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This study investigates the influence of key printing parameters and post-processing conditions on the printability,
microstructure and mechanical integrity of 3D-printed components using an Ultrafuse ® 17-4 PH stainless steel
filament and metal Fused Deposition Modeling (FDM). A full-factorial-type of experimental design was
implemented, varying layer height, print structure and infill orientation. Specimens were designed based on ASTM
D368 type V. Green parts were printed using a Rat Rig V-Core 3 FDM 3D printer as well as evaluated via computed
tomography (CT) to analyze and characterize the porosity in the 3D printed parts. The results showed that ‘Only-
infill" printed structures and layer heights of <25% of the nozzle diameter led to a significant decrease in average
porosity levels with values recorded below 3.8 % (V/V). ‘All-wall’ specimens exhibited a comparatively higher level
of porosity attributed to an increased cooling rate-to-deposition time ratio that weakened interlayer bonding and
promoted void alignment along bonding lines. Uneven shrinkage, surface bulging and geometric irregularities
were evident across the printed samples, primarily resulting from non-uniform binder distribution and
inhomogeneous temperature gradients during fabrication. The experimental findings established a strong
correlation between printing parameters, microstructural evolution and part densification. These results provide a
technical framework for optimizing process parameters to achieve high-density, low-porosity stainless steel
components fabricated through metal FDM, thereby enhancing the reliability and performance of additively

manufactured metallic parts.
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1. Introduction

A wide range of conventional technologies have been
applied to manufacture metallic components across
different industrial segments, including forming
processes, subtractive manufacturing technologies,
material cutting and shaping operations which have
specific features as well as characteristics in the
production of various end-user products. With their
excellent capabilities in manufacturing, characteristic
drawbacks arising from their technological limitations do
exist. These limitations, for instance, include material
waste, high production cost, their time-consuming nature
and inability to produce complex structures. Since these
drawbacks need to be resolved, researchers are
continuously developing and improving technologies to
address some of them, one of these technologies is
Additive Manufacturing (AM).
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In contrast to conventional methods, AM uses a
different approach to building products. It builds the
products bottom-up by joining/fusing and binding
materials layer by layer. This technology has an immense
ability to produce complex products, for instance, a new
suppressor used by the US Army can only be
manufactured by Metal Additive Manufacturing. A wide
range of materials including thermoplastics, composites,
ceramics and metals can be used in this technology based
on machine characteristics.

Recent  advancements in  computer-aided
technologies such as CAD, CAM and CAE have
revolutionized product development enabling the
efficient handling of complex geometries and virtual
design models [1]-[4]. With the help of such software, it
is now possible to generate photo-realistic images and
render models according to elaborate shading algorithms
[51,[6]. These techniques form an integral part in AM
processes [7] and the design-to-production pipeline,
laying a good foundation for AM, a process that relies on
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digital models to fabricate a physical object through the
successive deposition of materials [6,8,9].

AM technologies can be divided into three broad
categories referred to as resin-based, extrusion-based and
powder-based [10]. Resin-based methods, including
Material Jetting and Vat Photopolymerization, use
photosensitive materials that undergo polymerization
when exposed to UV radiation [11]. Extrusion-based
techniques, i.e. Fused Deposition Modeling (FDM) and
Directed Energy Deposition (DED), rely on heated
filaments or granules deposited layer by layer [12],[13].
Powder-based processes, like Powder Bed Fusion (PBF)
and Binder Jetting, use thermal or chemical sources to
bind or sinter powder layers [14].

Although the availability of printable materials
remains a limitation in AM, much progress with
polymers (PLA, ABS, PVA, PA, PET, PETG), ceramics
and advanced metal-filled filaments among other
currently limited materials has been made over recent
years [15],[16]. The mechanical properties of printed
parts are highly dependent on printing parameters and
post-printing processes. The layer height, infill density,
print structure and raster angle are key parameters [17]-
[20]. Several studies have demonstrated that fine-tuning
these printing parameters can significantly improve the
mechanical performance of printed parts [21]-[25].

More recently, studies have demonstrated that
metal-based filaments such as 17-4PH SS with optimized
pre- and post-processing parameters can be used to
achieve high-strength components using Metal FDM
(MFDM). Improved debinding and sintering
significantly enhance tensile strength and minimize
average porosities [26]. The infill pattern, print speed and
print orientation affect the mechanical properties of
printed parts [27].

