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This study introduces an innovative dual laser powder bed fusion (PBF-LB/D) system, which combines two
distinct laser processing methods to enhance control over microstructural outcomes. Unlike conventional PBF-LB
systems that employ a single laser type, this dual-laser setup integrates a traversing Diode Area Melting (DAM)
laser head with multiple 450 nm diode lasers (4 W each) and a traditional high-power (200 W) 1064 nm fiber-
laser. This unique configuration allows for significantly different melt pool solidification rates within the same
layer. For the first time, Ti6A14V feedstock was processed using both laser types within a single sample. A specific
scanning strategy defined separate laser processing regions, including an overlap where both lasers interacted to
fuse the feedstock and bridge the two regions. The fiber-laser melted (FLM) regions experienced much higher
cooling rates (~107 °C/s) than the DAM regions (~600 °C/s), resulting in acicular &/a phases. In contrast, DAM
regions exhibited larger grains, with parent § grain sizes approximately 13 times larger than those in the FLM
zone. This dual laser system investigation not only demonstrates microstructural in-situ spatial tailoring but also
highlights variations in the laser-induced heat-affected zone, surface roughness, and mechanical properties
across different regions within the fabricated Ti6Al4V samples.

1. Background
1.1. Conventional PBF-LB and diode area melting

Powder Bed Fusion with Laser Beam (PBF-LB) is widely used in the
aerospace, automotive, and healthcare industries to produce high-
density components [1]. PBF-LB has the advantage of creating custom-
ized, geometrically efficient structures with minimal material waste by
melting thin layers of metallic feedstock (Ti6Al4V) [1-3]. These con-
ventional industrial-type high power (>100 W) near-infrared (NIR) fiber
lasers use a highly focused laser beam (40-100 um spot diameter) with a
galvanometer (galvo) scanner that can reach high scanning speeds (up to
7000 mm/s) and build rates [4-7]. This processing methodology,
employing a highly fast moving laser spot leads to a reduced heat-
affected zone (HAZ — which is defined as the zone where the material
is not melted; however, the microstructure and the mechanical proper-
ties are changed due to the heat during the melting) [8,9] and paves the
way for the production of high-resolution [10,11]. However, the fast
moving laser spot generates a rapid solidification of the melt pool with
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cooling rates that can reach 107 °C/s [12-14]. In the case of Ti6Al4V, a
faster cooling rate results in the formation of finer grains (martensite a”)
within columnar parental f grains, resulting in basket-weave-type
anisotropic structures [15]. This also increases the strength and hard-
ness of the material [16]. However, it can also cause an increase in re-
sidual stress which can impact dimensional integrity [15,17] and cause
intergranular failure [18]. These highly textured structures exhibit
substantial variations in mechanical behavior depending on the direc-
tion of external forces [19]. Thus, post-heat treatment is generally
required to transform martensitic a’ to a + f microstructures not only to
enhance mechanical properties but also to reduce residual stress [20].
Xu et al.[20] found that in-situ martensitic decomposition enhanced the
total elongation failure to 11.4 % while maintaining yield strength
above 1100 MPa of PBF-LB produced as-built Ti6Al4V samples. This was
linked to the creation of ultrafine « + p lamellar structures via a change
of focal offset distance and energy density (around 50-55 J/mm?>). Aside
from rapid melt pool solidification, the highly focused fast moving laser
spot can support a reduction in component surface roughness. Dai et al.
[21] found that increasing the laser power and scanning speed improved
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the side surface roughness (SSR) of single fiber laser galvo PBF-LB
produced samples (as low as R, 6.79 pm). Using a similar approach El
Hassanin et al .[22] showed that the scanning speed parameter in the
contour step significantly affected side surface roughness, with the
lowest roughness values achieved at a laser speed of 1200 mm/s.
Diode Area Melting (DAM), an alternative to conventional PBF-LB
was developed by investigators at The University of Sheffield [14].
The system integrates multiple low power (~4.5 W) short wavelength
(450-808 nm) fiber coupled diode lasers into a laser head that traverse
on a gantry system across the powder bed. The diode lasers individually
addressable so that each laser can be switched on/off whilst traversing
across the powder bed to create net-shape components [14,23,24] see
Fig. 1-(A). Each focused laser has a spot size of approximately 100 um at
the substrate. Within the laser head two or more linear arrays of fibers
can be tightly packed at a pitch between 75-150 pym to allow suitable
beam overlap at the substrate [6,25]. The metal feedstock can be melted
more effectively due to the inherently higher laser-absorptivity levels
associated with shorter wavelengths. Previous DAM research [7] with
Ti6A14V powder showed that 808 nm diode laser has higher laser ab-
sorptivity when compared to a 1064 nm (NIR) laser, followed by a
higher absorption rate with the use of a 450 nm laser (Fig. 1-(B)). Due to
the use of low powers DAM, the scanning speed of the laser head is much
lower than traditional high power fiber galvo-scanning PBF-LB, result-
ing in a much lower cooling rate, ~ 600 °C/s when using a 4 W 450 nm
diode laser [7]. For Ti6Al4V, a slower cooling rate (below martensitic
transition temperature) enables the development of larger grain struc-
tures (i.e., equiaxed structure, a + f, or Widmanstatten «) that assists in
the reduction of defect formation [26]. Subsequently, in another study,
Alsaddah et al. [6] found that martensitic decomposition occurred in
certain sections of as-built Ti6Al4V samples with an 808 nm diode laser
head within the DAM system. Caglar et al. [25] used the DAM approach
to process Ti6Al4V using 450 nm laser head within the DAM system. 9
diode lasers (4 W each) in a closely packed linear array within the laser
head were used, totaling 36 W of power when all lasers were activated,
achieving a part density of 99.3 %. and coarser microstructures
compared with conventional PBF-LB systems [6,7,25]. Despite DAM’s
high scalability potential (potentially thousands of lasers within a laser
head), the slower DAM scanning speeds create a larger HAZ, reduced

