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Abstract. This study provides a comprehensive investigation into the effects of different scanning
parameter combinations-specifically scanning speed and hatch distance-on the material properties of
IN939 fabricated using the powder bed fusion-laser beam (PBF-LB) process under a constant
volumetric energy density (VED). Despite the fixed VED, the fabricated samples experienced
different thermal cycles, resulting in distinct microstructural features and corresponding variations in
material performance. In-situ infrared monitoring indicated that the sample with the narrowest hatch
distance and highest scanning speed (Sample 1) reached the highest normalized temperatures with
intense heat accumulation, whereas wider hatch distances (Sample 3) promoted lower and more stable
temperature distributions. The results revealed that the intermediate parameter set (Sample 2)
achieved the highest relative density (99.29%) and the lowest surface roughness. In contrast, both the
narrowest and widest hatch spacing combinations promoted increased porosity, primarily consisting
of lack-of-fusion (LoF) and gas pores. Electron backscatter diffraction (EBSD) analysis showed that
the area-weighted average grain size increased from 29.5 pm to 36.7 um as the hatch distance
increased. Texture analysis indicated generally weak crystallographic texture development, with only
slight intensification of <001>//BD and <111>//BD components, attributed to the 67° rotation
strategy. Furthermore, the microhardness values demonstrated negligible variation across the
samples, ranging from 356.7 = 14.3 HV1 to 360.1 = 10.5 HV1. This limited variation indicates that
the strengthening behavior was predominantly governed by the combined influence of defect density
and matrix—defect interactions, rather than being directly correlated with grain size.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)
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1. Introduction

In PBF-LB, the components are produced by selectively melting powder particles in a layer-
wise manner, following digital geometries defined by computer-aided design (CAD) data and thereby
allows reducing dependence on assembly operations and minimizing defect formation associated with
secondary processing steps [1]. Additional advantages of PBF-LB include high dimensional
accuracy, the potential for weight reduction through the fabrication of lattice or cellular structures,
and a significant decrease in material waste and overall production costs [2].

IN939 is a precipitation-strengthened Ni-based superalloy in which mechanical strength is
predominantly achieved through the formation of L12-ordered y’ (Ni3(Al,Ti)) precipitates [3]. IN939
is typically developed for service conditions up to approximately 850 °C, particularly in gas turbine
applications, and is characterized by high mechanical strength together with excellent corrosion and
oxidation resistance [4,5]. However, process-inherent defects—including gas pores, keyhole- and
lack of fusion (LoF)-related pores, and particularly cracking—may arise during fabrication. These
defects are primarily associated with the high Al and Ti contents, which impair weldability and are
further intensified by the rapid solidification behaviour characteristic of the PBF-LB process [6—8].

The thermal behaviour characteristic of the PBF-LB process is governed by a highly coupled
set of physical phenomena, including laser-powder interaction, high thermal gradients, localized
melting and rapid solidification of powder particles. The resulting microstructural features and the
quality of the produced components are strongly dependent on critical process variables such as laser
power (P), scanning speed (v), hatch distance (h), and layer thickness (t). In combination, these
parameters determine the VED (Eq. (1)), which represents the energy input per unit volume of the
powder bed [9,10].

P
— 3
VED = —— (J/mm’) (1)

It is known that the optimization of VED parameters is critical and must be systematically
tailored to the material and application requirements in order to ensure complete densification,
reduced surface roughness, and improved mechanical performance. Nevertheless, systematic
investigations focusing on the optimization and influence of VED in PBF-LB-processed IN939
remain limited in the existing literature. In our previous study [11], the influence of various process
parameters that govern the VED was systematically examined with respect to relative density,
microstructural evolution, defect formation (i.e., porosity and cracking), and surface-related
characteristics. The results revealed that, although arc-shaped melt pools were observed under all
processing conditions, samples fabricated at high VED exhibited pronounced irregularly shaped pores
and the presence of micro-cracks. Moreover, increasing the hatch spacing from 50 pm to 110 pm
resulted in a reduction in the surface roughness of the produced samples. Marchese et al. [12] varied
the VED from 30 to 320 J mm™ to investigate its influence on the density and microstructural
characteristics of PBF-LB-produced IN939. Their results demonstrated that both low VED (< 50 J
mm™?) and excessively high VED (> 160 J mm™) values promoted the formation of large-scale
defects, with sizes reaching several hundred micrometers. These defects were attributed to the
development of LoF defects under insufficient melting conditions and to keyhole-induced pores
resulting from melt pool instability at elevated energy inputs. Dursun et al. [13] demonstrated that
adjusting the VED within the range of 35-109 J mm™ resulted in notable variations in melt pool
morphology and relative density, with certain processing conditions also promoting the onset of the
balling phenomenon.

