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ARTICLE INFO ABSTRACT

Keywords: This study examines the effect of Gaussian and ring-shaped laser beam profiles on the microstructural devel-
PBF-LB/M ) opment and mechanical properties of the PBF-LB/M processed nickel-based alloy Inconel 718 in its as-built and
ﬁ:;llgshapmg post-heat-treated conditions. Beam shaping was employed to achieve a faster build rate without compromising

material properties. One of the objectives was to optimise heat treatment conditions for the beam-shaped profile.
The post-heat-treatment process included four different solution annealing temperatures (954 °C, 984 °C,
1034 °C and 1154 °C), followed by two-step ageing, respectively. The microstructure evolution was revealed
using scanning electron microscopy (SEM) equipped with energy-dispersive X-ray diffraction (EDS). The me-
chanical properties in all investigated conditions were evaluated based on tensile tests at room temperature.
Using a Gaussian laser beam profile results in a fine-grained microstructure without a strong columnar orien-
tation, while the ring beam profile produces a distinct columnar structure with larger nanodendritic grains and
dislocation cells. Both beam profiles exhibit a similar proportion of Laves phase. After post-heat treatment, the
Gaussian beam profile generally provides 3-7 % higher mechanical properties. The differences in mechanical
properties between horizontal and vertical building directions are greater for ring-shaped laser beam profiles.
Heat-treatment temperature above 1034 °C leads to recrystallisation, grain growth and the formation of car-
bonitrides which reduce mechanical properties. Based on the results, the proposed optimal heat-treatment
temperature for both investigated laser beam shapes is 984 °C. At this temperature, tensile strength equalises
between horizontal and vertical build directions while yield strength increases, which is beneficial for most
applications.

Heat treatment
Mechanical properties

1. Introduction viability for additive manufacturing (AM). AM technologies have

become the preferred production routes of complex metallic structures

Nickel-based superalloys are, due to their exceptional mechanical
properties at elevated temperatures, extensively used for demanding
applications in many industries, such as aerospace, nuclear, and other
energy generation fields [1-3]. Among them, Inconel 718 (IN718) and
its variants have proven to be the most promising and widely used
Ni-based superalloys with great potential further enhanced by their
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in the last decade due to their ability to manufacture near-net shape
components at minimum material waste. They are, therefore, particu-
larly suitable for rapid prototyping and production of critical compo-
nents. In laser-based powder bed fusion of metals (PBF-LB/M as defined
by ISO/ASTM 52900 [4]) a focused laser beam with a Gaussian intensity
profile is used as a beam source for melting the powder layer-by-layer.
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The PBF-LB/M process, characterised by high-temperature gradients,
rapid solidification, remelting and reheating of previously deposited
layers, strongly affects the morphology and the microstructure of
as-build parts, which differ considerably from those of conventionally
made products [5]. On the other hand, the mechanical properties of
parts produced by conventional methods and PBF-LB/M are generally
comparable, although these properties can be significantly influenced by
post-processing heat treatment [6].

The microstructure of PBF-LB/M IN718 alloys consists of y-phase
matrix strengthened by two types of precipitates, y'—Nig(Al, Ti) and
vy '—NigNb which are responsible for the room and high-temperature
strength [2]. The properties of PBF-LB/M IN718 strongly depend on
PBF-LB/M process parameters, which influence the solidification char-
acteristics and, thus, microstructure [7]. During rapid solidification, Nb,
Mo, Ti and C elements segregate at the interdendritic areas. These
microsegregations stabilise the formation of specific phases, such as the
Laves phase and the MC-type carbides [2,8]. Laves phase (Ni,Fe,
Cr)2(Nb,Mo,Ti) is brittle and therefore highly undesirable as it de-
teriorates the mechanical properties, particularly strength and fracture
toughness [9]. Wang et al. [10] reported that Laves phase represents the
sites for crack initiation and propagation as well as the main nucleation
site for the formation of microvoids under tensile loads. Therefore, it is
crucial to eliminate the formation of Laves phase to obtain the desired
microstructure and mechanical properties. The Laves phase is dissolved
during homogenisation or annealing heat treatments at temperatures
exceeding 954 °C in industrial practice [10-12]. Huang et al. [11]
showed how different homogenisation temperatures and time influence
the dissolution of the Laves phase. As reported by Cheblus et al. [12], the
homogenisation temperature should be higher than 1093 °C to enable
the complete dissolution of Laves phase. Wang et al. [13] reported that
Laves phase cannot completely dissolve after heat treatment and that
5-phase (NigNb) precipitates at grain boundaries. Zhao et al. [14]
studied the effects of different solution temperatures on §-phase for-
mation. The 8-phase typically forms during the annealing of PBF-LB/M
IN718 parts since the annealing temperature is below §-solvus temper-
ature. The precipitates of 8-phase form at the grain and cellular dendrite
boundaries in the shape of very small needles that provide some
strengthening and prevent grain growth. However, the formation of
8-phase depletes the matrix of Nb, necessary for forming the strength-
ening phase [15]. During very high temperatures annealing (>1050 °C),
where carbides (NbC) are thermodynamically stable and diffusion of Nb
is fast enough so they can precipitate on grain boundaries and intra-
granular regions [16,17]. They can hinder the grain boundary sliding,
leading to improved creep resistance [18].

On the other hand, the volume fraction, shape, size and distribution
of Laves phase are determined by the input process parameters, such as
laser power [19,20], scanning strategy [21,22], scanning speed [23,24]
and laser beam diameter [25,26]. Xie et al. [15] studied the effect of the
laser power and scanning speed on the solidification and formation of
the Laves phase. They reported that a high cooling rate obtained at high
scanning speed or low laser powers reduces the dendrite arm spacing,
leading to finer and discrete Laves phase formation.