With these findings, the effects of parameter
interdependencies make it difficult to isolate individual
effects [28]. Abe et al. [29] concluded that sintered
MFDM parts could potentially meet industrial standards.
To achieve this, further research is necessary to minimize
anisotropic shrinkage and improve structural integrity.

To overcome these shortcomings, future studies
should focus on the optimization of both printing
parameters and post-printing processes. Similarly, an in-
depth investigation into layer adhesion and anisotropic
shrinkage with the aim of developing innovative
approaches to enhance the mechanical properties of
printed components is highly recommended [13],[18].

FDM has emerged as a disruptive technology in
engineering, capable of producing complex geometries
with reduced material waste [30]. However, limitations
persist in achieving structural density and mechanical
integrity in metal-based FDM components. This research
addresses these challenges through the systematic
optimization of printing and thermal post-processing
parameters.

2. Experimental

2.1. Materials and methods

Full factorization, one type of experimental design,
which considers every possible combination of
parameters and levels, is preferred for this study. Three
parameters are considered in this study, namely infill
pattern (0 and 45°), layer height (25, 50 and 75% of the
nozzle diameter) and print structure (‘All-wall’ (AW)
and ‘Only-infill’ (OI)). A nozzle diameter of 0.4 mm was
used. To ensure reliable data, three specimens from each
set were printed.

A Rat Rig V-Core 3 FDM 3D printer was used to
print all the specimens designed using CAD (Fusion), in
accordance with the ASTM D368 type V standard.
Expected dimensional shrinkage was factored in during
their design as guided by the filament supplier. A
commercially available Ultrafuse® 17-4 PH 1.75 + 0.050
mm stainless-steel filament supplied by BASF 3D
Printing Solutions GmbH was utilized as the feedstock.

The 3D model was processed using a PrusaSlicer
slicing algorithm in a G-code format, which defined the
optimal print head paths for each layer. Printer setup
included bed homing, build-plate mounting and the use
of a thin layer of adhesive (hair spray) to minimize part
warping and improve adhesion. Following a trial and
error approach, 240 °C nozzle and 110 °C build-plate
temperatures were found to be ideal for printing metal-
based filaments. A slower speed, as guided by the
filament supplier, was chosen to enhance precision and
interlayer bonding. Close attention was paid to the prints
during printing to avoid nozzle clogging and part
warping. Brittle green parts were allowed to cool for a
minute on the build plate before being carefully detached
and maintained under ambient conditions.

2.2. Computed tomography (CT): porosity
analysis

The sample volume required for the aforementioned
analysis was examined with the XT H 225 ST computed
tomography system produced by Nikon. An accelerating
voltage of 165 kV was applied which is ideal for high-
resolution CT imaging. Different CT images were
extracted for object reconstruction. 3D objects
reconstructed from obtained CT images are presented in
Figures 1-5 using VG Studio Max 2024/1 CT-Pro
porosity analysis software.

3. Results and analysis

The study analyzed how three key 3D printing
parameters, namely layer height, infill orientation and
structure type, affect the porosity of green parts and the
mechanical behavior of sintered parts.

Note: Box and whisker plots were used to visualize
the porosity analysis across the tested parameters
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Figure 1: Reconstructed 3D images of different
specimens following CT scans

Figure 2: 2D top cross-section of a 75-0-AW specimen

(Figure 6-11). A box and whisker plot shows the
distribution of the porosity percentage (V/V) for the
tested parameters. Each box plot represents the middle
50% of the data, that is, the lower (Q1) to the upper
quartile (Q3). The lines inside the boxes indicate the
medians. The whiskers illustrate the minimum and
maximum values of the data but exclude the outliers,
namely strange data values which are far lower or higher
when compared to the rest of the data points, and "X"s
indicate the means.

It was observed that decreasing layer height
significantly decreased porosity, with the effect
dependent on the infill structure (Figure 6). The ‘All-
wall’ configuration consistently exhibited lower porosity
than the ‘Only-infill” structure for comparable
processing parameters.

The print structure significantly influences the
porosity. Specimens with ‘All-wall’ structures exhibited
a slightly lower average porosity percentage compared to
their ‘Only-infill’ counterparts regardless of the layer

Figure 3: 2D longitudinal section of a 75-0-AW
specimen

Figure 4: 2D top cross-section of a 25-45-O1 specimen

Figure 5: 2D longitudinal section of a 25-45-OI
specimen

height or infill orientation as shown in Figure 7, but the
porosity percentages were widely distributed. The
influence of infill orientation (0 and 45°) was relatively
weak in comparison, though the porosity percentage of
the 45° pattern was slightly lower (Figure 8).