Although several studies have been reported in literature, the majority primarily investigate
the influence of varying VED values on material properties. In contrast, the effect of identical VED
conditions has not yet been systematically explored, which is essential for isolating and clarifying the
role of equivalent energy input. To address this gap, three sets of IN939 samples were fabricated
using different combinations of scanning speed and hatch distance while maintaining the same VED.
The samples were subsequently characterized in detail to assess surface roughness, relative density,
and defect formation, along with microstructural features and microhardness.
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2. Materials and Methodology
2.1. IN939 fabrication by the PBF-LB process

Gas-atomized powder (Truform 939-N65, Praxair Surface Technologies) with a particle size
range of 17.4-52 pum were utilized for the production of the samples by PBF-LB. The powder
chemical composition is listed in Table 1, and a comprehensive characterization of the feedstock
powder has been reported previously by the authors [14].

Table 1. The nominal chemical composition (wt.%) of the gas-atomized IN939 powder.

Elements| Al Co Cr Nb Ta Ti \%Y Zr Ni B C O N
wt.% |19 189 228 1.0 14 38 20 0.028 Bal. 0.004 0.16 0.014 0.009

IN939 samples were fabricated using an Aconity MINI (GmbH) laser-based metal additive
manufacturing (AM) platform. All builds were performed under a protective argon atmosphere with
a purity of 99.999%, while the oxygen level was controlled below 50 ppm to eliminate oxidation.
CK45 steel served as the build plate material. Cubic specimens with dimensions of 10 x 10 x 10 mm?
were produced while maintaining a constant VED through systematic variation of scan speed and
hatch distance. The PBF-LB processing conditions investigated in this study, together with the
corresponding sample designations, are summarized in Table 2. The VED was calculated using Eq.
(1).

The Aconity MINI has two coaxial infrared pyrometers (KLEIBER Infrared GmbH) for in-
situ infrared (IR) monitoring of melt pool thermal emission. Due to the absence of material-specific
temperature calibration for IN939, the melt pool response output was in relative units (mV) rather
than absolute temperature values. The acquired data, mapped to the (X,y) coordinates of the build
plate, were processed using Python. Melt pool thermal distributions were visualized using normalized
thermograms, with statistical mean layer values scaled between 0 and 1 to represent relative
temperature variations.
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Fig. 1. Images of the build plate after fabrication of the as-built IN939 samples.
Table 2. PBF-LB process parameters used in the present study.

Sample Hatch distance, Scanning speed VED Power |Layer thickness| Spot size] Scanning
(pm) (mm/s) (J/mm>) W) (pm) (pm) strategy

1 1A 40 1350 92.6 200 40 80 Alternating
1B bi-
1C directional

2 2A 60 900 scan with
2B 67° rotation
2C between the

3 3A 80 675 adjacent
3B layers
3C
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2.2. Surface roughness measurements

Surface topography of the as-built samples was characterized using a Bruker ContourGT
optical profilometer. Measurements were performed on the XY planes (perpendicular to the build
direction) over an area of 5 x 5 mm?. In addition, surface roughness was evaluated on XZ planes
(parallel to the build direction) at both the argon inlet and outlet sides, using a scan area of 3 x 3 mm?.
Surface roughness was quantified using the areal parameter Sa, defined as the arithmetic mean height,
while Sz was used to describe the sum of the maximum peak height and the maximum pit depth.

