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Abstract
Laser Powder Bed Fusion (LPBF) presents itself as a potential method to produce 
thin porous structures, which have numerous applications in the medical and energy 
industries, due to its in-process pore formation capabilities. Particularly, regenera-
tive fuel cells, which are capable of both producing and storing energy through the 
use of hydrogen-based electrochemical fuel cell and electrolysers, respectively, can 
benefit from the LPBF-induced porosity for it porous layer components in the elec-
trode. Numerous studies have reported that process parameters, such as laser power, 
scan speed and hatch spacing, are key factors affecting the formation of pores in 
LPBF material due to their control over the energy density and melt pool formation 
during the build. Contemporary fibre lasers offer novel temporal and spatial beam 
shaping capabilities. Temporal laser control means that the laser can use pulsed 
wave (PW) or single point exposure (SPE), and spatial beam shaping refers to vari-
ations in the intensity distribution of the laser, which can be modulated from Gauss-
ian to ring shape via the use of multi-core fibers. These have seldom been studied 
in combination with LPBF. Therefore, the aim of this study was to utilise temporal 
and spatial beam shaping in LPBF to produce thin porous structures. To do this, PW 
and SPE laser temporal strategies were utilised and the duty cycle (which relates 
the on and off time of the laser) was varied between 50% and 100%. Beam shape 
indexes 0 (Gaussian), 3 and 6 (ring) were also investigated alongside more standard 
LPBF process parameters such as laser power and scan speed to manufacture thin 
porous walls, as well as fine struts. The thinnest wall obtained was 130 μm thick, 
while the smallest strut had a diameter of 168 μm. The duty cycle had a clear effect 
on the porosity of thin walls, where a duty cycle of 50% produced the highest num-
ber of porous walls and had the highest porosity due to its ability to control the 
intensity of the energy density during the LPBF process. The different beam shape 
indexes corresponded to different spatial distribution of the power density, and 
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hence, modifying the temperature distribution in the meltpool during the laser mate-
rial interaction. Beam shape index 6 (corresponding to a ring mode with lower peak 
irradiance) created more porous specimens and smaller meltpool sizes, with respect 
to its beam size. Overall, this study showed that temporal and spatial control of the 
beam (through duty cycle and beam shape index) are powerful tools which can con-
trol the distribution and intensity of the energy density during the LPBF process to 
produce thin porous structures for energy applications.

Keywords Laser Powder Bed Fusion · Beam shape index · Duty cycle · Ti-6Al-4V · 
Thin walls · Porous structures · Regenerative fuel cells

Introduction

Climate change, combined with increasing energy demands, requires investments in 
energy conversion and storage systems, such as regenerative fuel cells, batteries, and 
supercapacitors. Among other benefits, these systems have the potential to remedy 
to the intermittent and variable energy generation issues present in renewable energy 
production. In the case of regenerative fuel cells, when there is a high generation of 
electricity but low demand, the regenerative fuel cell can convert electricity to hydro-
gen, as a form of energy storage, and when the production of electricity is too low, 
the fuel cell can take the stored hydrogen and convert it back into electricity. To opti-
mise their performance, these systems require advanced materials, such as electrodes 
and metallic gas diffusion layers, with high conductivity, tailored porous structures 
and surface chemistry [1]. These structures are usually thin (< 400 μm thickness) [2] 
and require multiscale porosity with pore size ranging from 10 to 100 μm to enhance 
electrode efficiency and life [3].  Current materials for these electrodes include Ni 
foam and Ti felt, which offer a thin porous layer. However, the amount and location 
of porosity cannot be controlled in these materials. In this paper, we aim to tackle the 
challenges mentioned above, specifically, to control pore size, pore distribution and 
the thickness of porous structures, that potentially will pave the way for an improve-
ment in the performance of electrochemical technologies. To achieve these goals, 
Laser Powder Bed Fusion (LPBF), a metal additive manufacturing process, is capa-
ble of fabricating complex designs, such as lattice structures, which are composed 
of a repetition of unit cells with various volume fraction porosity. These structures 
are capable of defining the pore size and distribution in structures. However, limits 
in LPBF feature resolution (~ 100 μm) [4] result in pores of ~ 100–200 μm diameter, 
which are too large for these applications. Another possibility is to induce pore for-
mation during the LPBF process by manipulating process parameters, such as laser 
power, scan speed and scan strategy. For Ti-6Al-4V, at a laser power of 160 W, fully 
dense specimens are obtained with scan speeds between 600 mm/s and 1600 mm/s 
[5]. Depending on the laser power and scan speed combination employed, both fully 
dense and porous parts can be obtained. Studies have shown that keyhole poros-
ity occurs when utilising high laser powers (between 200 and 500 W) [6] and low 
scan speeds, which creates a vapour cavity in the meltpool to produce rounded pores 
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[7]. Inversely, lack-of-fusion porosity is mostly present at low laser powers and high 
scan speeds, creating inadequate melting between tracks and layers [8]. In general, a 
review by Shipley et al. on the optimisation of Ti-6Al-4V process parameters, showed 
that more porosity is present when using laser powers below 100 W, regardless of 
the scan speed [5]. There is therefore an opportunity to utilise the LPBF in-process 
pore formation to fabricate thin porous structures. In a previous study, Abele et al. 
obtained LPBF 316L stainless steel walls with a maximum porosity of 17.5% and a 
minimum thickness of 125 μm by varying laser power, scan speed, and hatch distance 
[9], while other studies have obtained thin walls of 140 μm [10] and 100 μm [11] 
for stainless steel 904L and stainless steel 316L, respectively. Additionally, Xie et al. 
revealed that 17% of pores in a 1 mm thick 316 stainless steel wall had a diameter of 
14 μm or less [12]. The results from these initial studies are promising as they show 
that thin walls and high porosity can be achieved with LPBF. However, advancing the 
LPBF process further is necessary for developing thin porous structures with tailored 
microstructures, controlled porosity, and precisely engineered surface morphology.