conventional PBF-LB systems [6,7,25].
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temperature for PBF-LB samples is longer than conventionally PBF-LB
manufactured samples [27]. DAM processing as been shown to pro-
duce large HAZ, and low cooling rate due to slow scanning speeds
[6,25], this can create larger parent {3 grains compared with traditional
PBF-LB and larger a plates. Some researchers reported that larger parent
B grain size and larger a lath size result in better fatigue properties
[30-32]. DAM processing of Ti6Al4V could widen range of material
properties using PBF-LB, reduce residual stress and requirement for post-
processing. Conventional PBF-LB offers different possibilities in terms of
formed microstructures due to rapid cooling rate, a reduced heat
effected zone with improved resolution and improved surface roughness
compared to DAM. A summary of the two approached based on the laser
technology used to process feedstock is summarized in Table 1. In terms
of build rate of the both systems, the literature for DAM processing is
quite narrow due to technology is being new. In this case, the reported
highest build rate for DAM is 0.104 cm®/hr with 9-laser setup [25].
However, it stated that if the number of lasers increased, then build rate
will be increased too. For the conventional PBF-LB, it can be said that the
theoretical build rate is in between 1.7-16.2 cm®/hr [4-7], however,
these build rate can be easily altered with the change of parameters.
In summary, each approach has its own advantages and disadvan-
tages which stem mainly from the distinctly different energy densities
and required scanning speeds to achieve complete melting across the
powder thickness. By combining both laser processing approaches
within the same system there is the potential to harness the advantage of
each, including site-specific microstructural tailoring. This develops a
novel processing system that incorporates both a high-power fiber
galvo-scanning system and DAM 450 nm laser processing head and

Table 1
Summary of galvo-scanned NIR fiber laser systems and short-wavelength tra-
verse-scanned diode laser systems from the aforementioned literature.

Conventional Diode Area Melting
PBF-LB
Wavelength 1060 — 1070 nm 450-808 nm
System Movement Up to 7000 mm/s Up to 16.67 mm/s
Speed

. . . Power Range 10 - 500 W Up to 4 W per laser (up to 50 lasers
resolution capability and rougher size surface roughness compared to within laser head)
Spot size 40-100 um 72 um (1 laser only, each laser @
127 pm pitch from each other)
Ti6Al4V’s 58 % 72 %
1.2. Enhanced melt pool control using dual laser processing methodologies Absorptivity )
Scalability Potential Low High
X i L R X Scanning Mechanism  Galvo deflected Gantry
For Ti6Al4V, the size of parent f grains is determinative for the o lath HAZ & Side Surface Low High
size. Heat treatment above f-transus temperature is needed to achieve Roughness
coarse microstructure [27-29] and the hold time above p-transus
EI Individual Optical Fibre Diode laser (450nm) Diode Laser (808nm) Fibre Laser (1064 nm)|
Defvery T~ Diode Laser —_—
Control Units 100 TiGAI4V
- - - AISi12
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Fig. 1. (A) — Operational schematic illustration for diode area melting (Caglar

(Alsaddah et al.[7]).

et al.[25]), (B) — material’s absorptivity percentages at various wavelengths
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explores the potential of using this dual laser PBF technology to create
in-situ spatially tailored microstructures within a single Ti6Al4V.

2. Methodology
2.1. Dual laser beam powder bed fusion system

The dual-laser system developed within this study integrates the
strengths of both PBF-LB (galvo and DAM-based) systems. The dual laser
system incorporates a galvo-driven 200 W 1064 nm continuous wave
solid-state fiber laser alongside a x/y gantry scanning DAM laser head
with 9 pieces 4 W 450 nm diode lasers. In this paper, the 1064 nm fiber
laser will be referred to as FLM (fiber laser melting), the 450 nm diode
multi-laser array system as DAM, and the integrated system PBF-LB/D
(powder bed fusion — dual laser beams). Table 2 lists the specifications
of these lasers; all lasers have a Gaussian beam profile.