2.3. Relative density and porosity measurements

The relative density values of the as-built samples were determined using Archimedes' principle
in accordance with ASTM B311-17 [15]. Measurements were performed with a Sartorius Entris 11
Essential BCE124I-1S analytical balance, offering an accuracy and repeatability of £0.1 mg. Ethanol
(Lenox, 99.99%) was employed as the immersion medium. For each sample, three independent
measurements were performed, and the resulting values were averaged to determine the final relative
density. A theoretical density of 8.15 g cm™ was assumed for fully dense IN939 in the calculation of
relative density.

Conventional optical microscopy was used to examine the spatial distribution of porosity in the
as-built samples. Polished cross-sections from both the XZ and XY orientations were imaged using
the stitching function of a Keyence 3D optical microscope to obtain large-area views. Porosity
quantification was carried out by analyzing the stitched optical images with Imagel] software,
comprising a minimum of 20 images for the XZ planes.

2.4. Microstructural characterization

The hot-mounted specimens were first subjected to automated grinding using conventional SiC
abrasive papers up to 1200 grit, followed by polishing with progressively finer diamond suspensions
(9, 3, and 1 pum) using a Struers Tegramin-20 system. For EBSD analysis, an additional
electropolishing step was applied using a Struers Lectropol-5 unit with Struers A2 electrolyte at
40 V, a flow rate of 16, and a polishing duration of 15 s. For microstructural observation, selected
samples were electrochemically etched after electopolishing with Struers A2 electrolyte at 5 V, a flow
rate of 15, and an etching time of 5 s. Microstructural characterization was performed using a Keyence
VHX2000E 3D digital optical microscope and a Zeiss EVO LS-15 scanning electron microscope
(SEM). Electron backscatter diffraction (EBSD) measurements were carried out with an Oxford
Symmetry S3 detector operated at an accelerating voltage of 20 kV and a probe current of 7.0 nA.
Orientation maps covering an area of 350 x 350 um? were acquired with a step size of 0.75 um, and
the raw EBSD data were post-processed using AZtecCrystal 3.3 software.

2.5. Microhardness

The Vickers microhardness of the as-built samples was evaluated on the XZ planes using a
Zwick/Roell DuraScan G5 semi-automatic microhardness tester with an applied load of 1 kg, in
accordance with ASTM E384 [16]. For each specimen, ten individual indentations were performed,
and the reported hardness values represent the corresponding average.

3. Results and Discussion
3.1. In-situ temperature monitoring

Fig. 2 shows the normalized melt pool temperature data used to assess the thermal history during
the PBF-LB process, highlighting the strong influence of laser processing parameters on heat
accumulation. Sample 1 showed the highest and most unstable thermal response throughout the build,
which is mainly associated with the combination of high scan speed and narrow hatch spacing [17].
The reduced hatch distance limited inter-track cooling, promoting localized heat buildup and an
unstable melt pool, as further evidenced by the corresponding 2D and 3D thermal maps. In contrast,
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Samples 2 and 3, fabricated with wider hatch distances, exhibited lower and more stable temperature
distributions, indicating more effective thermal dissipation during processing.
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Fig. 2. Thermal analysis of IN939 samples during the build process: (a) Normalized mean
temperature evolution across build layers for selected samples (1B, 2B, and 3B). (b) 2D
thermogram of the second last layer, showing the temperature distribution across nine cubic
samples. (c) 3D spatial visualization of the thermal data throughout the build height; the color bar
indicates normalized temperature values.