Contemporary laser sources provide several options to generate thin porous struc-
tures during the LPBF process. In particular, temporal and spatial control of the beam 
profile can provide the means to design and generate both deterministic and stochas-
tic features with variable dimensions. The use of Pulsed Wave (PW) and Continuous 
Wave (CW) emissions has been the matter of debate over the last decade concern-
ing the feature resolution and productivity concerns in LPBF [13]. It has been shown 
that PW generated via the fast modulation of free running fibre lasers can provide a 
fine control of the heat input and hence improve the process and feature resolution 
[14]. The use of PW emission with µs-long pulses has also been shown to be effective 
for generating interconnected stochastic pores [15]. The laser source is pulsated as it 
moves along the scan path, generating partial fusion and fusion separation between 
the tracks and along the layers. The structure is composed of the conventionally 
named lack-of-fusion type of porosity. If the process parameters can be opportunely 
controlled, one can achieve interconnected pores useful for wicking and storage appli-
cations. Similarly, the lasers can be used to emit only a limited amount of energy on 
a single point rather than scanning over vectors and areas. This so-called Single Point 
Exposure (SPE) can provide the means to reduce cylindrical strut dimensions close 
to the size of the laser beam (50–100 μm) and comparable to powder particle size 
(10–50 μm) [16]. The use of such strategy can be exploited in a layer-by-layer fashion 
for deterministically porous structured by means of producing micro lattices [17]. In 
this current study, SPE arises as a promising method to obtain fine struts, which can 
lead to the creation of high resolution lattice structures for thin porous structures.

A more recent novelty of contemporary fibre lasers is the use of in-source 
beam shaping technology. Multi-core fibre lasers can emit beam profiles from 
the conventional Gaussian towards the novel ring shapes [18]. Beam shaping 
has been shown to affect the temperature distribution in the meltpool, which in 
turn can influence feature resolution and porosity [19]. While their use in LPBF 
has been shown in single track studies to bulk deposits [20], their use in porous 
thin layers is yet to be analysed. The combined flexibility of the contemporary 
laser sources requires open hardware and a careful study to correct parametric 
definition.
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In this context, this paper aims to explore the potential of LPBF for the fabrica-
tion of thin (~ 100–200 μm) Ti-6Al-4V porous structures. Ti-6Al-4V is widely used 
in various industries, such as marine, aerospace and biomedicine, as it possesses a 
favourable combination of strength and ductility, as well as great corrosion resist-
ance. The poor machinability and high cost of Ti-6AL-4V also make LPBF a viable 
processing option. This study utilises spatial and temporal beam shaping in LPBF 
to discuss the effect of various process parameters and highlight the challenges and 
opportunities associated with the proposed approach for the manufacturing of thin 
porous structures. By gaining a deeper understanding of LPBF’s capabilities and 
limitations, researchers and engineers can unlock new possibilities in fields such as 
biomedical engineering, filtration, and energy conversion and storage systems, such 
as regenerative fuel cells, in the manufacture of thin porous layers.

Experimental Methods

The aim of this study is to understand PW, SPE and spatial beam shaping effects 
on LPBF fabricated fine struts and porous thin walls. The thin wall geometry was 
selected to imitate the geometry of a regenerative fuel cell electrode and minimise 
thickness, whereas the fine struts were studied with the aim of making fine lattice 
structures, which adequately control the volume fraction density and location of 
pores. First, thin walls and struts were printed using various process parameters. 
Then, the thickness and porosity of the thin walls were characterised, as well as the 
diameter of the struts.

Laser Powder Bed Fusion

A TEKNA (Mâcon, France) Ti-6Al-4V powder, with a mean particle diameter of 
38.8 μm, particle size distribution of 15–45 μm (measured according to ASTM 
B822 [21]), and an elemental composition reported in Table 1, was used.

Table 1  Elemental composition 
of TEKNA Ti-6Al-4 V powder

Element Concentration (wt%)

Al 6.50
Fe 0.20
V 4.01
Y < 0.001
C 0.008
H 0.002
N 0.008
O 0.11
Other elements, each < 0.10
Other elements, total < 0.40
Ti Balance
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An industrial, research grade 3D-NT LLA150 (3D New Technologies S.r.l, 
Torino, Italy) LPBF machine was used throughout the experimental work to fabri-
cate the specimens. The system was equipped with a nLIGHT, AFX1000 (Vancou-
ver, WA, USA) laser source with in-source beam shaping capability. The laser could 
change the beam profile with pre-defined beam shape indexes (BS) from the con-
ventional Gaussian towards a ring profile by redistributing the emission power from 
the inner core towards a second outer core (i.e. ring) of the transport fiber. The inner 
core of the transport fiber corresponded to 14 μm whilst the outer core of the trans-
port fiber was 40 μm. The emission wavelength of the laser beam corresponded to 
1070 nm, with a maximum emission power of 600 W in the inner core and 1200 W 
in the outer core. The laser beam from the multi-core transport fiber was collimated 
by means of a 60 mm focal length lens, enlarged with a 1.25 X beam expander and 
focused via an F-Theta lens with 254 mm focal length The LPBF machine was con-
trolled using a tailor made software by DMC (Vilnius, Lithuania). The software 
allowed to change the emission profile between PW and CW, to manufacture thin 
walls, as well as the use of SPE to fabricate the thin struts. The laser source was 
coupled to a scanner head (MiniScan III, Raylase, Weßling, Germany) producing a 
focused spot size of 49 μm for the Gaussian profile (BS0) whilst the minimum waist 
diameter for the ring (BS6) was measured at 144 μm. The beam divergence declared 
from the producer corresponded to 0.48 mm∙mrad for the BS0 and 2.1 mm∙mrad 
for BS6. The beam waist diameter was measured by exposing a CCD camera (Gen-
tec Beamage Series USB 3.0, Quebec City, Canada) to an attenuated beam. Further 
details regarding the optical propagation are reported in a previous publication [19]. 
Table 2 reports the main characteristics of the 3 beam shapes investigated.