Fig. 2 shows the schematic of the developed bespoke PBF-LB/D
system with FLM and DAM laser system. DAM utilizes an x/y gantry
system to move the fiber-coupled diode laser head and optics assembly
across the processing area (as previously shown in Fig. 1-(A)). The FLM
employs a galvo mirror for high-speed scanning with a stationary laser
unit fixed above the processing area. After DAM processing the laser
head was moved to a location away from the processing area in order not
to obstruct FLM processing. A silicone-based wiper blade was used to
spread the powder across the substrate [33]. A Crowcon oxygen sensor
was used in the build chamber to ensure oxygen content was below
1000 ppm after purging the system with argon. No additional heat
sources, such as optical preheating or powder bed heating were used
within the build chamber.

2.2. Experimental procedures

Fig. 3 presents a top view schematic of how the two laser sources
would scan the powder bed and produce a component. The paths fol-
lowed by the lasers during the layer processing are shown including an
overlap area of approximately 500 um in width between the lasers. In
order, the FLM section was scanned first (pre-FLM, outer left of
component), then the DAM section (inner section of component), and
finally, the FLM section again (post-FLM). With this approach, the in-
fluence of laser technology processing order was investigated within one
sample (e.g. influence on degree of melting within the overlap regions
based on which laser processing approach was initiated first within the
overlap region). Further refinements may be necessary to achieve pre-
cise spacing/overlap adjustments.

In the DAM process, the selected processing parameters selected
were based upon those optimized for Ti6Al4V within previous DAM 450
nm research [25]. These included a scanning speed of 1.25 mm/s, a
hatch distance of 500 pm (when using 9 activated lasers within a linear
array), a powder layer height of 60 um, and a scanning speed of a layer
of 4.17 mm/s, resulting in a sample density of 99.3 %, [25]. Moreover,
the feature size of a single-track was found as 987 + 42 ym width.
Furthermore, a short preliminary study was undertaken to determine the
optimal parameters for FLM laser due to use of the 60 um layer height.
An effective range of 60 to 85 J/mm® of volumetric energy density (VED

Table 2
Laser equipment specifications employed in the PBF-LB/D system.

Laser system Fiber Laser Diode Area Melting
Melting
Number of Lasers Used 1 9
Optical Min-Max. Power 20 - 200 W IW(AWx9)-36W(4Wx9)

System Scan Speed 100 — 3000 mm/s 0.16 — 16.67 mm/s

Range
Wavelength 1064 + 3 nm 450 + 5 nm
Spot Size at FWHM @100 pm 659 x 72 (72 pm per laser)
Focal Length 450 + 0.5 mm 60 + 1 mm
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Fig. 2. Custom dual laser beam powder bed fusion (PBF-LB/D) system.

— Equation (1)) was found to be necessary based on various studies
[1,2,20,34,35].

VED = V_Lm (J/mm?®) (€]
where P is laser power, v is scanning speed, h is hatch distance, and t is
layer height. For this setup, it was found that a 80-160 W power range,
500-1500 scan speed range, and 40 ym hatch distance was capable of
producing consistent laser tracks on a powder bed. The FLM experiments
revealed a standard deviation in density 4+ 0.52 %, with a maximum of
99.88 % using 140 W, 900 mm/s, 40 um hatch distance, 60 ym layer
height with a 64.82 J/mm® VED with a single-track width of 63 + 12
pm.

To ensure the overall consistency of experiments, three nominally
identically sized cubes were produced using each laser approach sepa-
rately and also in combination (dual laser). The measured dimensions of
samples were in the range of 5 x 5 mm except for the dual laser samples,
in which 500 um overlapped three cubes in total. The height of all
samples was ~ 5 mm (100 layers; the first 15 layers were not considered
in any of the calculations as a 66 mm x 66 mm 316L stainless steel
substrate was used). Argon gas was purged until the oxygen content was
reduced below 0.09 %. The intercooling time between the DAM and FLM
procedure is 6 + 1 s.

The feedstock used in this investigation was a Ti6Al4V Grade 23 PBF-
LB supplied by Carpenter Additive, manufactured through gas atomi-
zation [36]. The powder has a particle size distribution of 15-45 um (90
%), with the majority of particles having a sphericity value close to 0.97
(measured). Chemical composition of this feedstock are provided in
Table 3.

2.3. Analyses procedures

The samples were hot-mounted, a grinding process was carried out,
starting with 320 grits and finishing with 4000 grits, followed by pol-
ishing using a 0.06 um colloidal silica solution with 10 % H,0,. Densi-
fication analyses were conducted across the XZ plane, observed through
a Nikon Light Optical Microscope (LOM). Images underwent analysis
using ImageJ software to determine density. Following production,
samples were placed for 2-minutes in an ultrasonic bath. Alicona Infinite
Focus was used to gauge surface roughness, deriving average R, values
from five distinct graphical measurements. X-Ray Diffraction (XRD)
analysis was undertaken using PANalytical Aeris, with the start angle set
to 30° and ending at 80° with a step size of 0.022 at °26. The scan
duration was 10 min. An Oxford Instruments Tescan Vega 3 Scanning
Electron Microscope (SEM) was used in both Secondary Electron (SE)
and Back Scattered Electron (BSE) modes to capture surface images and
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Fig. 3. (A) Dual laser scanning segmentation and overlap across sample. Green indicates FLM/DAM laser overlap region (~500 pm in width. (B) 3D illustration of
processed sample for examination axes; Z is the build direction, Y is the scan direction. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Table 3
Ti6Al4V Grade23 alloy specifications.