The ongoing investigation on designing the process parameters [2,
27,28] and optimising heat treatments [29-31] are still carried out to
customise the PBF-LB/M components in terms of microstructure and
mechanical properties. The majority of studies for process parameters
optimisation is based on focused beams featuring a Gaussian intensity
distribution with beam diameter of 80 pm [32,33]. Although it repre-
sents a standard in the PBF-LB/M process due to the exceptional beam
quality [34,35], its inefficiency, on the other hand, has been pointed out
by many studies [36,37]. Focused Gaussian laser beam profile implies
high-temperature gradients, instability of the melt pool as well as
cooling rates, which lead to internal stresses, evaporation and spatters
[38]. As a result, the appearance of microstructural defects such as
pores, lack of fusion, unmelted particles and cracks from accumulated
residual is increased. These defects are known stress concentrators and

1971

Journal of Materials Research and Technology 37 (2025) 1970-1986

reduce mechanical properties of the printed parts [39,40]. These char-
acteristics prevent the PBF-LB/M process from becoming widely useable
in the industry and limit its application to small-scale production of
highly specialised components, rapid prototyping, or small-series pro-
duction applications.

It is therefore suggested that the change in laser beam shape and the
significantly higher energy input during the PBF-LB/M process could
lead to a breakthrough in AM of metallic materials, as products could be
produced much faster and become more commercially attractive.

Increasing energy input typically leads to coarser microstructures
with larger crystalline grains and more pronounced texture. This issue
can be managed by employing different laser beam shapes and strate-
gies, as alternative laser beam shapes provide greater flexibility in
adjusting processing parameters [41,42].

Recently, significant attention has been directed toward beam
shaping, an emerging technology in the PBF-LB/M process that enables
the use of alternative laser intensity distributions. The Gaussian laser
profile imposes limitations on achieving higher scanning speeds and
increasing laser power [41], which are crucial for improving produc-
tivity. To address these constraints, researchers have begun exploring
alternative laser beam shapes, such as ring-shaped profiles, which
expand the process window and enhance flexibility. New laser beam
profiles, such as ring-shaped intensity distributions, provide a wider
process window and allow for larger beam diameters. These factors,
when combined with higher laser power, can enhance productivity,
reduce material waste, and minimise spatter [43]. Pérez-Ruiz et al. [44]
carried out a comprehensive work where they investigated the influence
of ring-shaped intensity distributions of PBF-LB/M manufactured IN718
on density, melt pool characteristics and the resulting mechanical
properties. They found that beam shaping represents a helpful and
promising way to tailor the microstructure and mechanical properties of
the manufactured parts. In the state of the art, the most studied
non-Gaussian beam profiles are ring-shaped. Therefore, it is necessary to
understand the as-built microstructure for defined beam shapes and
process parameters and compare it with the state-of-the-art Gaussian
beam profiles and optimise the post heat-treatment.

Beam shape influences the development of microstructure in the as-
printed state, but even more important is determining the optimal heat
treatment temperature for a modified beam shape, as this directly affects
the final mechanical properties of the product. In this respect, it is
crucial to understand what happens to the microstructure when
changing the laser beam shape and how it affects the mechanical
properties. There is a lack of comprehensive research in the literature
that connects microstructure, beam shaping, and the selection of
optimal heat treatment to achieve the required mechanical properties.
This study partially fills that gap by systematically investigating the
influence of standard Gaussian and ring-shaped laser beam profiles on
the as-built microstructure and the microstructure development. To this
end, we investigated the microstructure development of Gaussian and
ring-shaped beam profiles in their as-built state and after various heat
treatments. Based on a comparison of mechanical properties after
different heat treatments, we proposed optimal heat treatment tem-
peratures for both Gaussian and ring-shaped beam profiles.

2. Experimental
2.1. Materials and methods

2.1.1. Material

This study utilises IN718 powder, a material recognised for its high-
temperature performance, strain-age cracking and excellent weldability.
The standard chemical composition of the powder ranges Ni (50-55 wt
%), Cr (17-21 wt%), Nb (4.75-5.5 wt%), Mo (2.8-3.3 wt%), Ti
(0.65-1.15 wt%), along with <0.2-0.8 wt% of other elements and Fe-
balance [45]. According to the manufacturer EOS, the particle size
distribution is between 20 and 55 pm [46]. The EDS chemical
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composition of as-built samples is as follows (in wt. %): Ni 53.5 %, Cr
18.3 %, Nb 5.5 %, Mo 3.4 %, Ti 1.1 %, A1 0.8 %, Si 0.1 %, Fe 17.2 %. The
difference in the chemical composition of samples produced with
Gaussian and ring-shaped beam profiles is in the measurement uncer-
tainty range.

2.1.2. PBF-LB/M machine equipped with a laser beam shaping system

PBF-LB/M system type M300 from the manufacturer EOS, equipped
with a beam shaping module with a laser source capable of delivering a
maximum laser power of 2 kW with a wavelength of 1050 nm, has been
utilised to manufacture horizontal and vertical samples. A schematic
representation of the beam shaping setup is presented in Fig. 1.

The beam shaping set up consists of a spatial light modulator (SLM)
based on liquid crystal on silicon (LCOS). This system allows for precise
pixel-by-pixel control of phase delays by refracting incident laser radi-
ation through a phase mask, which is a computer-generated hologram
(CGH). The laser source generates a Gaussian laser beam with a planar
phase profile and a beam diameter of 80 pm. The laser beam enters the
beam shaping module and is split by a beam splitter into two beams
directed toward separate LCOS devices. The CGH masks are simulated
based on the optical setup and desired intensity and are then applied to
each LCOS. When the CGH mask is transferred to the LCOS, it induces
pixel-wise tilting of the liquid crystals, resulting in local variations in the
refractive index within a range of 0 to 2x. These changes influence the
output laser beam profile from each LCOS in phase delay, and their
superposition, combined through a beam combiner, produces the tar-
geted intensity with the required dimensions on the building platform
and focal plane.