BS3 is a mixed form composed of a central peak and a ring around it. The irradi-
ance of the different beam shape indexes (at a constant level of power P = 200 W) 
are illustrated in Fig. 1. Observing the different power distribution it is possible to 
denote how the peak emission level decreases from BS0 to BS6 whilst the overall 
emission power is maintained constant.

Throughout the build process, 99.998% purity Ar was cycled over the powder bed 
maintaining the oxygen content below 3000 ppm. A Ti-6Al-4V baseplate was used 
during the build.

Thin Walls

The thin walls were designed as single-laser tracks of 15 mm in length over a height 
of 10 mm. Various process parameters were investigated in order to manufacture 
thin and porous walls. PW was used as it has been previously shown to result in 

Table 2  Main characteristics 
of the beam shapes used in 
the experiments (for more 
information, see [22])

Beam shape index (BS) BS0 BS3 BS6

Power ratio (ring/core) 0/100 50/50 90/10
Closest Laguerre-Gaussian TEM TEM00 TEM10 TEM01*
Beam size,  d0 (µm) 49 112 144
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higher feature resolution of LPBF parts as compared to CW [23]. PW systems have 
additional process parameters, such as duty cycle (δ), which relates the time on ( ton ) 
and time off ( toff  ) of the laser:

The duty cycle was varied in order to compare various PW cycles. The laser 
power and scan speed were also varied as they have been previously shown to have 
significant effects on the melt pool size and porosity of LPBF parts [5]. Finally, the 
beam shape index was also varied to investigate its effect on the thickness and poros-
ity of the LPBF parts. The aim of this study was to verify the consolidation behav-
iour, without necessarily obtaining elevated levels of part density. Table 3 gives an 
overview of both the fixed and varied process parameters to manufacture the thin 
walls using PW. The beam shape indexes were selected to see the effects of differ-
ent intensity profiles, towards a possibly more homogenous intensity distribution. 
The broad range of duty cycles were investigated to understand how various cool-
ing phases would affect consolidation. Laser power and scan speed parameters were 

� =

ton

ton + toff

Fig. 1  Measured irradiance profiles for the different beam shapes (a) BS0 (0/100), (b) BS3 (50/50) and 
(c) BS6 (90/10) at P = 200 W

Table 3  Overview of the fixed 
and variable LPBF process 
parameters used for fabricating 
thin walls

LPBF process parameters Values

Variable parameters
  Beam shape index 0; 3; 6
  Duty cycle (%) 50; 75; 100
  Laser Power (W) 100; 150; 200
  Scanning speed (mm/s) 500; 1000; 1500

Fixed parameters
  Layer thickness (µm) 30
  Focal point (mm) 0
  Time off (µs) 20
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varied, starting with parameters for fully-dense Ti-6Al-4 V, towards parameters to 
obtain porous structures. The focal position, also known as the focal point, was kept 
at 0 mm, i.e. on the nominal surface.

Fine Struts

The struts were fabricated using SPE to obtain the smallest diameter possible over 
a height of 10 mm. For SPE, there is only a single laser pulse, and hence, there is 
no set time off. Therefore, time on, laser power and beam shape index were varied 
to manufacture the thin struts with SPE and an overview of the process parameters 
employed in the experimental design is given in Table 4.

Both the thin walls and the struts were printed at the same time, on the same 
build plate. The specimens were not stress relieved or heat treated after the build.

Characterisation

After printing, the thin walls and the struts were characterised using imaging 
techniques to obtain information regarding the wall thickness, strut diameter and 
porosity.

Wall Thickness and Strut Diameter Measurements

The wall thickness and the diameter of the struts were measured by using a Quickvi-
sion, PRO system (Mitutoyo, Kawasaki, Kanagawa, Japan). The thin walls and struts 
were kept attached to the build plate and observed from the top (i.e. perpendicular 
to the build direction (BD), as illustrated in Fig. 2) in order to get images and meas-
urements of the wall thickness and diameters. A magnification of 2500 × and 5000 
× was used for the thin walls and the struts, respectively. For measuring the wall 
thickness, 5 measurements were taken along the thin wall (Fig. 2a), while 2 diameter 
measurements were taken for the fine struts (Fig. 2b). Powder particles attached to 
the sides of the thin walls and around the struts were counted as part of the thickness 
and diameter measurements. For the fine struts, the difference in the 2 diameters 
was also used to calculate the aspect ratio of the cylindrical struts. The repeated 

Table 4  Overview of the fixed 
and variable LPBF process 
parameters used for fabricating 
fine struts

LPBF process parameters Values

Variable parameters
  Beam shape index 0; 3; 6
  Time on (µs) 50; 100; 200; 400; 800
  Laser Power (W) 100; 150; 200

Fixed parameters
  Layer thickness (µm) 30
  Number of pulses 1
  Focal point (mm) 0
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measurements were averaged in both cases. The standard error was calculated from 
the variation of the repeats to produce error bars in subsequent graphs.

Porosity Measurements

Following the thickness measurements, the struts and the thin walls were removed 
from the build plate and were placed in an ultrasonic bath of ethanol solution for 5 
min to remove loose powders. Thereafter, porosity measurements began.

The Archimedes method was not utilised to calculate the density of the thin walls, 
as the dimensions and surface roughness of the specimens resulted in the formation 
of water bubbles, which stayed on the surface of the specimens when weighed in 
water. Additionally, numerous thin walls did not submerge in the water, and would 
instead float on the surface, making measurements difficult. Therefore, imaging 
techniques were employed to determine the porosity of the thin walls.