Chemical Composition [36]

Element Ti Al A%

Fe (o] C N H Y

wt% Balance 5.5-6.5 3.5-4.5

0.25 0.13 0.08 0.03 0.0125 0.005

reveal the underlying microstructure. The SEM was also fitted with in-
tegrated Energy-dispersive X-ray spectroscopy (EDS, EDX, or EDXS)
sensors for the purpose of conducting elemental mapping, using AZtec
4.3 acquisition software. During the mapping process, the software
analyzed a 1 mm x 1 mm area (with pixel by pixel iterations) and found a
uniform distribution without any noticeable peaks or low values.
Consequently, error bars are not present in the EDS graphics.

A JEOL-7900F Schottky Field Emission Scanning Electron Micro-
scope was used for Electron Backscatter Diffraction (EBSD) analysis to
examine crystallography. The step size was set to 400 nm, and a 0.22 x
2.2 mm? area of the YZ plane was scanned. Parent p grains were
reconstructed according to Burgers orientation relationship ({0111},//
{110} and (112 0)4//(111)p). Aztec Crystal was used to generate pole
figures (PF, using an equal area projection, marked with a half-width of
10 degrees, and scaled in multiples of random density), conduct inverse
PF (IPF) mapping, parent p grain reconstruction, and grain size analyses.
The misorientation limit was set to 10° to identify different sub-grains.
Vickers hardness testing was conducted with a 500 g load and a dwell
time of 15 s, and three vertical measurements were taken horizontally.
Nanoindentation measurements were performed using a 3x3 grid con-
taining 9 points following an open-loop trapezoidal approach during
both the loading and unloading phases, utilizing the Micro Materials
NanoTest Vantage machine. A brief 5-second pause was included during
each stage once the maximum load reached 100 mN. The Young’s
modulus was calculated from the machine’s software, using a Poisson’s
ratio of 0.342 for the Ti6Al4V Grade 23.

3. Results and discussion
3.1. Dual laser processing of multi-layer Ti6Al4V samples

3.1.1. Defining the dual laser scanning order

The sequence by which the scanning strategies are applied to the
dual laser sample is an important consideration within this study. This
sequence can be either FLM processing first, followed by DAM (FLM -+
DAM), or DAM processing first, followed by FLM (DAM + FLM). To

investigate the influence of the laser activation sequence on overlap
properties and SSR, dual laser samples were produced. These laser
scanning sequences (FLM + DAM + FLM) can be seen in Fig. 4-A. Fig. 4-
B shows the cross-section of the dual laser sample regions across the YZ
plane.

It is evident from Fig. 4-B that the DAM + FLM strategy produces less
porosity with a 98.52 + 0.35 % density within the overlapped region at
the intersection between FLM and DAM processed regions, which ex-
hibits a 96.09 + 0.91 % density from three different cross-sections over
three samples. These density differences can be explained by the laser-
irradiated areas, and the total laser power differences.

In the FLM + DAM strategy, the potential outcome of the intersection
being less dense (exhibiting higher levels of porosity) is caused by the
DAM system’s limited remelting capability. As the DAM initiates scan-
ning from the overlap section, the large spot size focuses on a solid
surface. It is well-known that the reflectivity of a solid surface is higher
than that of powder feedstock [37]. Consequently, it is likely that the
lasers from the DAM system were unable to completely remelt the so-
lidified Ti6Al4V section, resulting in partial connections at the
intersection.

On the other hand, in the DAM + FLM strategy, as the powder melts
during DAM processing, it leads to a high-sintered powder zone with
voids near the edge of the DAM processed section [25]. However, the
high power of the fiber laser likely achieved remelting of the solidified
overlap section, potentially creating a melt pool track from the solid
DAM section towards the FLM section (DAM’s HAZ section followed by
unprocessed powder) [38]. This is why the intersection area in the DAM
+ FLM strategy may exhibit a higher density compared to other
strategies.

It is significant to note that in the FLM + DAM sections, 3 out of 10
attempts exhibited cracking originating from the intersection region,
occurring either during the melting phase or after its completion. This
indicates that the FLM + DAM strategy alone does not yield fully
reproducible samples at present. The occurrence of cracking can be
attributed to residual stresses induced by rapid solidification, given the
absence of powder-bed heating. Consequently, when these pre-FLM
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Fig. 4. Scanning order experiments: (a) diagrammatic representation of experiment setup, (b) LOM images adjusted for density analysis with overlap densities. Black

points represent porosity.

edge sections merge with the DAM’s slow-moving laser track, they may
undergo gradual expansion or contraction, leading to cracking or
separation.