This study employed two laser beam profiles: a standard Gaussian
beam profile with a diameter of 80 pm and a ring-shaped beam profile
with an outer diameter of 250 pm. Both profiles utilised pre-optimised
process parameters detailed in Table 1. The dimensionless metrics,
dimensionless enthalpy/dimensionless hatch distance according to
Griinewald [47] are in a similar range (Table 1). The process parameters
were chosen to obtain the best possible density and other built sample
properties. All beam shapes were measured using a CINOGY Focus Beam
Profiler 1 KF and fine-tuned using Zernike coefficients. Fig. 2 shows the
beam profiles at the focal plane, while the caustic measurements for
these profiles, illustrating the laser intensity distribution across a
cross-sectional plane, are also presented in Fig. 2.

Vertical and horizontal cylinders are built for heat treatment opti-
misation and mechanical and microstructural characterisation with
bidirectional hatching and a rotation angle of 67°. Details of printed
cylinders and the scanning strategy are summarised in Fig. 3. A total of
48 cylinders for each laser beam profile were printed, comprising 24
horizontal cylinders and 24 vertical cylinders, to evaluate both as-built
and heat-treated microstructural and mechanical properties. Prior to
mechanical testing, the cylinders were machined to the geometry of
tensile bar specimens in accordance with the standard ISO 6892-1:2019
[48].

Gaussian
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The density of samples was measured by Archimedes method [49].
The results showed a high similarity between the samples produced with
Gaussian and ring-shaped beam profiles, with densities of 99.90 % and
99.85 %, respectively, relative to the reference density of 8.24 g/cm?>.

2.1.3. Heat treatment

Heat treatment of as-built cylindrical blocks ($11 mm x 80 mm) was
performed in a high-pressure horizontal vacuum furnace TAV H2-S.
Vacuum heat treatment included 1 h of solution annealing, followed by
two steep aging (718 °C/8 h and 621 °C/9 h). Specimens were first
heated to the solution annealing temperature using a 25 °C/min heating
rate and two equalising steps at 650 °C and 850 °C. Four different so-
lution annealing temperatures were used, namely 954 °C, 984 °C,
1034 °C and 1154 °C, respectively. After 1 h solution annealing, all
specimen groups were fast cooled by nitrogen gas (1 bar, 1.5 °C/s) to
about 700 °C, reheated to 718 °C and aged for 8 h, then slowly cooled
with furnace (3.5 °C/min) to 621 °C and further aged for 9 h, with final
cooling to room temperature in nitrogen gas at 1 bar (1.5 °C/s). The heat
treatment diagram for the solution annealing temperature of 954 °C is
shown in Fig. 4.

2.1.4. Microstructure characterisation

Metallographic samples were prepared by embedding them in
conductive Bakelite resin, followed by sequential grinding and polishing
with 3 pm and 1 pm diamond paste for 15 min, respectively. Light mi-
croscopy (LM) was carried out to understand melt-pool shapes and
dendrite growth using a Carl Zeiss AXIO Imager.Z2m. The samples were
etched with 10 ml HNO3, 10 ml acetic acid (CH3COOH), 15 ml HCI and
2-5 drops of glycerol (C3HgOs3).

For microstructure and fracture analysis, scanning electron micro-
scopy (SEM) equipped with a backscattered electron detector was uti-
lised. The metallographic preparation was the same as for LM with an
additional final 30 min colloidal silica nanoparticles (OPS) polishing.
The same polishing procedure was applied for electron backscatter
diffraction (EBSD) analysis. For EBSD analyses we used a Zeiss Cross-
Beam 550 FIB SEM system, which was integrated with an EDAX Hikari
Super EBSD camera and EDAX APEX software. Additionally, the setup
included an EDAX Octane Elite EDS detector. Postprocessing with EDAX
OIM software using spherical indexing techniques was performed to
achieve optimal results from the EBSD analysis. This configuration
enabled detailed characterisation through secondary electron (SE) im-
aging, energy-dispersive X-ray spectroscopy (EDS), and electron back-
scatter diffraction (EBSD), allowing us to gather both compositional and
crystallographic data. Analytical parameters were carefully optimised,
with SE, backscattered electron (BSE), and EDS mapping analyses con-
ducted at a 15 kV accelerating voltage and a probe current of 2.0-5.0 nA.
In contrast, EBSD required a probe current of 10.0 nA and a sample tilt
70°.

The SEM BSI particle analysis was conducted on two samples, which
were manufactured using Gaussian and ring-shaped beam profiles and

Target
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Interfering
Phase

Distribution

54

0]o] "]
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Focusing
Device

Building Platform

Fig. 1. Schematic illustration of the PBF-LB/M system from EOS type M300 equipped with beam shaping module [46].
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Table 1
Process parameters used for manufacturing testing specimens.
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Laser power  Layer thickness Beam diameter Volume energy Build rate Dimensionless Dimensionless enthalpy/hatch
w) (pm) (pm) density (J/mm®) (mm°®/s) enthalpy AH/hg distance (AH/hg)/h*
Gaussian beam 360 80 80 39.1 9.2 17.22 8.33
profile
Ring-shaped 700 80 250 54.7 12.8 5.22 7.29

beam profile

7}
=
5
=

Intensity

14
Position [mm]

Fig. 2. a) Caustic measurement of the Gaussian beam profile with a diameter of 80 pm and b) ring-shaped beam profile with an outer diameter of 250 pm. The laser
intensity distribution across the diagonal cross-section of the laser beam is displayed in the right-side images.
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Fig. 3. a) Sketch of the position of cylindrical blocks on build plate from which standard tensile bar specimens were machined (BD - build direction) and b) sketch of

laser beam path showing rotation angle 67° at the next layer.