A Quickvision, PRO system (Mitutoyo, Kawasaki, Kanagawa, Japan) was used to 
obtain images of the thin walls. The walls were positioned so that the 10 mm × 15 
mm surface laid flat on the base of the microscope. A magnification of 2500× and a 
back-light only setting was used, which resulted in light shining through the pores of 
porous walls (Fig. 3) and in a black image for dense or quasi-dense walls. Using this 
back-light only technique also allows the identification of interconnected pores only, 
which is what is needed for use in electrodes, as the light will only shine through the 
thin wall if the pores are interconnected, from one side of the wall to the other. Four 
images were taken at various locations of each wall, in order to get a broader repre-
sentation of the porosity in the specimen.

Each image was then processed with ImageJ, an open source image processing 
programme developed by the National Institutes of Health and the Laboratory for 

 

a) b)

t1 t2 t3 t4 t5
d1

d2

BD

Fig. 2  Illustration of how the measurements for the (a) thin walls, where 5 thickness measurements (t1 
to t5) were taken along the length of the wall; (b) fine struts, where 2 diameter values (d1 and d2) were 
taken for each strut. For both the thin walls and the fine struts, powder particles attached to the surfaces 
were taken into account in the measurements
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Optical and Computational Instrumentation (University of Wisconsin, Wisconsin, 
USA), where the density, as a percentage of the area, was obtained using the maxi-
mum entropy threshold. The density of the 4 images per specimen was averaged to 
obtain the density of the entire specimen. The standard error was calculated based 
on the standard deviation between the repeats to produce error bars in subsequent 
graphs.

Finally, a Phenom XL Desktop (Thermo Fisher Scientific Waltham, Massachu-
setts, USA) Scanning Electron Microscope (SEM) was used to obtain further infor-
mation about the morphology of particles and the melted state of the thin walls.

Results

The following sections report the diameter of the struts, as well as the thickness 
and porosity findings for the porous thin walls. These will be compared in terms of 
beam shape, duty cycle, laser power and scan speed. Comprehensive parameters, 
such as energy density, resulted in a wide spectrum of results (e.g. for a same energy 
density, thin wall thickness varied from around 150 to 300 μm) and hence are not a 
useful parameter to understand the relationships between the process parameters and 
the resulting thin walls and fine struts.

Fine Struts

Figure  4 shows the diameter of the fine struts with respect to the exposure time 
for various laser powers and beam shape indexes. It can be observed that for all 
beam shape indexes, using a laser power of 100 W resulted in the smallest diam-
eter values. For BS0 (0/100) and BS3 (50/50), increasing the laser power increased 
the diameter of the struts. Similarly, increasing the exposure time resulted in a 
larger diameter. For example, for BS0 (0/100) and laser power 100 W, there was 
a 59% difference between the diameter values for an exposure time of 50 µs and 

Fig. 3  Illustration of the difference in light between specimens with different levels of porosity when 
seen with back-light only on the Quickvision, PRO system. a BS0 (0/100), duty cycle 50%, power 100 
W, scan speed 1500 mm/s; b BS0 (0/100), duty cycle 75%, power 100 W, scan speed 1000 mm/s. Show-
ing the difference in image output for specimens with distinct porosity
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800 µs. These results are expected, as reducing the power and the exposure time 
have been previously shown to result in smaller meltpools and thus, smaller strut 
diameters [13]. The trends of increasing diameter with increasing laser power and 
exposure time are less obvious for BS6 (90/10), where there were more variations 
and overlaps between the different powers and exposure times. For example, for BS6 
(90/10), an exposure time of 400 µs resulted in an almost identical strut diameters 
when increasing the laser powers from 150 to 200 W. Another interesting observa-
tion is that, for BS6 (90/10), laser powers of 100 and 150 W showed a very small 
change in strut diameter of 4% and 5%, respectively, when increasing the exposure 
time from 100 µs to 200 µs, whereas the diameter augmented by 8% for a power of 
200 W. Although the differences in diameters are relatively small (< 10%) and that 
they overlap with the calculated standard error, this still highlights the lack of clear 
trend for BS6 (90/10), compared to BS0 (0/100) and BS3 (50/50). The smallest strut 
diameter was 168 ± 6 μm - obtained with BS3 (50/50), 100 W laser power and 50 µs 
exposure time – whereas the largest measured diameter was 383 ± 14 μm – for BS0 
(0/100), 200 W laser power and 800 µs exposure time. These dimensions are in the 
same range as those reported by Guaglione et al., who produced Zn-0.5Mg lattice 
structures using SPE, with strut diameters between 130 and 350 μm [24].

As reported above, using a laser power of 100 W resulted in the smallest strut 
diameters. It is therefore interesting to observe the struts fabricated with a laser 
power of 100 W, for the various exposure times and beam shape indexes, in Fig. 5. 
From this figure, the increase in strut diameter with an increasing exposure time 
can clearly be seen for BS0 (0/100), and slightly less for BS3 (50/50) and BS6 
(90/10). Despite some perceived differences in aspect ratio for the different beam 
shape indexes at a set power and exposure time, it was on average 1 for all of the 
struts, indicating that the beam shape did not significantly impact the aspect ratio 
and mainly affected the diameter. Additionally, Fig. 5 visually shows an increase in 
the number of powder particles fused to the circumference of the strut as the expo-
sure time increases, for all beam shape indexes. This is particularly evident for BS0 
(0/100) when comparing 50 µs and 800 µs exposure times.