The SSR of parts was analyzed using dual laser samples in “YZ plane”.
It is important to note that the FLM hardware’s contouring settings were
set to same parameters with the infill parameters, resulting in fixed
contouring after infill completion for both pre- and post-FLM parts. The
average SSR values were measured in pre-FLM region as R, = 36.5
(£19.9) um, in DAM region as R, = 79.4 (+£39.8) ym, and in post-FLM
region as Rq = 15.1 (£7.2) ym.

The SSR results of the FLM section are consistent with those
described in the literature in terms of values [21,22,39]. We can observe
that DAM tends to have a much rougher SSR, almost 100 times more
than samples processed by FLM, especially when compared with post-
FLM results. This difference can be attributed to the transfer of latent
heat when DAM processes are completed. Since DAM is inherently a
slow technique, heat builds up during the process, expanding HAZ and
allowing more time for heat to conduct into the sides of the melt pool
creating a large mass of sintered powder particles that agglomerate to
the edge of the melt pool creating a higher side surface roughness [25].
This accumulated heat may function similarly to powder bed heating on
the sections that will be processed by post-FLM.

FLM has greatly reduced HAZ and lower side surface finished
compared to DAM. FLM could be used to scan the contour of components
whilst using DAM to infill portions as an effective solution to address the
SSR issue encountered when solely processing using DAM.

3.2. Characterization of PBF-LB/D samples

3.2.1. Optical and SEM examination

When examining DAM and FLM samples under a scanning electron
microscope (SEM), heavy elements like vanadium (V) and iron (Fe)
appear as bright lines and points, while aluminum (Al) appears darker
(these elements play a role in stabilizing the p and « phases, respectively)

[27]. The a + P structure of Ti6Al4V appears with slow cooling rates
generally due to a low in-situ thermal gradient [12]. LOM (Fig. 5-A-B-C)
and SEM/BSE (Fig. 5-D-E-F) images show the cross-section of DAM and
FLM processed sections. A higher prevalence of @ + p structure can be
seen in Fig. 5-A and D. However, parent § grain boundaries were inde-
terminable in the DAM-processed samples. Conversely, the parent p
grain boundaries can be seen in the FLM regions as shown in Fig. 5-C.
Moreover, the sub-grain size of the DAM sample (Fig. 5-D) is compara-
tively much more prominent than that of the FLM sample (Fig. 5-F). The
FLM sample exhibits a basket-weave microstructure (Fig. 5-C and F),
while DAM exhibits fewer a laths (Fig. 5-A). This can be attributed to the
slower cooling rate in DAM compared to FLM [7,40]. This cooling rate
difference allows for the growth of larger sub-grains in DAM, which
leads to the formation of a + p grains (Fig. 5-A and D), contrasting with
the acicular a/a structures observed in FLM (Fig. 5-C and F) [25,41,42].
Fig. 5-B and E shows the overlap area (DAM + FLM), it can be seen that
there is a lack of fusion, which has been explained within the dual laser
scanning order section. Moreover, the microstructure cannot be seen
easily in either of the images within Fig. 5-B and E, especially primary p
grain boundaries and sub-grains. To investigate this further EBSD was
undertaken to understand the type and size of the laths.

3.2.2. XRD analysis

XRD was used to confirm the presence of different type of phases in
the Ti6Al4V samples. In Ti6Al4V phases, o and a’ possess a Hexagonal
Close Packed (HCP) structure, while the p phase has a Body Centered
Cubic (BCC) structure. This structural difference results in distinct peak
patterns in XRD analyses [41]. The goal was to confirm the presence of
the type of structures in Ti6Al4V. The International Centre for Diffrac-
tion Data (ICDD) Powder Diffraction File (PDF) cards were used to
match the structure of the material with the database. PDF 04-020-7055
[43] card for $ phase as this phase cannot be clearly detected at room
temperature [26], and 00-044-1294[44] card for « for phase were used
to determine the phases of the graph (Fig. 6), which plots the XRD curves
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Fig. 5. Microstructure examination through microscopy images at YZ plane cross-section: LOM images of (A) DAM section, (B) overlap section, (C) FLM section, and

SEM/BSE images of (D)DAM section, (E) overlap section, (F) FLM section.
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Fig. 6. X-Ray Diffraction patterns of separate DAM and FLM parts: distinct
analysis of non-dual laser samples.

obtained for DAM and FLM processed samples. It is evident from these
curves that the magnitude of the a peaks is greater for the DAM samples
than for FLM, in their as-built conditions. This correlation can be
credited to the larger grain size in DAM, which enables it to reflect more
incident beams in a consistent direction toward the collector [41,45].
Additionally, it has been reported that FLM primarily produces a’
structures, characterized by acicular-shaped sub-grains, which may lead
to incident beams being less likely to align in the same direction [46].
This phenomenon can be attributed to the slower cooling rate of the
DAM process. Furthermore, in the FLM process, a noticeable decrease in
peak intensity is observed. This reduction could be attributed to

microstrains caused by dislocations inhibiting sufficient dissolution of
the alloy atoms [47,48]. This XRD analysis data was used to set up the
EBSD analysis as it determines the phases to be put into the EBSD
software.