subsequently heat-treated at a temperature of 1154 °C. The analysed
surface area for both samples was identical at 5.71 mm?. The particle
analysis used grey-intensity threshold analysis, defining brightness
levels and a minimum particle size of 0.2 pm. Additionally, the
composition of smaller phases was examined using EDS in a scanning
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electron microscope. (Scanning) Transmission electron microscopy ((S)
TEM) analysis was performed in a TEM/STEM Thermo Fisher Scientific
Talos f200i equipped with Thermo Fisher Scientific Super-X 4 x 30 mm?
objective pole piece. TEM lamellas were prepared in ZEISS Crossbeam
550 FIB-SEM Gemini II using Ga ions.
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Fig. 4. The heat treatment temperature profile shows solution annealing and
two-stapes ageing.

2.1.5. Mechanical analysis

From as-built and heat-treated cylindrical blocks, standard tensile
bar specimens (type B, ¢ 6 mm x 30 mm; Fig. 3) were machined and
tested at room temperature according to standard ISO 6892-1:2019
[48], using the A224 testing method. Yield strength, ultimate tensile

Gaussian beam profile

O
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strength and elongation at fracture were determined for each specimen
and average values were calculated.

Hardness test measurements were performed on Vickers hardness
tester Falcon 800GZ according to EN ISO 6507-1:2023 standard [50].

3. Results
3.1. Microstructure characterisation

Different volumetric energy inputs and beam shapes of the PBF-LB/
M process are responsible for the different shapes of melt pools, the
varying temperature distribution in the solidification zone, and the so-
lidification rate and subsequent thermal effects of the laser. All of this
influences the development of microstructure and the frequency of
epitaxial growth between dendritic grains across melt pools. Fig. 5
shows the microstructure of as-built samples obtained using two
different beam shapes during the PBF-LB/M process. The etched
metallographic sample reveals traces of melt pools with narrow and
deep shapes for the Gaussian beam profile. Dendrites are randomly
distributed, with no directional growth, extending from the centre in all
directions (Fig. 5a). In the case of the ring-shaped beam profile, the melt
pools are broader and shallower, with dendrites predominantly
following the growth direction along the build direction (Fig. 5b).
Similar dendrite growth directions can be observed in BE images (Fig. 5¢
and d). Images at higher magnifications reveal the typical y matrix
structure of a Ni-based alloy described as a dendritic structure composed
of sub-dendrites. Inside sub-dendrites, the dislocation cells are present

Tl

ring-shaped beam profile

NG e e N 5o um

Fig. 5. Microstructures obtained by Gaussian (left) and ring-shaped beam profile (right) in build direction; a), b) light microscopy images of etched samples, c), d) BE

images of polished samples at lower and e), f) higher magnifications.

1974



M. Godec et al.

what is usually described as cellular structure [51,52]. Due to the
broader ring laser beam shape and higher energy input, the solidifica-
tion rate is reduced, resulting in larger dislocation cells [53] compared
to those formed at the Gaussian beam profile (Fig. 5e and f). Nb and Mo
segregation at the cell boundaries [8] is responsible for the Laves phase
formation in the microstructure. The estimated volume fraction of the
Laves phase for both samples is very similar and does not differ signif-
icantly. When estimating the size, it is important to consider that the
cells are cut transversely; only in this way, accurate values can be ob-
tained. Due to the larger cellular structure obtained by the ring-shaped
beam profile, we estimate that the individual Laves phases are also
slightly larger. However, after observing several areas, we undoubtedly

Gaussian beam profile

as-built

984 °C

1034 °C

1154 °C

T

BD

o
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estimate that the size of the dendritic cells is at least 30 % larger for the
ring-shaped beam profile.

Fig. 6 shows the microstructure development after different post-
heat treatments as well as the microstructure in the as-built state for
both investigated laser beam shapes. Heat treatment at a temperature of
954 °C causes the dissolution of the Laves phase and the precipitation of
8-phase in the same regions. Cellular borders are rich in Nb and Mo,
which leads to the precipitation of 5-phase in the form of needles along
dendrites, sub-dendrites and cell structure boundaries, similarly for both
laser beam shapes. Larger and shallower melt pools obtained by the ring-
shaped beam profile cause larger cells, sub-dendrites and dendrites,
which represent the main difference in the microstructure between both

ring-shaped beam profile @

Fig. 6. BE images of as-built and post-heat-treated samples produced by Gaussian (left) and ring-shaped beam profile (right).
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beam shapes. When the heat treatment temperature is increased by
30 °C-984 °C, the number of 3-phase precipitates in the microstructure
decreases. The needles of the 8-phase are located along the dendrite and
sub-dendrite boundaries, very similar for both investigated laser beam
shapes. Further increase of the heat treatment temperature to 1034 °C
additionally reduces the amount of precipitated 8-phase, which is almost
completely absent for both laser beam shapes. However, a heat treat-
ment at a temperature of 1154 °C causes recrystallisation and grain
growth. Bright, angular MC carbides appear in the microstructure [54].
The carbides form in rows, likely along the previous dendritic bound-
aries rich in Nb. In both cases, for Gaussian and ring-shaped beam
profiles, there are areas where recrystallisation did not occur or a sub-
structure is visible within the grains. This is because there was insuffi-
cient energy or stress in the material for recrystallisation.