Figure 6 shows images of the struts with an exposure time of 50 µs – as it is the 
exposure time with which the smallest strut diameters were produced– for various 

Fig. 4  Graphs of the variation of strut diameter with scan speed and laser power for (a) BS0 (0/100); (b) 
BS3 (50/50); (c) BS6 (90/10). This clearly illustrates the increase in strut diameter with increasing laser 
power and exposure time
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Fig. 5  Images of struts for a laser power of 100 W, with varying exposure times and beam shape indexes. 
This shows the increase in strut diameter and the number of fused powder particles with an increasing 
exposure time

Fig. 6  Images of struts for a time on of 50 µs with varying laser power and beam indexes. This shows the 
increasing strut diameter with increasing laser power. The effect of using different beam indexes is also 
visible
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laser powers and beam shape indexes. In this figure, the increase in diameter with 
laser power is clearly visible. An interesting observation from this figure is the effect 
of the beam shape index on the diameter for a set power and exposure time. Indeed, 
for laser powers of 150 and 200 W, the strut diameters for BS6 (90/10) were smaller 
than for BS0 (0/100) and BS3 (50/50) specimens, despite the diameter of BS6 
(90/10) being roughly three times bigger than that of BS0 (0/100). In these cases, 
the diameters of the BS6 (90/10) struts were very close in value to those of BS0 
(0/100) (e.g. 2% smaller at a power of 150 W). However, for a laser power of 100 W, 
using BS3 (50/50) resulted in the smallest strut diameter.

Overall, the results showed that the strut diameters became larger when fabri-
cated with increasing laser power and exposure time. While the beam shape index 
affected the diameters, the trend is less obvious and will be further investigated in 
the “Discussion” section.

Porous Thin Walls

In this section, the thickness and porosity of the thin walls are reported separately. 
It is worth noting that the majority of the thin walls did not reach their final height 
of 10 mm during this mixed experimental run (see Fig. 7). It is difficult to conclude 
whether the process parameters or if the interaction between the different specimens 
during the build caused this. Therefore, this point will not be further investigated in 
this study.

Wall Thickness

The thinnest wall fabricated had a thickness of 130 μm (obtained with BS0 
(0/100), duty cycle 50%, laser power 100 W and 1500 mm/s scan speed), while 
the largest was 346 μm thick (obtained with BS6 (90/10), duty cycle 100%, power 

5

Fig. 7  Photograph of the build plate showing the fine struts and the thin walls. The majority of the thin 
walls did not reach the final designed height, whereas the fine struts had no such problems
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150 W and scan speed 500 mm/s). The average wall thickness, regardless of the 
parameters employed, was around 207 ± 4 μm thick.

Figure  12 in the Appendix reports the wall thickness measurements with 
respect to scan speed for all laser powers, duty cycles and beam shape indexes. It 
was observed that for most specimens, using a laser power of 100 W resulted in 
thinner tracks than using 150 and 200 W power. However, this was not always the 
case, as shown in Fig. 8b for BS6 (90/10) and a duty cycle of 100%, where most 
wall thicknesses were of similar value and in the same range, regardless of laser 
power. Further, contrary to what was projected, increasing the scan speed, for a 
set beam shape index and duty cycle, did not necessarily result in a thinner wall 
(e.g. Fig. 8a for laser powers 150 and 200 W).

For BS0 (0/100) and BS6 (90/10), there is an increase in wall thickness when 
the duty cycle is increased (Fig.  8a and b, respectively). However, for BS3 
(50/50), increasing the duty cycle for a set power and scan speed did not neces-
sarily result in an increase in wall thickness. This was not expected as a duty 
cycle of 100% is in fact a CW laser, which has been shown to result in larger wall 
thicknesses, compared to its PW counterpart.

On average, walls fabricated with BS0 (0/100) had a thickness of 196 ± 8 μm, 
while BS3 (50/50) walls had an average thickness of 202 ± 31 μm and BS6 (90/10) 
walls were 225 ± 33 μm thick. From this, it seems that increasing the beam shape 
index increases the thickness of the thin walls. For a duty cycle of 50% and a 
set laser power and scan speed, increasing the beam shape index resulted in an 
increase in wall thickness (Fig. 8a). However, for a duty cycle of 75% and 100%, 
the results are more similar across the different beam shape indexes for a set 
power and speed. Therefore, increasing the beam shape index does not result in a 
clear trend with respect to the wall thickness.
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and duty cycle generally resulted in thicker walls while some disparities were also observed
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Porosity

Figure 13, in the Appendix, reports the porosity of all of the thin walls with respect 
to scan speed for the various laser power, duty cycle and beam shape index investi-
gated. As previously mentioned, porosity was only measured for specimens through 
which light could pass (Fig.  3). Other specimens were assumed to be near-fully 
dense. Therefore, only 40 specimens (out of 81) for which porosity was detected 
are shown in Fig. 13. Using a duty cycle of 50% resulted in the highest amount of 
porous walls, with 20 specimens, compared to duty cycles of 75% and 100%, with 
12 and 8 porous specimens, respectively.

In terms of beam shape index, BS0 (0/100) had the smallest amount of porous 
walls (10 specimens), compared to BS3 (50/50) and BS6 (90/10) (which had 13 
and 17 porous walls, respectively), particularly at higher duty cycles. However, 
despite having the smallest number of porous walls, BS0 (0/100) specimens had, on 
average, higher porosity levels than BS3 (50/50) and BS6 (90/10)by 8% and 51%, 
respectively.

As one could assume, specimens fabricated with high scan speeds (e.g. 1500 
mm/s) had higher porosity than specimens made with lower speeds (500 mm/s or 
1000 mm/s). Similarly, using a laser power of 100 W resulted in 20 porous speci-
mens for various beam shape indexes and duty cycles, as well as having the highest 
porosity among the other specimens. Indeed, the most porous thin wall was obtained 
with BS0 (0/100), duty cycle 50%, laser power 100 W and scan speed 1500 mm/s 
and had a porosity of 19.43 ± 0.5%.

An assumption could be that the thinner walls resulted in higher porosity, due to 
the low energy inputs required to fabricate these. However, no clear trend emerged 
between the porosity level and the wall thickness for various beam shapes. This indi-
cates that the porosity present is not necessarily linked to the wall thickness. This 
figure also clearly shows the smaller wall thicknesses obtained for BS0 (0/100).