3.2.3. EDS analysis

EDS analyses were conducted in several regions, including the pre-
and post- FLM regions, central DAM sections, and the overlap areas in
the dual laser samples. The aim of these analyses was to evaluate and
compare the degree of elemental loss or vaporization in the various
regions, to determine if there were any significant differences. The
weight percentage is plotted as a function of position across the sample
in Fig. 7 (x-axis not to scale). The color shaded areas represent the
acceptable elemental weight percentage range for Ti, AL, V, according to
the data sheet [49] and ASTM F1108-97a standard. The amount of ox-
ygen (O2) detected in these analyses was at negligible levels but not
perfect zero (<0.2 %). This trace O incorporation most likely occurred
after the samples were removed from the substrate, as the time prior to
measurement could have resulted in surface oxidation. The presence of
vaporization would expected to be in Al due to due to heat of vapor-
ization being lower than Ti [50,51]. While DAM exhibits a slight ten-
dency towards lower V levels, a potential explanation lies in Oz content
captured as V205 at elevated temperature [52] which the slower pro-
cessing speed of the DAM is suitable for this type of oxidation. This
suggests that the DAM melt pool exposes the O, element more readily
than the argon-rich environment of the FLM process. While the slight
reduction in V content may not compromise the alloy’s mechanical
properties, it underscores the necessity for careful optimization of the
DAM process to ensure continued safety and performance.

3.2.4. EBSD analysis

EBSD analysis was focused on a sample section processed with DAM
-+ FLM to reveal the crystallographic and microstructural changes as the
samples transition between the DAM and FLM processed zones. The
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EBSD results are shown in Fig. 8, which shows the complete scan of three
divided zones to distinguish the DAM, DAM + FLM (overlapped), and
FLM processed regions. IPF colorings are represented in the build di-
rection. The IPF of the original scan is provided in Fig. 8-a. The
maximum feret diameter is used to evaluate the size of o/a" laths in the
different zones. The average maximum Feret diameter for DAM, over-
lapped, and FLM zones are measured as 6.85 pym, 7.1 um and 6.61 pm,
respectively. Thus, the a laths are 7 % larger in the overlapped region
than they are in the FLM region, and only 3 % larger than in the DAM
region. Despite detection of the p phase in XRD analysis (Fig. 6), the
amount of p detected by EBSD is less than 0.5 % in volume in all three
zones.

The IPF of parent p grains reconstructed from Fig. 8-a according to
the Burgers orientation relationship is given in Fig. 8-b. The DAM,
overlapped, and FLM processed zones are again identified with the
dashed rectangles. The grain area is used to evaluate parent § grain size,
as parent p grains are much larger than a laths. The average grain area
was measured as 5940 um? for DAM, 590 um? for overlap and 454 um?
for FLM regions. This indicates that parent p grains in the DAM zone are
approximately x10 larger than in the overlap zone and 13 times larger
than in the FLM zone. None of the parent § grains imaged in the DAM
zone were scanned completely. This indicates that the DAM grains are
even larger than the calculated numbers.

Magnified views of overlapped and FLM zones are shown in Fig. 8-c-
d for clarity. Different parent p grain structures can be seen in the
different zones in Fig. 8-b-c-d. The DAM region exhibits large and wide
grains (Fig. 8-b, DAM) with all grains larger than the EBSD imaging size
despite the millimeter scale image. In contrast, the overlapped and FLM
regions (Fig. 8-c-d) exhibit much smaller parent p grains. Parent p grains
of the transition zone started to follow the grains of the DAM zone
(Fig. 8-b, DAM zone, and Fig. 8-c, dashed rectangle) and transform into
columnar trains as the distance from the DAM zone increases. In the FLM
zone (Fig. 8-d), the grains are completely transformed into columnar
grains; however, these grains are noted to be of smaller size than in the
overlapped zone.

Pole Figures for reconstructed grains in DAM, overlapping and FLM
zones are given in Fig. 8-g-h-i, respectively. A texture is noted in certain
areas within the DAM zone (Fig. 8-g). However, this texture mostly
arises due to the presence of large parent f grains. A weak texture in the
(100)4 direction is observed for the overlapping zone (Fig. 8-h). Two
relatively large grains, colored in red in overlapped zone (Fig. 8-c),
result in this texture, though other randomly distributed smaller grains
cause a spread texture. The FLM zone (Fig. 8-i) does not have a strong
texture and grains are mostly distributed in random directions relative
to the build direction.

Parent p grains are the first to solidify upon cooling of the melt pool.
Therefore, parent p grains could potentially give useful information
about the solidification characteristics of DAM, overlap, and FLM zones.
This provides a larger liquid volume and cooling rate in the DAM zone
(~600 °C/s [6]) which is much slower than FLM cooling rate (~107°C/s
[42,53]) due to this wide molten metal volume of DAM (>1000 pym
[25]). Hence, much larger parent p grains in millimeter scale were
formed due to large molten volume and lower cooling rate. Upon cooling
down further, the parent § grain microstructure transformed into a + f
microstructure. However, this cooling rate may still not be low enough
for the formation of coarse p grains. Ahmed and Rack [26] suggested
that the critical cooling rate for martensitic transformation is 410 °C/s.
The cooling rate for DAM measured by Alsaddah et al. [6,7] is ~ 600 °C/
s when using 808 nm diode lasers (50 W and double array of 5 lasers).
This is close to the critical cooling rate for martensitic formation and is
the likely cause of formation of fine p grains distributed within the a
matrix. Considering the 400 nm step size of the EBSD scan, fine p grains
would be undetectable with EBSD.