In addition to microstructural changes, we also examined the shape
and size of crystalline grains in the as-built state and after heat treatment
(Fig. 7). The sample produced with the Gaussian laser beam profile has a
fine-grained structure with an average grain size of 36.5 um?2. The grain
shape is typical for the PBF-LB/M process in the build direction, where
the shape of the melt pool is somewhat noticeable. However, because
epitaxial growth occasionally occurs between the melt pools in the
subsequent layer, the grain shape does not entirely follow the melt pool
[55]. The orientation of the crystalline grains is almost ideally random.
On the other hand, the sample produced with the ring-shaped beam
profile exhibits a distinctly columnar crystal structure in the build di-
rection. The grains are much larger, with an average size of 106.3 pm2.
Additionally, a fairly intense texture is already visible in the EBSD im-
ages. During heat treatment of up to 1034 °C, no recrystallisation occurs
for the Gaussian or ring-shaped beam profile samples. At a heat treat-
ment temperature of 1154 °C, recrystallisation and grain growth occur
in both samples, regardless of the laser beam profile (Gaussian or ring).
However, upon recrystallisation, the sample made with the Gaussian
laser beam profile has smaller recrystallised grains than the one made
with the ring-shaped beam profile, with an average area of 119.9 pm? In
contrast, the sample made with the ring-shaped beam profile has an
average area of 181.9 pmZ Despite recrystallisation, the crystalline
grains are slightly elongated in the build direction, which is more
characteristic of the ring-shaped beam profile sample. Even though the
EBSD images suggest complete recrystallisation, the BE image (Fig. 6)
reveals areas where recrystallisation did not occur or where sub-
structures are still visible within the recrystallised regions, valid for both
laser beam shapes.

Fig. 8 shows the Pole Figures (001) of as-built and heat-treated (at
1154 °C) samples produced with Gaussian and ring-shaped beam pro-
files. The sample produced with the Gaussian beam profile has almost no
texture, with a texture intensity of 1.3, while the sample produced with
the ring-shaped beam profile has a pronounced texture, with a texture
intensity of 7.4. The texture components (100)[001] and (110)[001] are
quite prominent. After the recrystallisation of the sample produced with
a Gaussian beam profile, grain growth and a slight texture strengthening
occur; however, the texture intensity is only 2.5. Recrystallisation re-
sults in significant grain growth and a decrease in texture intensity to 3.2
in the ring-shaped beam profile produced sample. Due to the strong
initial texture, the sample retains a somewhat pronounced texture even
after recrystallisation. This is also because the grains are extremely
large.

To observe how the substructure changes, further EBSD data analysis
offers greater insight into the alterations in grain substructure resulting
from heat treatment. The Grain Average Misorientation (GAM) of parts
produced by Gaussian and ring-shaped beam profiles, and heat-treated
at 1034 °C and 1154 °C, exhibited some differences (Fig. 9). The main
difference is that the part produced by the Gaussian beam profile and
heat-treated at 1034 °C contains a greater number of grains with a GAM
range between 1.0° and 5.0° in comparison to the ring beam profile
(Table 2). This indicates that there is a larger amount of substructure
present, along with significant orientation changes in part produced by
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the Gaussian beam profile. Such a structure demonstrates a stronger
driving force for recrystallisation. This is reflected in GAM distribution
when samples are heat treated at 1154 °C, where the opposite is
observed. Part produced by the ring-shaped beam profile and heat
treated at 1154 °C has more grains with a GAM range between 0.5° and
5.0° compared to the Gaussian beam profile. The blue fraction with GAM
values of 0.0° and 0.5° consists of fully recrystallised grains. Conse-
quently, a fraction of recrystallised grains is primarily generated by the
Gaussian beam profile and heat treated at 1154 °C.

SEM/EDS mapping was conducted to assess the volume fraction and
types of carbide phases in samples fabricated using both laser beam
shapes. Automated SEM particle analysis revealed differences in the
proportion of MC carbides over a larger area between the two sample
types. In a 0.71 mm? area, samples produced with the Gaussian beam
profile contained 1125 carbide particles, whereas those produced with
the ring laser beam shape had 946 particles. The average particle sizes
were similar: 0.77 pm for the Gaussian and 0.76 pum for the ring-shaped
beam profile. The total carbide particles surface area in the measured
region was 879.5 pm? for the Gaussian beam profile and 731.0 um? for
the ring-shaped beam profile. Thus, the carbide phase’s number and
surface area were 20 % smaller in samples produced with the ring-
shaped beam profile. Fig. 10 presents the microchemical map analysis
of both samples at low magnification, illustrating the distribution of MC
carbides and at higher magnification, confirming that these phases are
rich in Nb, Ti, C, and N. Additionally, a point analysis was conducted on
one of the larger carbides for both types of samples. The distribution of
Nb and Ti, displayed in EDS maps (Fig. 10a—c), indicates that MC car-
bides precipitate along prior high-angle dendritic boundaries. Some
carbide chains are also observed at the boundaries of recrystallised
grains. It is known that precipitates formed during heat treatment
inhibit further grain boundary movement. Based on EDS mapping and
point analysis (Fig. 10b-d), it can be assumed that the precipitates
formed are carbonitrides of the MX type (M = Nb, Ti; X = C, N).
Although EDS analysis of light elements is not highly precise, the
observed atomic ratio of M is approximately 1, which supports our as-
sumptions and aligns with literature data [54]. The image of the car-
bide’s distribution for the ring laser beam shape sample indicates a
slightly lower quantity, yet they are similarly arranged along prior
high-angle dendritic boundaries.