Figure 9 presents SEM images of the thin walls for various beam shape indexes 
and duty cycles. From this figure, it is clear that using a duty cycle of 50% resulted 
in the presence of more pores for all beam shape indexes. All thin walls presented 
different amounts of pores and melted areas. For example, Fig. 9a shows pores of 
various sizes as well as consolidated “melted areas”. As the duty cycle increases 
for a set beam shape index, more powder particles are fully melted and the poros-
ity observed is in the form of irregular pores or lack of fusion defects rather than 
circular pores (e.g. Fig. 9d). In some thin walls, some particles were partially, rather 
than fully, melted (e.g. Fig. 9c, i). For specimens manufactured with BS6 (90/10), 
there was a large number of sintered powder particles on the surface of the thin wall 
(Fig. 9f), when compared to BS0 (0/100) (Fig. 9d) and BS3 (50/50) (Fig. 9e). The 
melted areas in Fig. 9e are interesting as it is possible to observe a “stacking” or 
overlap of these, which have not adequately fused together.

Figure 10 presents SEM images of thin walls for various scan speeds (for a set 
beam shape index, laser power and duty cycle). All images show both pores and 
melted areas and the amount of porosity increases as the scan speed increases. 
Figure 10a has a higher quantity of melted areas and few sintered powder particles 
on the surface of the wall, compared to the other scan speeds. This is attributed 
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to a higher energy input, from the lower scan speed utilised, which resulted in 
partial melting of particles adjacent to the surfaces of the thin wall. However, as 
well as circular pores, irregular ones are also present in the specimen. Specimens 
manufactured with a scan speed of 500 mm/s had, on average, pores of 14.5 μm 

Fig. 9  SEM images of the porosity and melted areas present in the thin walls, which were built with a 
laser power of 100 W and scan speed of 1000 mm/s with (a) δ = 50% and BS0 (0/100); (b) δ = 50% and 
BS3 (50/50); (c) δ = 50% and BS6 (90/10); (d) δ = 75% and BS0 (0/100); (e) δ = 75% and BS3 (50/50); 
(f) δ = 75% and BS6 (90/10); (g) δ = 100% and BS0 (0/100); (h) δ = 100% and BS3 (50/50); (i) δ = 100% 
and BS6 (90/10). This shows the higher number of pores present for a duty cycle of 50% and the higher 
number of sintered powder particles on the thin walls for BS6 (90/10) specimens

Fig. 10  SEM images of the porosity of thin walls manufactured with BS3 (50/50), δ = 50% and a laser 
power of 150 W with (a) scan speed = 500 mm/s; (b) scan speed = 1000 mm/s; (c) 1500 mm/s. This 
shows the increase in porosity as the scan speed increase
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diameter, while scan speeds of 1000 mm/s and 1500 mm/s had pore diameters 
of 23.5 and 31 μm respectively. It can hence be surmised that larger pores are 
formed at higher scan speeds. An interesting observation in Fig. 10c is the some-
what regular spacing of the pores present, which may be linked to the use of a 
duty cycle of 50%.

Figure  11 shows the effect of laser power on the porosity of the thin walls. 
From this figure, it can be seen that at a power of 100 W, there are numerous 
powder particles on the surface of the thin wall (Fig. 11a), as the power was prob-
ably not high enough to melt the particles together. This also resulted in the pres-
ence of pores. It is clear from this figure that a laser power of 200 W resulted in 
the highest amount of melted areas (Fig. 11c) and the least porosity.

Overall, this “Results” section showed that the various process parameters had 
an effect on the diameter of the struts, as well as the thickness and porosity of the 
thin walls. As expected, high scan speeds, low laser powers, and low exposure 
times, where applicable, resulted in smaller strut diameters and wall thicknesses, 
as well as higher porosity. More interestingly, the duty cycle and beam shape 
index affected the parts as well. The duty cycle had a clear effect on the porosity 
of thin walls where the duty cycle of 50% produced the highest number of porous 
walls and had the highest porosity. However, for the wall thicknesses, an increase 
was observed when the duty cycle was augmented, however, this was only the 
case for beam shape indexes of 0 and 6. This trend was not observed for BS3 
(50/50). This shows the importance of the beam shape index, where there were 
less obvious trends. For example, the strut diameters did not vary as expected 
with increasing power and exposure time for BS6 (90/10). Similarly for the wall 
thickness, increasing the beam shape index seems to increase the wall thickness 
for a duty cycle of 50%, but that is not the case for higher duty cycles, putting the 
initial trend into question.

Fig. 11  SEM image of the thin walls for BS3 (50/50), δ = 50%, scan speed 1000 mm/s and (a) 
power = 100 W; (b) power = 150 W; (c) power = 200 W. This shows that an increasing laser power pro-
duces more melted areas and less porosity is present
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Discussion

As the effect of laser power, scan speed and exposure time have been previously 
investigated and are generally understood, this “Discussion” section will focus on 
duty cycle and beam shape index and their effects when producing fine and porous 
structures.

Effect of Temporal Laser Control on Porous Thin Walls

The “Results” section showed that using a duty cycle of 50% resulted in the thin-
nest walls, as well the most porous walls. Indeed, the thinnest wall (with a thick-
ness of 130 μm) was obtained for BS0 (0/100), duty cycle 50%, laser power 100 W 
and 1500 mm/s scan speed. On the other hand, the thickest wall was fabricated with 
a duty cycle of 100%. These results seem to show that increasing the duty cycle 
results in thicker tracks. This observation can be explained as a higher duty cycle is 
linked to a higher exposure time of the laser on the powder bed, which leads to larger 
meltpools, and hence, thicker tracks. Indeed, Hojjatzadeh et al. found that when the 
duty cycle decreased, the meltpool size decreased as well for Al6061 [25]. Further, 
Vasileska et  al. clearly visualised the effect of the duty cycle on meltpool size of 
AISI 316 L and surmised that the duty cycle can be used to control the energy den-
sity [26]. Laag et al. also concluded that a duty cycle of 100% resulted in excessive 
melting and meltpool enlargement for Inconel 718 [27]. However, the increase in 
wall thickness with an increase in duty cycle was only the case for BS0 (0/100) and 
BS6 (90/10) increased (see Fig. 12a, d, g and c, f, i, respectively), and not for BS3 
(50/50). The reasoning for this is given in the following sub-section.