The overlapping can be confirmed via microstructural changes
(Fig. 8-a-b). The DAM system traverses and melts the layer prior to
scanning with the FLM laser. Therefore, in the overlapped region, FLM
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re-melts a solid layer rather than the powdered layer. Columnar grains
are formed in the PBF process, and these columnar grains grow through
many layers [16,54]. Similar to this mechanism, grains in the over-
lapping region grow from previous solid DAM parent f grains (Fig. 8-c),
dashed rectangle. As the parent grains are wide large grains in the DAM
zone, the grains within the overlapping zone follow their direction due
to their growth from these parent grains. However, these grains subse-
quently transform into vertical columnar grains as the distance from the
DAM region is increased due to heat transfer through the substrate [16].
This creates different granular directions within the overlap zone.

The FLM zone contains the smallest parent § grains compared to the
two other zones (Fig. 8-d). All these grains are columnar with a vertical
growth direction. This is expected for the PBF-LB process [16,54] which
typically uses fiber lasers similar to the one used in processing the FLM
zone in this study. A smaller melt pool and a faster cooling rate in the
FLM zone resulted in smaller parent § grains and the transformation
from the large wide parent grains in the DAM zone to the smaller vertical
parent grains in the FLM zone can be identified within the overlap zone
(Fig. 8-¢).

The overlapped region provided the largest o lath size compared to
the DAM and FLM zones. The FLM zone has the smallest « lath size,
which is an expected consequence of the rapid cooling rate. It is followed
by the DAM and the overlapping regions, respectively. It is likely that re-
melting within the overlap region provided the highest energy input,
resulting in this region exhibiting the highest a lath size. Additionally,
the larger parent f grain size of the DAM region is the reason behind the
larger o size as parent B grain size determines a lath size. The larger a
lath size of DAM region could provide better fatigue properties for DAM
processed alloy. Various researchers reported that fatigue resistance of
larger o lath size is desirable for better fatigue properties [30-32]. The
coarser grains for DAM could provide better fatigue resistance in as-built
microstructure compared to conventional PBF-LB. This suggests that
despite the cooling rate being sufficiently low to obtain a detectable f
phase by XRD, the cooling rate was still not low enough to generate
grains large enough to be detected by EBSD. This could explain why the
B volume fraction was below 0.5 %.

Three different microstructures in FLM, DAM, and overlapping zones
can be detected in Fig. 8. This indicates that the dual laser PBF method
can generate variable microstructures, with capability for site-specific
microstructural manipulation.

3.2.5. Micro and Nano-Indentation
The micro-hardness data presented in Fig. 9 indicate that the

—a— Sl
—=@— Vickers
400

Measured Locations

40 T T T T T T T T T T T T T T

3.8+ oTeiae] 380
- 360
- 340

J320 =

202

4300 &

Q

3

-4 280 .=2

>
26 - : + - 260

s U

2.4 Eofoor - 240
2.2 bt - 220
2.0 200

T T T T T T T T T T T T T
l Pre-FLM | ‘ Overlap | ‘ DAM H Overlap ‘ ‘ Post-FLM

Fig. 9. Micro-Vickers hardness test results for the FLM + DAM + FLM
configuration. Locations were spaced 200 pum apart, except in the DAM region,
where they were 1 mm apart.



H. Caglar et al.

material has softer characteristics during the DAM phase, with
increasing hardness observed in the FLM phase. The Hall-Petch rela-
tionship suggests that a fine microstructure increases the hardness of the
material, as reported in the literature [55,56]. Specifically, the FLM-
processed material exhibits hardness values ranging from 3.0 to 3.4
GPa, in contrast to the 2.2 to 2.3 GPa range for the DAM-processed
section. These findings align with the EBSD analysis, which shows that
a coarser microstructure of Ti6Al4V contributes to reduced hardness.
The data collected indicates that the pre-FLM section experienced lower
levels of hardness relative to the post-FLM section. The variance in
hardness can be attributed to increased heat exposure (in FLM + DAM)
resulting from the DAM process as explained in the scanning strategy
section. Conversely, the post-FLM section demonstrated higher Vickers
hardness values related to the rapid cooling rate inherent to the process.
Moreover, the microstructure at the DAM overlap appears to undergo
changes in the post-FLM section, leading to an increase in post- FLM
hardness values when compared to pre-FLM values.

This may be attributed to two potential factors; firstly, it is the DAM’s
retraction delay time, which is necessary for FLM initiation. This delay
may decrease the overall temperature of the powder bed leading to a
high temperature gradient for FLM processing. Secondly, the FLM
functions in a way to a remelting over the transition area, but at a much
higher speed. This accelerated process results in more refined micro-
structures compared to those found in the DAM-processed area. Overall,
both are related to high cooling rate caused by FLM which created finer
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microstructures.

