined
with uniform heating strategies appears to limit detrimental oxidation
and does not compromise part integrity under the conditions evaluated.

Fig. 21 highlights a distinct difference between traditional LPBF
studies and DPM laser studies based on their NED. Traditional LPBF
studies, represented by blue ellipse, span a small range of NED values
(4-32) and exhibit diverse process conditions, focusing on achieving
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Fig. 21. Normalised energy density calculations, (blue region) traditional LPBF studies [43-57], (black region) DPM laser study and (red region) DPM & DLAH laser
integration study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

optimized balance across mechanical properties, density, and thermal
behaviour. In contrast, DPM laser studies, represented by a black ellipse
and heating integration represented by a red ellipse, are concentrated in
the wider NED region (<1, >32), This contrast demonstrates that while
LPBF studies focus on specialized, energy-efficient processing methods
with narrower operational windows, while DPM studies can explore a
wider parameter space for general application.

4. Conclusions

This study investigated the integration of a new Dynamic Laser Area
Heating (DLAH) within a powder bed fusion approach, Diode Point
Melting (DPM. By employing a 44 W, 450 nm DPM laser in conjunction
with a 140 W, 915 nm defocused heating laser (DLAH), the melt pool
thermal gradient was reduced, enabling significant reductions in ther-
mal gradients and process-induced defects. The process conditions
achieved notable changes in part density, melt pool stability and
microstructure coarsening. A maximum relative density of 99.99 % and
a minimum surface roughness of 2.84 ym were obtained at a scanning
speed of 1200 mm/min (normalised energy density, NED = 2.04) with
the DPM laser in vertical orientation and DLAH activated. In contrast, in
non-heated configurations, relative density decreased to ~93.8 %, and
surface roughness exceeded 60 um at higher scan speeds due to lack-of-
fusion and increased spatter formation.

In addition to the improvements in densification and surface integ-
rity, this study highlights the critical role of DLAH in enhancing melt
pool stability and altering thermal-solidification dynamics. The appli-
cation of spatially localised heating was found to substantially broaden
the stable processing window, allowing higher scan speeds and lower
energy densities without compromising melt pool continuity or inducing
defect mechanisms such as balling or lack of fusion. This thermal sta-
bilisation effect is particularly valuable for process scalability and reli-
ability. However, the cooling rates derived from stationary
measurements (19.6 °C/s) must be contextualised within the dynamic
nature of scanning.

Microstructural analyses using X-ray diffraction and etched optical
microscopy images confirmed that the inclusion of auxiliary DLAH in
DPM-processed Ti6Al4V significantly alters the o martensite
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morphology by modifying thermal gradients and solidification condi-
tions. In the absence of DLAH, the rapid solidification promoted by steep
thermal gradients resulted in fine acicular laths with average widths
consistently below 2.6 um and aspect ratios exceeding 2.8, indicative of
slender, needle-like structures. In contrast, DLAH configurations pro-
duced wider laths, averaging approximately 3.0 pm in several cases,
with reduced aspect ratios in the range of 2.4-2.5, reflecting the effect of
lowered cooling rates and extended solidification times. Despite these
variations, the mean lath length remained relatively stable across all
cases, ranging from 7.1 pym to 7.5 um, indicating that length is less
sensitive to thermal exposure.

Additionally, the impact of optical heating on oxidation was criti-
cally assessed. Although the 915 nm DLAH laser introduced prolonged
thermal exposure, no deleterious oxidation or surface degradation was
observed under the controlled argon atmosphere (O2 < 0.1 %). SEM
inspection revealed no oxide scale formation, and relative densities
consistently exceeded 99 % across heated conditions. The use of a
defocused top-hat beam profile contributed to thermal uniformity and
limited localised oxidation kinetics, supporting safe application of pre-
heating strategies for reactive materials.

In conclusion, this study demonstrates that integrating angularly
coordinated DPM and DLAH laser in LPBF enables enhanced process
control without compromising oxidation resistance. The findings vali-
date that careful tuning of laser parameters supported by factorial sta-
tistical analysis can yield superior density, surface integrity, and phase
stability in Ti6Al4V parts. This hybrid laser approach offers a viable,
energy-efficient route for defect mitigation and microstructural tailoring
in next-generation additive manufacturing of reactive alloys.
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