The results showed that a decrease in the layer
height significantly decreases porosity. The lowest
porosity values were observed when the layer height was
25% of the nozzle diameter. As the layer height
increased, the porosity consistently increased, reaching
values as high as 3.8% for the 75-0-AW specimen. These
findings are illustrated in Figures 9-11.
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4. Discussion

Uneven shrinkage, surface bulging and irregularities
were observed. This inconsistent surface morphology
with asymmetric dimensional changes, part warping and
layer delamination can be attributed to non-uniform
binder distribution during filament fabrication as well as
inhomogeneous temperature profiles during part
printing.

Furthermore, void distribution in all the tested green
parts was observed to be homogeneously aligned along
the fusion lines. However, the void sizes varied
significantly across the examined parts, illustrating how
important it is to optimize the printing parameters.

The presence of these voids not only compromises
mechanical performance but also influences the
subsequent sintering behavior of the printed components.
Smaller, evenly distributed voids can be healed
effectively during sintering, whereas larger, irregular
voids may persist as pores, leading to reduced density and
anisotropic shrinkage. Therefore, understanding the
origin and evolution of such voids during the green state
is vital to achieve high-quality final parts.

The high porosity in ‘All-wall” specimens is
attributed to an increased ratio of the cooling rate to
deposition time. In such parameter configurations, the
nozzle traverses a slightly longer distance during the
deposition of a single layer, thereby increasing the
printing time per layer. The increased time interval
between depositing successive layers results in a larger
temperature gradient which weakens interlayer bonding.
This phenomenon is particularly evident in the regions
between adjacent walls.

The directional cooling patterns in ‘All-wall’
specimens tend to generate localized stress accumulation
along the wall interfaces which may further promote the
formation of microvoids. The interaction between these
thermal and mechanical effects reinforces the concept
that print path and wall configuration strongly influence
the bonding efficiency as well as density uniformity
within the printed structure.

On the other hand, the alternating nature of the infill
deposition in ‘Only-infill” patterns allows material flow
into the void lines of the previous deposited layer, thus a
lower porosity percentage is observed. The lower
porosity percentage can also be attributed to the
improved thermal bonding conditions due to the shorter
travel distance of the print head and smaller thermal
differences during cooling intervals.

This deposition strategy enhances material
continuity and ensures that each successive layer benefits
from a more uniform thermal history. Consequently,
superior layer adhesion is exhibited and the likelihood of
interfacial separation reduced in the print. Such process
stability is critical when high-density parts with reliable
mechanical performance are sought.

5. Conclusions

The results provide valuable insights into the complex
relationship between the parameters and quality of the 3D
printed parts.

Porosity analysis showed that voids were largely
aligned along fusion lines but the void size varied
significantly depending on the print configurations. ‘All-
wall’ green parts exhibited a higher average porosity
percentage compared to their ‘Only-infill” counterparts.
This lower porosity percentage was linked to a higher
cooling rate-to-deposition time ratio which led to poor
thermal bonding and reduced interlayer fusion. In
contrast, specimens with a lower layer height, especially
25% of the nozzle diameter, exhibited the lowest porosity
levels due to enhanced heat retention and improved
interlayer fusion. Significantly, the recorded porosities
were lower than 3.8 % (V/V) for all specimens.

These findings collectively emphasize the intricate
interplay between material flow, temperature control and
the deposition sequence. It is evident that even minor
alterations to the layer height or infill pattern can strongly
influence the final density and dimensional accuracy of
the part. The correlation between process parameters and
porosity highlights the necessity of precise calibration
before large-scale manufacturing.

A combination of parameters for ‘Only-infill’
structures, infill orientation of 0° and a low layer height
may well enhance densification, thus would be ideal for
low-porosity printing and high-density applications.

Moreover, these optimized conditions may also
contribute to improved mechanical isotropy, the reduced
accumulation of residual stress and more predictable
sintering shrinkage. Future research can expand on this
by exploring hybrid parameter configurations that
combine wall-infill interactions with controlled cooling
systems to achieve even finer microstructural control.

This study outlined the effects of varying the
printing parameter configurations and sintering
conditions in terms of part densification and mechanical
reliability. Beyond the laboratory scale, the implications
of these results extend to industrial additive
manufacturing, where achieving near-full density is
essential for load-bearing or functional metallic
components.

A systematic approach integrating parameter
tuning, real-time thermal monitoring and post-process
analysis would therefore pave the way toward producing
high-performance printed metals with minimal defects
suitable for structural applications.
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