3.2. Surface roughness

The corresponding Sa and Sz values, categorized by the XY and XZ planes and by different
measurement locations, are summarized in Table 3. Surface roughness profiles of selected samples,
together with bar charts illustrating the associated Sa and Sz values, are presented in Fig. 3. The
results indicated that hatch distance and scanning speed have a pronounced influence on the average
surface roughness of the as-built samples. Sample 1 exhibited the highest surface roughness in both
the XY and XZ planes (Sa = 22.72 pm and 8.51 pum, respectively), which is consistent with the
thermal instabilities identified in the infrared monitoring data. The combination of high scanning
speed and narrow hatch distance promoted excessive track overlap and localized heat accumulation,
resulting in an elevated and highly fluctuating thermal response. This excessive thermal input
destabilized the melt pool, hindered uniform track consolidation, and led to pronounced surface
irregularities, as confirmed by the corresponding 3D surface topography. In contrast, Sample 2
showed the lowest surface roughness, with Sa values of 13.95 pm in the XY plane and 6.29 pm in
the XZ plane. This improvement is attributed to the use of an intermediate hatch spacing (60 um) and
a moderate scanning speed (900 mm/s), which promoted a more stable melting regime and reduced
temperature fluctuations. These conditions resulted in improved surface uniformity and limited
spatter-related surface defects. Although Sample 3 was processed at a lower scanning speed (675
mm/s), which increased the longer laser—material interaction time, its larger hatch spacing (80 pm)
might have led to insufficient track overlap, resulting in poorer surface uniformity compared to
Sample 2. Furthermore, the consistently higher roughness observed on XZ plane of the samples near
the argon outlet suggests that gas flow behaviour and spatter accumulation further contribute to
surface irregularities associated with thermal effects [18].
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Table 3. Average surface roughness (Sa) and maximum height (Sz) values measured on the XY and
XZ planes of the as-built IN939 samples.

Sa (um)
Sample . XZ plane (argon
XY plane XZ plane (argon inlet) outlet)
1A 22.07 2272 8.82 851 14.63 15.08
1 1B 23.68 4 0.85 8.89 + 0.60 15.62 + 050
1C 22.40 - 7.81 - 14.98 -
2A 12.78 13.95 6.71 6.29 14.62 12.91
2 2B 14.96 +1.10 6.20 + 039 12.66 4 1.60
2C 14.10 - 5.95 - 11.45 -
3A 15.18 17.19 6.16 6.49 11.86 12.45
3 3B 18.77 +1.83 7.18 + 0.60 13.80 +1.17
3C 17.62 - 6.12 - 11.69 -
Sz (um)
Sample . XZ plane (argon
XY plane XZ plane (argon inlet) outlet)
1A 192.92 191.13 175.61 155.13 161.81 158.63
1 1B 190.42 1156 146.18 +17.79 162.80 1 6.38
1C 190.05 - 143.59 - 151.28 -
2A 153.88 167.62 132.33 113.81 150.67 163.67
2 2B 158.39 +20.01 98.83 +17.03 174.35 +12.01
2C 190.58 - 110.28 - 165.99 -
3A 176.60 186.79 140.53 145.37 171.84 173.89
3 3B 196.67 + 10.04 146.73 + 433 179.50 +4.91
3C 187.10 - 148.86 - 170.34 -
(a) 1B (b) 2B () 3B
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Fig. 3. (a—c) Surface roughness profiles of selected as-built IN939 samples (1B, 2B, and 3B), and
(d) bar charts summarizing the average Sa and Sz values for the samples.