The literature [16,56] suggests that some carbides form already
during the printing process, while some authors report that the solvus
temperature of MC carbides ranges between 1040 °C and 1200 °C [54].
The carbides that form during printing are embedded within the Laves
phases, as these regions are rich in Nb, making them difficult to detect in
SEM images. During heat treatment, the Laves phase dissolves, revealing
the carbides in these areas, as shown in Fig. 11a and b. At higher heat
treatment temperatures, recrystallisation occurs, leading to the growth
of existing carbides or the formation of new ones. Fig. 11c, d illustrate
that, compared to lower heat treatment temperatures, the number and
size of carbides increase significantly. Additionally, previous automatic
EDS analysis confirmed that carbide proportions are higher in samples
produced with the Gaussian beam profile.

During the ageing process, y' and y" precipitates form and play a
critical role in the precipitation strengthening of IN718. Consequently, it
is essential to characterise these phases and evaluate whether laser beam
shape has any influence on their size, spatial distribution, or volume
fraction. Fig. 12 displays Bright-Field Scanning Transmission Electron
Microscopy (BF-S) and High-Angle Annular Dark Field (HAADF) images
of specimens produced using Gaussian and ring-shaped laser beam
profiles. Both samples were heat-treated at 1034 °C and then aged. A
comparative analysis of the micrographs indicates no significant dif-
ferences in the morphology, distribution, or amount of y'/y" precipitates
between the two processing conditions. A broader survey of the micro-
structure confirmed the absence of notable variations.

The y and y" precipitates exhibit distinct differences in both
morphology and chemical composition. The ' phase generally appears
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Fig. 7. EBSD IPF Z cross-sections in the building direction of as-built and post-heat-treated samples produced by Gaussian (left) and ring-shaped beam pro-
files (right).
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Fig. 9. GAM image of post-heat-treated samples at 1034 °C and 1154 °C

Table 2
Fraction of grains with different GAM ranges for parts produced by Gaussian and
ring-shaped beam profiles and heat treated at 1034 °C and 1154 °C.

Misorientation angle Gaussian beam profile Ring-shaped beam profile

Min. Max. 1034 °C 1154 °C 1034 °C 1154 °C
0° 0.5° 0.016 0.814 0.004 0.711
0.5° 1.0° 0.238 0.164 0.397 0.248
1.0° 2.0° 0.687 0.016 0.546 0.0370
2.0° 5.0° 0.038 0.002 0.013 0.001
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, produced by Gaussian (left) and ring-shaped beam profiles (right).

as spheroidal or rounded particles, whereas y" tends to form elongated,
needle-like structures. Chemically, y' corresponds to Ni3(Al,Ti), while y"
is identified as NigNb [2]. Distinguishing these phases based solely on
morphology is inherently limited due to the projection nature of TEM
imaging, which may obscure true three-dimensional geometry. There-
fore, compositional analysis was carried out using TEM coupled with
EDS. Precipitates enriched in Al and Ti were attributed to the y' phase,
while Nb-enriched regions were classified as y’". Nickel was detected in
both types of precipitates, as expected from their nominal compositions.
Fig. 13 shows EDS elemental maps of samples produced with the
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Ti

C N Al Si Ti Cr Fe Ni Nb Mo
Gaussian At. % 38.2 6.8 0.8 1.0 7.9 3.2 2.6 6.0 32.7 0.8
SpotP1 Wt. % 9.6 2.0 0.4 0.6 7.9 3.5 3.1 7.3 63.9 1.6

Nb

C N Al Si Ti Cr Fe Ni Nb Mo
Ring At. % 43.8 5.5 0.8 1.0 9.3 1.8 15 3.2 32.7 0.3
Spot P1 Wt. % 11.6 1.7 0.5 0.6 9.8 2.1 1.8 4.2 67.0 0.7

Fig. 10. SEM/EDS analyses of Gaussian sample (a, b) and ring-shaped beam profile samples (c, d); a), ¢) BE images with corresponding Nb and Ti maps, b), d) BE
images with marked spot analysis, and corresponding C, N, Nb and Ti maps with microchemical composition for one of the carbonitride phases.

Gaussian and ring beam profiles. EDS elemental maps did not show
significant differences in the amount and share of y' and y" precipitates
between both beam profiles.

Given the very small size of the precipitates, we additionally per-
formed a line-scan EDS analysis to correlate their morphology with the
three key elements that constitute the y' and y” phases. As shown in
Fig. 14, regions exhibiting elevated concentrations of Al and Ti are
associated with a reduced Nb content. In the micrographs, these regions
correspond to spherical precipitates, which are characteristic of the y'
phase, whereas areas with higher Nb and lower Al and Ti concentrations
correspond to needle-like precipitates, typically associated with the y”

1979

phase. As previously noted, no significant differences were observed in
the surface density of either type of precipitate across the analysed
samples for both beam shapes.

3.2. Mechanical properties

Fig. 15 shows the results of the tensile tests: the average yield and the
ultimate tensile strength, the elongation as well as contraction of sam-
ples produced in the horizontal and vertical directions by Gaussian and
ring-shaped beam profiles, in as-built state and post-heat-treated at
different temperatures. The as-built state shows considerably lower
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Fig. 11. BE-images of heat-treated samples at 1034 °C (a, b) and 1154 °C (c, d) produced by Gaussian (left) and ring-shaped beam profile (right).
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Fig. 12. TEM images of y' and y" precipitates produced with (a, ¢) Gaussian beam profile and (b, d) ring beam profile.
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Fig. 13. TEM/EDS maps of samples produced with a) Gaussian beam profile and b) ring beam profile.

average yield and ultimate tensile strength on account of not being post-
heat treated (Fig. 15a and b). The samples produced with Gaussian beam
profile exhibit a bit larger value of ultimate tensile strength and yield
strength in both directions, however, the samples produced with ring-
shaped beam profiles have more isotropic properties.