Regarding the porosity of the thin walls, Fig. 13 showed that using a duty cycle 
of 50% resulted in a higher number of porous specimens, while Fig. 9 showed that 
specimens fabricated with a duty cycle of 50% had more pore formation than higher 
duty cycles. This can be explained by the PW laser characteristics: at a lower duty 
cycle, the laser on time is less than at higher duty cycles. Thus, there is less time 
for particles to melt together into one solid part, hence increasing the likelihood of 
obtaining higher porosity in the specimens. Similarly, Hojjatzadeh et al. found that 
cavities and pores formed in meltpools because of the rapid solidification caused by 
PW laser [25]. Overall, duty cycle is a key parameter to obtain porous thin walls. 
Utilising a low duty cycle has been shown to result in thinner tracks and higher 
porosity due to the reduced interaction of the laser, regardless of the power and 
shape, with the powder bed. From these results, it can be surmised that the main 
porosity mechanism in the thin walls, as a result of the duty cycle, was lack-of-
fusion rather than keyhole formation. Indeed, for lower duty cycles, more porosity 
was observed, and the longer cooling period is more likely to result in under melt-
ing, and hence lack-of fusion.

In summary, the duty cycle is effective in controlling the energy density of melt-
pools, which can impact both the feature resolution, as well as the porosity present 
in fine structures.
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Effect of Spatial Beam Shaping on Fine Structures

The results showed that the thinnest wall obtained using BS0 (0/100) was 130 μm, 
while the thinnest walls fabricated with BS3 (50/50) and BS6 (90/10) were 152 and 
184 μm, respectively. This result is logical as the beam diameter of BS0 (0/100) 
was 49 μm, the smallest compared to BS3 (50/50) and BS6 (90/10), which had a 
beam diameter of 112 and 144 μm, respectively. Despite this, the thinnest track for 
BS0 (0/100) was 2.7 times larger than its beam diameter. For BS3 (50/50) and BS6 
(90/10), the smallest wall thicknesses were 1.4 and 1.3 times larger than their beam 
diameters, respectively. From these values, BS0 (0/100) seems to result in the largest 
meltpools, relative to its beam diameter, while BS6 (90/10) has the smallest. It can 
be incurred that using BS0 (0/100) results in a higher intensity due to the Gaussian 
shape of the beam. BS6 (90/10), on the other hand, has a ring shape which dis-
tributes the energy input in a wider area and hence reduces the maximum intensity 
to result in smaller meltpool formation, relative to its beam diameter. This analy-
sis seems in line with other studies which have shown that beam shaping directly 
influences the meltpool characteristics both for Stainless steel 316 L [28] and for 
aluminium alloys [29]. Indeed, Ayoola et al. found that the spatial energy distribu-
tion of the beam had a significant influence on the geometry of S275 mild steel weld 
beads due to the change in energy density [30]. Similarly, Galbusera et al. found that 
the beam intensity profile affected the LPBF meltpool’s temperature distribution and 
that using a ring shaped beam resulted in a more homogeneous temperature distribu-
tion and larger meltpool width for the same volumetric energy density, for alumin-
ium alloys [19]. Therefore, although a higher beam shape index (e.g. BS6 (90/10)) 
results in a wider meltpool, the better distribution of energy density means that, rela-
tive to the beam diameter, the meltpool size is smaller than for a lower beam shape 
index (e.g. BS0 (0/100)). The localised concentration of the energy input for the var-
ious beam shape indexes could also explain why the smallest strut diameter (168 ± 6 
μm) was obtained for BS3 (50/50), and not BS0 (0/100), despite the difference in 
beam size. Indeed, BS3 (50/50) may present itself as a good compromise between a 
small beam diameter and a more homogeneous temperature distribution.

Furthermore, thin walls manufactured with BS6 (90/10), had a larger number of 
sintered powder particles on the surface (e.g. Fig. 9f) than BS0 (0/100) (Fig. 9d) and 
BS3 (50/50) walls (e.g. Fig. 9e). This could also be linked to the more homogeneous 
power density distribution, which caused the powder to not fully melt on the surface. 
This is in line with the findings of Okunkova et al., who showed that using a non-
Gaussian laser power density distribution decreased the powder-free zones around 
single-tracks, due to the decrease in width of the thermal influence area [31].

Another interesting result was that BS0 (0/100) had the smallest number of 
porous thin walls but these had some of the highest levels of porosity, notably 
51% more porous than specimens made with BS6 (90/10), which had the highest 
number of porous specimens. The localised concentration of energy input might 
also explain the results obtained for the number of porous walls. The BS6 (90/10) 
thin walls showed a higher number of sintered particles (Fig. 9f) rather than melt-
ing, thus creating a porous thin wall due to the less localised concentration of 
energy. Galbusera et al. also found that the decrease in power in the central part 
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of the beam for BS6 (90/10) means that it would require higher laser power to 
ensure full densification [19]. Further, Roehling et al. determined that a ring beam 
shape resulted in a shallower meltpool, for a set power energy density, which may 
lead to lack of fusion defects [32]. On the contrary, BS0 (0/100) specimens had 
more concentrated energy inputs which resulted in more melting of the powder 
particles and hence, a lesser number of porous specimens. The higher porosity 
level present in BS0 (0/100) specimens may also be due to the high localised 
power input, which is well known to result in porosity and defects, such as the 
formation of keyhole porosity. This was also observed by Galbusera et  al. who 
explained that the morphology of the Gaussian beam resulted in a deeper penetra-
tion of the material which may push the process in the keyhole regime [19] with a 
pulsating keyhole [33] and spherical pores caused by gas entrapment [34].