Key Engineering Materials Vol. 1047 133

3.3. Relative density and defect formation

The average relative density of the samples was determined using the Archimedes method, while
the average porosity percentage (%), pore density (pores/mm?), and average Feret size (um) (as a
quantitative measure of pore size) were quantified through ImageJ analysis. The corresponding results
are summarized in Table 4. It should be noted that defect analysis was performed by accounting for
all gas pores, LoF-related pores, and keyhole-induced pores identified on the as-polished surfaces, as
also presented in Fig. 4. As given, the Sample 2 exhibited the highest average relative density of
99.29%, whereas the relative density values for Sample 1 and Sample 3 were comparable, measured
as 98.65% and 98.75%, respectively. Consistent with the density measurements, Sample 2 exhibited
the lowest average porosity percentage, pore density, and Feret size, measured as 0.05%,
5.09 pores/mm?, and 11.09 pum, respectively. It is well established that the integrity and performance
of additively manufactured components are strongly influenced by defect population; therefore,
achieving high relative density in conjunction with a low defect content is generally associated with
superior mechanical performance. Interestingly, although the pore density of these two samples fell
within a narrow range of 6.14-6.45 pores/mm?, Sample 3 exhibited a substantially lower average
porosity percentage and Feret size compared to Sample 1, with values of 0.20% and 19.42 pum,
respectively. Defect and microstructural analyses (Fig. 4) further revealed that Sample 1 contained
very large, irregularly shaped pores with sizes reaching up to 1 mm, in agreement with its high
average Feret diameter of 31.98 um. In contrast, Sample 3 predominantly consisted of small, near-
spherical pores with maximum sizes of approximately 60—70 um, accompanied by only a limited
number of large pores. It can be stated that the combination of a lower hatch distance (40 um) and a
high scanning speed (1350 mm/s) promoted the formation of a large number of defects,
predominantly LoF-related pores, in Sample 1. Moreover, the use of a relatively large hatch distance
(80 wm) during the fabrication of Sample 3 may have contributed to the development of some large
LoF-related pores, due to insufficient inter-track overlap. However, most of the defects observed in
Fig. 4(c) are small and spherical in shape, suggesting that gas porosity is the dominant defect type,
while a smaller fraction may be associated with keyhole-related pore formation. Gas pore formation
is primarily associated with entrapped gas, either within the feedstock powder particles introduced
during the atomization process or trapped during the rapid solidification of the molten metal in the
PBF-LB process [19]. On the other hand, keyhole-related porosity may arise under conditions of
excessive energy input, wherein intense vaporization of the molten metal induces recoil pressure,
resulting in keyhole instability and the entrapment of pores during solidification [19-21]. The use of
a low scanning speed (675 mm/s) during the fabrication of Sample 3 may have promoted the
formation of these defects within the microstructure by increasing local energy input.

Table 4. Image J porosity analysis and Archimedes-based relative density results of as-built IN939
samples (error bars represent 95% CI).

Archimedes’
Image J o .
principle
Sample Average Feret Size Relative Densit
Average Porosity (%) | Average Pores/mm? g o y
(um (%
1A 0.99 0.93 7.14 6.45 31.07 31.98 98.37 98.65
1 1B 1.15 +0.63 6.02 4 1.50 36.96 1 11.42 98.58 4 0.15
1C 0.65 - 6.20 - 27.90 - 99.00 -
2A 0.03 0.05 344 5.09 9.97 11.09 99.25 99.29
2 2B 0.05 4 0.05 8.24 1 6.79 10.17 + 438 99.29 1 0.20
2C 0.07 - 3.58 - 13.12 - 99.33 -
3A 0.12 0.20 5.77 6.14 16.08 19.42 98.81 98,75
3 3B 0.32 4026 5.54 4211 26.50 +15.24 98.67 +0.19
3C 0.15 - 7.11 - 15.68 - 98.76 -
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Fig. 4. The as-polished optical micrographs of as-built samples in the XZ plane (parallel to the build
direction).

3.4. Microstructure and microhardness

Despite the use of a constant VED, the microstructure of the as-built samples was strongly
influenced by the scanning parameters. Optical micrographs and EBSD maps revealed a
predominantly columnar grain morphology, with arch-shaped melt pools aligned along the build
direction in all samples. The area-weighted average grain sizes were 29.5 + 8.7 um, 31.9 = 9.4 um,
and 36.7 = 8.9 um for Samples 1, 2, and 3, respectively. Sample 1 exhibited the highest normalized
temperature (Fig. 2(a)) due to its narrow hatch distance, which promoted intense local heat
accumulation; however, the combination of high temperature and high scanning speed led to melt
pool instability and the formation of large, irregular lack-of-fusion pores [19]. In contrast, Sample 3
showed a lower overall temperature but a highly heterogeneous and non-uniform grain structure, as
confirmed by EBSD maps, resulting from the combination of wide hatch distance and low scanning
speed that caused uneven heat distribution and inconsistent melting. These observations, supported
by 3D thermography, demonstrated that maintaining a constant VED was insufficient to ensure
microstructural homogeneity, as process parameters governs the thermal history, melt pool stability,
and grain evolution in IN939.