After all post-heat treatment temperatures, the mechanical proper-
ties of all samples are significantly increased. However, samples pro-
duced with the ring-shaped beam profile exhibit an average 3-7 %
reduction in yield and ultimate tensile strength compared to those
produced with the Gaussian beam profile. A notable difference in
strength between horizontally and vertically built samples subjected to
heat treatment at 954 °C was observed when comparing samples pro-
duced with the Gaussian and ring-shaped beam profiles. Samples
created with the Gaussian beam profile displayed larger differences in
yield and ultimate tensile strength between horizontal and vertical build

1981

directions (7.9 % and 9.5 %, respectively) compared to those made with
the ring-shaped beam profile (3.7 % and 3.1 %, respectively). At higher
heat treatment temperatures (984 °C), these differences between hori-
zontal and vertical samples decreased for both laser beam shapes (to
approximately 2 %). The yield strength of samples produced with
Gaussian and ring-shaped beam profiles increases with annealing tem-
peratures up to 1034 °C, while ultimate tensile strength remains similar
(984 °C) or decreases at 1034 °C. Heat treatment at 1154 °C significantly
lowers both yield and ultimate tensile strength. Further, the samples in
the as-built state show much higher average elongation and contraction
than the heat-treated samples (Fig. 15¢ and d). This is a well-known
phenomenon for precipitation-hardened alloys. Samples built horizon-
tally using the ring-shaped beam profile exhibit higher average elon-
gation and contraction compared to vertically built samples. These
differences in elongation and contraction between horizontal and
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Fig. 14. TEM/EDS line scan (marked with white line on composite EDS maps of three elements) of precipitates in the samples produced with a) Gaussian beam
profile and b) ring beam profile.
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Fig. 15. Mechanical analysis performed at room temperature of samples processed with Gaussian and ring-shaped beam profiles in their as-built and different post
heat-treated conditions; a) average yield and tensile strength of Gaussian and b) ring-shaped beam profiles, c) average elongation and contraction of Gaussian and d)

ring-shaped beam profiles.
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vertical samples persist even at the highest annealing temperature of
1154 °C. In contrast, this effect is not observed in samples produced with
a Gaussian beam profile. Large differences in elongation and contraction
values for horizontal and vertical samples exist only in samples heat-
treated at 954 °C and 1154 °C. In two examples (954 °C and 1034 °C,
Fig. 15d), the elongation of vertical samples built by ring-shaped beam
profile is very low (about 8.4-8.7 %).

Additionally, the fracture surfaces were investigated, and several
lacks of fusion pores were found in these samples, although fracture
surfaces of the Gaussian beam profile exhibited slightly fewer pores
(Fig. 16). Fig. 16 a, b show the low magnification fracture area and a
fracture detail in the insets. Fig. 16¢ highlights the presence of pores in
the fracture area of the sample produced with a ring-shaped beam
profile, explaining the low elongation and contraction values of this
sample. It is well known that pores in the vertical direction have a more
significant impact on elongation and contraction than in the horizontal
direction, as shown in the diagram in Fig. 15. Since all vertical samples
produced by ring-shaped beam profile show lower average elongation
values than horizontal samples, we can assume that most samples
contain a lack of fusion pores (Fig. 15c).

Vickers hardness measurements present in Fig. 17 show hardness in
as-built state and after heat treatment for both beam shapes. Considering
that IN718 achieves its final mechanical properties and hardness
through precipitation hardening, it is evident that the hardness in the as-
built state is lower than after heat treatments, despite the fact that
additively manufactured materials possess a dislocation cell structure
that significantly strengthens the material. In general, samples produced
with a ring-shaped beam profile exhibit slightly lower hardness; how-
ever, at a heat treatment temperature of 1034 °C, both hardness values
become fairly comparable.

4. Discussion

The size and orientation of the dendrites, sub-dendrites, and cell

Gaussian beam profile g3

=
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Fig. 17. Vickers hardness measurements of samples produced by Gaussian and
ring-shaped beam profiles in their as-built (AB) and different post-heat-
treated conditions.
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structures in the PBF-LB/M-processed metallic material depend on the
process parameters, primarily the cooling rate and the temperature
gradient, defined by the laser beam profile. In our case, the main dif-
ference is the shape of the beam, different input energy (Table 1), and
beam energy intensity distribution (Fig. 2). Due to different beam pro-
files and, thus, different volumes of melt pools, different input energy is
needed to enable melting with comparable enthalpy. The ring beam
shape produces a melt pool with a lower depth-to-width ratio [41,57]
than the Gaussian beam profile (Fig. 2a and b). With the Gaussian beam
profile, a more significant percentage of the columnar grains grow
declined to the building direction, especially at the edges of the melt
pool. At the melt pool edges, grains grow in the direction of the highest
thermal gradient, which is typically expected to the edge of the melt
pool [58]. The preferential growth of fcc metals is parallel to (100).