Accurate micro-hardness measurement can be challenging due to the
large indentation area. Any air gap between the specimen and the hot-
mounted bakelite structure can have a similar effect to that of a
spring, reducing the measured hardness. A similar effect on the results
can also be caused by a high level of porosity beneath the indentation
surface (especially at the overlap region in this sample), as this will
create deformation to the material. Nano-indentation has a much
smaller indenter inherently, therefore, expected to nano-scale mea-
surements due to the much smaller impact area of the indenter
compared to micro-hardness. Fig. 10 displays a load and depth graph
under a maximal load of 100 mN of the results of the nano-indentation
hardness analyses for the as-built Ti6Al4V specimens (FLM + DAM +
FLM). It illustrates the reduced modulus of elasticity, calculated Young’s
modulus, and the hardness values across nine distinct matrix locations
within the sample.

The results are consistent with the micro-indentation hardness data
in most regions, apart from the section which was processed with DAM.
The cause of the reduced hardness seen in the DAM area might be the
presence of nano-porosity between the layers, which could negatively
impact the nano-hardness measurements and potentially result in lower
hardness values. This can be seen in load cycles data in location 8 in pre-
FLM region in Fig. 10 as the hardness measurements shifted. This
explanation could also apply to the overlap area, where some degree of
porosity has been documented. Hence, the occurrence of porosity in
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these regions could account for the discrepancies in the outcomes, as
highlighted by the large error bars in the data.

Nano-indentation appears to provide a more accurate measure of the
hardness of certain phase structures [6], as it is unaffected by potential
sub-surface processing or material preparation defects, ensuring an ac-
curate measurement of the hardness of, for instance, martensite o’
structures. Variations in hardness can be accounted for by the indenter
impacting different phases, such as a’, @ + f, or p, with a’ exhibiting
higher levels of hardness in most cases [12,27,41]. Compared to the
post-FLM and DAM areas, the EBSD data showed larger sub-grain sizes
in the overlap regions. According to the Hall-Petch relationship
[47,48,57-61], this implies a lower level of hardness at these interfaces,
as can be seen in Fig. 10. In addition, there was an apparent increase in
both Young’s modulus and hardness as the cooling rate decreased. In
this context, the scanning speed of the DAM is significantly lower than
that of a FLM, 1.25 mm/s and 900 mm/s respectively, which has an
impact on the cooling dynamics and the resultant microstructure/me-
chanical properties.

Generally, post-process heat treatment is required to achieve o + f
structures or highly elevated in-situ powder-bed temperatures such as
those experienced within the EBM process (above 600°C) [35]. More-
over, a + P structures generally exhibit a better ductility and more
favorable total elongation failure in the industry [20,35]. These hard-
ness results may indicate that the ductility of the DAM processed area («
+ B) is higher than that of a FLM processed area (acicular a’), which can
eliminate the necessity for post-heat treatment procedure [20,35]. This
dual-laser approach implemented in this study generates a wider range
of melt pool solidification rates and sizes than conventional PBF-LB.
When used strategically, this method can provide a viable methodol-
ogy for spatially tailoring a material’s microstructure, enabling the
manipulation of its mechanical properties and enhancement of its per-
formance beyond that attainable with current state-of-the-art
techniques.

4. Conclusion

In this study, a dual PBF-LB system combining a closely packed linear
array of 450 nm diode lasers together with a 1064 nm fiber laser was
used to process Ti6Al4V feedstock. It was found that there was a vari-
ation in sample properties (microstructure, mechanical properties, and
surface roughness) across the FLM, DAM, and laser overlap regions.
EBSD data showed significant grain size differences: DAM sections
possessed larger parent grains almost 13 wider than fiber laser processed
sections. These differences were related to the vastly different cooling
rates generated by each laser processing methodology. Larger sub-grain
sizes were observed at the overlap of the dual sample, which linked to a
rescanning effect by the FLM. It was unclear whether the fiber laser
actively remelted the overlap areas or whether the effects were solely
due to active or latent heat transfer. The process resulted in significant
hardness variations within the overlap area due to low density. Also
grain size was correlating with the Hall-Petch relationship while dis-
playing more ductile properties within the DAM section (mainly o + p
structures) and less ductile within the FLM section (mainly acicular a’).
Generally, superior ductility and total elongation failure characteristics
are associated with o + p structures. Achieving these structures typically
requires post-process heat treatment or elevated powder-bed tempera-
tures, typically those seen within EBM. This implies the possibility of
eliminating post-heat treatment within traditional PBF-LB if coupled
with the DAM laser processing approach. The dual laser coupling
approach implemented within this study creates a range of melt pool
solidification rates and melt pool sizes that extend beyond that capable
of conventional PBF-LB. When used strategically this approach can
provide a viable methodology for spatial tailoring of a material’s
microstructure, consequently enabling the manipulation of its me-
chanical properties and enhancing its performance beyond that which is
possible with current state-of-the-art.
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