The microhardness values showed only a slight decrease from Sample 1 to Sample 3 (360.1 +
10.5HV1,359.8£16.3 HV1, and 356.7 = 14.3 HV1, respectively), indicating that strengthening was
not governed solely by grain size effects. Despite the progressive increase in average grain size,
EBSD-derived parameters revealed a gradual reduction in grain orientation spread (GOS) and kernel
average misorientation (KAM). Sample 1 exhibited the highest GOS and KAM values, indicating
stronger intragranular lattice distortion caused by steep thermal gradients and unstable melt pool
behavior. In contrast, Sample 3 showed lower average misorientation values, suggesting partial
relaxation of internal strains through dislocation rearrangement and early-stage recovery, despite the
presence of locally heterogeneous deformation [19,22].

The inverse pole figures (IPFs) with respect to the build direction (BD) obtained from the XZ
planes in the as-built samples are displayed in Fig. 6. Although nickel-based superalloys typically
promote preferential <001> growth due to their cubic crystal symmetry and alignment with the
maximum thermal gradient, the IPFs of the as-built samples showed only weak texture development.
Sample 1 exhibits a largely random orientation distribution, whereas a gradual decrease in scanning
speed and increase in hatch distance in Samples 2C and 3C leads to a slight intensification of
<001>//BD and <111>//BD components, as indicated by higher (multiples of random distribution)
MRD intensities. This behavior is primarily attributed to the continuously varying thermal gradients
generated during the PBF-LB process as a result of the 67° scan rotation. The frequent changes in
heat flow direction prevent the establishment of a stable solidification gradient, thereby limiting
strong texture development and promoting grain reorientation [23].
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Fig. 5. Optical micrographs of the as-built samples: (a) Sample 1C, (b) Sample 2C and
(c) Sample 3C.

Image Quality and Grain Grain Orientation Spread Kernel Average Misorientation

Inverse Pole Figure (IPF) Boundaries (10 and GBs) (GOS) (KAM) Inverse Pole Figure (1PF)

max = 1792
1626
1475
1339
1215
1102
1.000
0.907

max=2.144
1888
1663
1484
1.289
1136
1.000
0881

Grain Boundaries 0 i s| [ i s|

—s.15° [

111 >15%

100 pm

Fig. 6. EBSD maps and inverse pole figures (IPFs) of the XZ planes of the as-built samples:
(a) Sample 1C, (b) Sample 2C and (c) Sample 3C.

4. Conclusion

This study systematically investigated the influence of scanning speed and hatch distance
combinations at constant VED on the thermal behavior, surface quality, defect formation, and
microstructural evolution of IN939 fabricated by the PBF-LB.

e In-situ infrared monitoring revealed that the narrowest hatch distance combined with the
highest scanning speed (Sample 1) resulted in the highest normalized temperatures and
pronounced heat accumulation, whereas wider hatch distances promoted lower and more
stable thermal distributions during the build.

e The intermediate parameter set (Sample 2) exhibited the most favorable combination of
properties, achieving the highest relative density (99.29%) and the lowest surface roughness
values, indicating a more stable melt pool and effective thermal dissipation.

¢ Both the narrowest and widest hatch spacing conditions led to increased porosity, with Sample
1 dominated by large LoF defects and Sample 3 primarily containing gas pores and keyhole-
related pores.
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EBSD analysis showed a progressive increase in area-weighted average grain size from 29.5
+ 8.7 um (Sample 1) to 36.7 + 8.9 um (Sample 3) with increasing hatch distance.
Crystallographic texture remained generally weak across all samples, with only a slight
intensification of <001>//BD and <111>//BD components observed at lower scanning speeds
and larger hatch distances.

Microhardness values showed minimal variation among the samples, ranging from 356.7 +
14.3 HVI to 360.1 = 10.5 HV1, suggesting that mechanical strengthening was governed
primarily by defect formation and matrix characteristics rather than grain size effects alone.

Overall, the results demonstrated that VED alone is not sufficient for the PBF-LB process, as
different parameter combinations can produce the same VED but result in significantly different
material properties.
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