ring-shaped beam profile

Fig. 16. Fracture surface images obtained by the SE detector, a) Fracture surface of the tensile test sample produced with a) Gaussian and b) ring-shaped beam
profiles, with an enlarged detail in the upper right corner showing dendrite size, ¢) lower magnification of the fracture surface of the tensile test sample produced
with ring-shaped beam profile, showing a pore cluster, and d) detail showing the dendritic surface in the pore.
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Thus, the Pole figure texture for (001) has lower intensity, especially in
the build direction (Fig. 8a). The opposite happens for a ring-shaped
beam profile where a melt-pool edge has a lower curvature (Fig. 2b).
Furthermore, the ring-shaped beam profile does not have the highest
intensity in the middle but on the beam’s edges. Because of this, the
highest thermal gradient is oriented along the building direction.
Therefore, the conditions are fulfilled in the middle and on the edges of
the melt pool so that columnar grains can grow in the building direction.
Thus, the texture intensity for parts made by the ring beam is very high,
especially in the building direction (Fig. 8a). In the as-built state, den-
drites, sub-dendrites, and dislocation cells are larger in the sample
produced with a ring-shaped beam profile. This difference persists
during heat treatment. Dislocation cells begin to disappear; however,
some remain between 800 and 900 °C. Above this temperature, the
remaining dislocation cells transform into substructures within recrys-
tallised grains [59]. Dendrites, or grains, remain stable until the
recrystallisation temperature, which occurs above 1050 °C [60]. Based
on the results of tensile tests and hardness measurements, it is evident
that these structures (dendrites, sub-dendrites, and cells) influence me-
chanical properties. Since the sizes of these structures are larger in the
ring laser beam shape sample, this sample exhibits slightly inferior
mechanical properties. Interestingly, at a heat treatment temperature of
1034 °C, the hardness values of both types of samples equalise despite
the differences in grain size and substructure between parts produced by
Gaussian and ring-shaped beams (Fig. 9). This demonstrates that the role
of grain size and substructure is less critical to hardness values than the
effects of precipitation hardening. However, smaller grain sizes and
more substructure reflect higher yield and tensile strength of parts
produced by the Gaussian beam profile (Fig. 15). At a heat treatment
temperature at 1154 °C, recrystallisation and grain growth occur. The
initially larger grains in the ring-shaped beam profile sample further
increase in size after recrystallisation, resulting in slightly larger crys-
talline grains and consequently somewhat inferior mechanical proper-
ties and hardness.

The shape and distribution of pores in the ring-shaped beam profile
sample may be less favourable, leading to slightly poorer properties in
both horizontal and vertical directions. Generally, the properties of PBF-
LB/M-processed metallic samples are better in the horizontal direction
[61]. During heat treatment, the Laves phase dissolves, and the §-phase
forms, often growing directly on the Laves phase (Fig. 6). In the case of
directionally oriented dendrites in the build direction of the sample, this
also leads to directional precipitation of the 3-phase. Since the §-phase
strengthens the microstructure, this can result in better mechanical
properties in the vertical direction than the horizontal, significantly
affecting the yield strength. Higher annealing temperatures lead to a
smaller amount of 3-phase, which consequently means more Nb is
available for fine y' and y>’ precipitates. Finer ¥ and y’’ precipitates in
larger volumes are more effective barriers to dislocation mobility than
the &-phase. Based on TEM analysis (Figs. 12 and 13), it is evident that
different beam profiles have no significant influence on the size and
distribution of y' and y’’ precipitates. This is why average yield strength
(Fig. 15a and b) and hardness (Fig. 17) increase for the parts annealed at
984 °C and 1034 °C. However, due to softening mechanisms, the average
tensile strength decreased with an increased annealing temperature. All
those mechanisms overlap here, influencing the hardness, yield strength
and ultimate tensile strength. In general, it could be concluded that the
optimal heat treatment temperature for both investigated beam shapes
is around 984 °C. At higher heat treatment temperature (around
1034 °C) is beneficial for achieving maximum yield strength values. The
mechanical test results, specifically elongation and contraction, are
quite poor for the ring beam shape at temperatures of 954 °C and
1034 °C in the vertical direction, which is related to the porosity found
on the fracture surfaces (Fig. 16). Despite the fact that the porosity of
samples produced with the ring beam profile is only slightly higher, this
significantly affects their mechanical properties, especially in the ver-
tical direction. The input enthalpy relative to the hatch distance is very
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similar for both beam profiles. The ring beam profile has slightly lower
input enthalpy, which is likely the reason for the somewhat higher
porosity.

For demanding applications hot isostatic pressing (HIP) is quite often
a necessary step in PBF-LB/M to reduce porosity. It is conducted in a
temperature range between 1120 °C and 1260 °C [45,62]before the heat
treatment process. Based on the present study and the literature source
[60], it can be observed that recrystallisation already occurs above the
temperature of 1050 °C. Thus, it is impossible to achieve a
non-recrystallised microstructure with fined grains and without MC
carbides, which form above the temperature of 1050 °C [54]. Based on
our research findings, the samples produced with a ring-shaped beam
profile, due to its distinct melt pool configuration and resulting tem-
perature gradient, likely lead to less pronounced segregation, particu-
larly along dendritic boundaries. These boundaries are the source of
excess Nb and Ti elements, contributing to Nb and Ti carbonitrides
forming during heat treatment above the lowest possible HIP
temperature.

5. Conclusions

This study comprehensively examines the impact of two distinct
laser beam profiles in the PBF-LB/M process on microstructure devel-
opment. This includes analysis in both the as-built state and after various
post-heat treatments as well as the correlation between microstructural
changes and mechanical properties. Based on the results, we establish an
optimised heat treatment temperature for the investigated laser beam
profiles. The investigation leads to the following conclusions.

e The optimal heat treatment temperature for both laser beam shapes
is around 984 °C. At this temperature, the tensile strength values
equalise in horizontal and vertical build directions. The yield
strength values also increase, which is desirable for most
applications.

Heat treatment at temperatures above the recrystallisation point
leads to a reduction in mechanical properties and hardness, primarily
due to an increase in crystalline grain size. Additionally, (Nb, Ti)
carbides grow or new ones form, which is undesirable in the
microstructure.

The key difference in microstructure between the heat treatment
temperatures of 1034 °C and 1154 °C is that at 1154 °C, recrystal-
lisation occurs, leading such high temperatures also to the growth of
existing carbides and the formation of new ones.

In addition to enabling faster printing, the ring-shaped beam profile
offers a significant advantage by reducing carbide formation at
higher heat treatment temperatures. By slowing the cooling rate, this
profile reduces the segregation of carbide-forming elements. This is
particularly important for products requiring HIP processing, where
recrystallisation and carbide formation are unavoidable.
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