The penetration depth of the laser and the adherence to the previous layer are 
also affected by the beam shape index, where BS6 (90/10) may have lower pen-
etration depth due to the higher energy profile at the edges instead of in the cen-
tre [19]. This may explain the overlapping “layers”, observed in Fig. 9e for BS3 
(50/50), which do not seem to be fully adhered to the previous layer. A “fish-
scale” morphology of the track was also observed by Jun et al. when using PW 
[35].

Additionally, using a ring shaped beam profile can be particularly useful to 
enlarge the processing window for LPBF. Indeed, Cloots et  al. found that using 
a ring profile reduced hot cracking [36], while Wischeropp et  al. observed fewer 
defects, protrusions and porosity for a higher beam shape index in AlSi10Mg [37], 
thus resulting in a larger, more robust and more stable [38] process window. This 
higher stability also means that using ring beam shape profiles can increase the pro-
ductivity of LPBF, as shown by Grünewald et  al., for AISI 316 L [39]. This may 
explain why when manufacturing the fine struts in this study, increasing the laser 
power for BS0 (0/100) and BS3 (50/50) resulted in an increase in strut diameter, 
whereas this was not the case for BS6 (90/10) where a lack of trend was observed. 
This was also the case for the thin walls, where for a duty cycle of 100%, the wall 
thicknesses of BS6 (90/10) specimens were of similar values, regardless of laser 
power.

In summary, the various beam shape indexes resulted in a different beam diam-
eter and a different energy input localisation, which in turn affected the tempera-
ture distribution in the meltpool and hence, the meltpool characteristics. These are 
responsible for the differences in wall thickness and porosity, as well as the diam-
eter of the fine struts. It is important to note that beam shaping did not create thin-
ner walls than is currently possible with conventional LPBF lasers. However, BS3 
(50/50) and BS6 (90/10) produced thin specimens relative to their beam diameter, 
due to the more homogenous temperature distribution. Therefore, reducing the beam 
diameter of BS3 (50/50) and BS6 (90/10) in the future could lead to the fabrication 
of thinner walls than is currently possible. Further, the beam shape indexes had a 
significant effect on porosity, whereby varying the beam shape index changed the 
pore formation mechanism from keyhole with BS0 (0/100) to lack-of-fusion with 
BS6 (90/10). Therefore, beam shaping offers more control over meltpool dynamics, 
which in turn affects the feature resolution and porosity of the part.
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Overall, this “Discussion” section showed that temporal and spatial control of 
the beam are key to controlling the deposition mechanisms in LPBF. Therefore, by 
adequately choosing and controlling the duty cycle and spatial distribution of the 
emission power, the feature resolution, porosity and microstructure of LPBF can be 
tailored. In order to obtain fine and porous structures, it is therefore recommended to 
select a low duty cycle (e.g. 50% or less) as well as a mixed beam profile composed 
of a central peak and a ring, such as BS3 (50/50), which may give a good compro-
mise between inherent beam diameter and stable processing conditions.

Conclusions

The aim of this study was to utilise beam shaping, PW, SPE and other LPBF process 
parameters to produce Ti-6Al-4V porous thin walls and fine struts to facilitate the 
manufacturing of gas diffusion layers of regenerative fuel cells for renewable energy 
applications. To do this, PW, SPE were utilised and the duty cycle, beam shape 
index, laser power and scan speed were varied to manufacture thin porous walls and 
fine struts. Some of the key findings from this study include:

• The thinnest wall was 130 μm wide (BS0 (0/100), duty cycle 50%, laser power 
100 W and 1500 mm/s scan speed) while the smallest strut had a diameter of 168 
μm (BS3 (50/50), 100 W laser power and 50 µs exposure time).

• As expected, high scan speeds and low laser powers (as well as low exposure 
times, where applicable,) resulted in smaller strut diameters and wall thick-
nesses, as well as higher porosity.

• The duty cycle had a clear effect on the porosity of thin walls, where the duty 
cycle of 50% produced the highest number of porous walls and had the highest 
porosity.

• The thin wall thickness was affected by a strong interaction between the duty 
cycle and the spatial distribution of the laser emission power. BS6 (90/10) is 
expected to result in a more homogeneous temperature distribution which pro-
duced specimens with a higher porosity.

• Recommendation to obtain fine and porous structures: selecting a low duty cycle 
(e.g. 50% or less) as well as redistributing the emission power from the inner 
core of the fiber towards the outer ring (i.e. BS3 (50/50) or BS6 (90/10)), provide 
stable processing conditions.

Overall, this study showed that temporal and spatial control of the beam (through 
duty cycle and beam shape index) are powerful tools for manipulating the deposition 
mechanisms in LPBF. Therefore, by adequately choosing and controlling the duty 
cycle and spatial distribution of the laser power, the feature resolution, porosity and 
microstructure of LPBF-deposited materials can be controlled. Future work could 
include further investigation of the trade-off between the different irradiance profiles 
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and feature resolution, investigating the underlying physics and effects of different 
beam shapes on the microstructure and mechanical properties of specimens, as well 
as testing electrochemically the LPBF-manufactured thin porous structures. To con-
clude, this study demonstrates the capabilities of temporal laser control and spatial 
beam shaping to fabricate parts with tailor-made feature resolution, porosity and 
microstructures for energy applications.

Fig. 12  Graphs showing the variation of wall thickness with respect to scan speed for various laser 
power, duty cycles and beam shape indexes. (a)   δ = 50%, BS0 (0/100); (b)   δ = 50%, BS3 (50/50); 
(c)   δ = 50%, BS6 (90/10); (d)   δ = 75%, BS0 (0/100); (e)   δ = 75%, BS3 (50/50); (f)   δ = 75%, BS6 
(90/10); (g)  δ = 100%, BS0 (0/100); (h)  δ = 100%, BS3 (50/50); (i)  δ = 100%, BS6 (90/10). This graph 
shows the lack of clear trends regarding the effect of laser power, scan speed, duty cycle and beam shape 
index

Appendix
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