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Abstract: This study investigates the microstructural and mechanical properties of metal 3D
printing products fabricated using material extrusion technology. It focuses on the critical post-
processing stages: printing, washing, and sintering. A Markforged 3D printing system and 17-4 PH
stainless steel material were utilized to assess the effect of printing orientation and sintering
conditions on microstructural and mechanical properties of the final product. The results
demonstrate that printing orientation and sintering conditions critically govern the microstructural
and mechanical properties of the final product. During sintering, the microstructure undergoes
significant phase transformation and densification, while micropores and shrinkage voids emerge
due to capillary stresses during binder removal. Furthermore, the mechanical properties are
significantly influenced by the combined effects of printing orientation and sintering conditions.
Optimizing deposition parameters (printing orientations and sintering conditions) substantially
enhances the mechanical performance of the final printed product.

Keywords: additive manufacturing; material extrusion technology; 3D Metal printing;
microstructure

1. Introduction

Additive Manufacturing (AM), widely known as 3D printing, represents a significant advancement
in modern manufacturing [1][2][3][4]. Emerged as a prominent manufacturing technique for
engineering materials, including ceramics, polymers, and metals, due to its versatility and cost-
effectiveness [5], [6], [7]. According to ISO/ASTM52900-15, 2015, metal 3D printing technologies
are classified into seven categories: Material Extrusion (ME), Material Jetting (M]), Binder Jetting
(BJ), VAT Photopolymerization, Powder Bed Fusion (PBF), Direct Energy Deposition (DED), and
Sheet Lamination. Among these, Material Extrusion (ME) technology represented approximately
10% of the global metal 3D printing market in 2020 [8], [9]. Material Extrusion (ME) technology
is characterized by the layer-by-layer deposition of a metal-polymer composite filament through a
heated nozzle to form the desired geometry [10], [11], [12], [13]. Unlike powder-based metal 3D
printing technologies, ME employs material filaments comprising a mixture of metal powder and a
polymer binder [14], [15]. The material extrusion process includes four main stages: (1) Material
filaments fabrication, (2) Green-part printing, (3) Washing, and (4) Sintering [16], [17], [18].
Among these, material filaments fabrication plays a crucial role. It encompasses the selection of
metal powder, binder composition, and additives to ensure final printed component quality. These
filaments are fabricated by combining metal powder and polymer binder in precise ratios, which
critically affect the mechanical performance [19]. Moreover, the quality of the metal powder
critically governs both the filament characteristics and the properties of the final printed product
20], [21].
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Despite significant process innovations, ME technology is hindered by persistent challenges in
achieving consistent metallurgical quality in the final printed product. Comprehensive
characterization of microstructural and mechanical performance is critical for optimizing
manufacturing parameters and improving product quality [22], [23]. Key processing parameters
(shrinkage, printing orientation, printing speed, and layer thickness) demonstrate a significant effect
on the microstructural and mechanical performance of the final printed product [24], [25], [26].
Existing studies have assessed critical microstructural properties (particularly porosity and
dimensional accuracy) and mechanical strength. Kurose et al. (2020) reported a 20% variation in
mechanical strength between vertically and horizontally oriented 316L stainless steel components
fabricated via Material Extrusion (ME), attributing this anisotropy primarily to insufficient
interlayer bonding during the sintering process [24]. Caminero et al. (2021) quantified porosity in
316L stainless steel fabricated via fused filament fabrication, employing both Archimedes” method
and micro-CT scanning. Their results demonstrated porosity variation of 1—5% depending on

processing conditions [26].

Similarly, Tosto et al. (2022) examined the effect of layer height and infill pattern on dimensional
shrinkage. Printing orientation significantly impacts the accuracy and tolerance of the final product
[25]. These findings underscore the critical need to consider both printing orientation and post-
processing steps, particularly the sintering process, when assessing the structural performance of
ME-fabricated parts. Zhang et al. (2022) comprehensively reviewed advances in metal Material
Extrusion (ME), identifying critical challenges in material preparation, printing accuracy, sintering
densification, and mechanical anisotropy. Their study identifies that although ME is a promising
low-cost alternative for fabricating complex metal components, issues such as residual porosity,
layer adhesion, and dimensional shrinkage still require further investigation and optimization. These
observations reinforce the relevance and necessity of the present study, which addresses several of
these concerns through experimental evaluation of 17-4PH stainless steel samples across different
process stages and orientations [27].

Thus, this study systematically investigates the microstructural and mechanical properties of 17-
4PH stainless steel components fabricated via Material Extrusion (ME) technology using the
Markforged Metal X system. Whereas existing studies primarily assessed the mechanical properties
of ME-printed parts at a single post-processing stage. This study addresses the current critical gap
by combining comprehensive microstructural characterization (via SEM and EDS) and mechanical
testing across all manufacturing phases: green printing, washing, and sintering. It focuses on
printing orientation and sintering conditions that enable the quantification of changes in elemental
composition and porosity, as well as correlation with mechanical properties. By examining the
interplay between printing orientation, microstructural, and anisotropic mechanical properties, this
study improves the quality and structural integrity of ME-printed metal products, aligning with the
stringent demands of advanced industrial applications.

2. Material and methods
2.1 Additive manufacturing

The experimental samples were printed in various directions to assess the microstructural and
mechanical properties of the printed products. The material used for the Material Extrusion (ME)
3D printer was a composite consisting of 17—4 PH stainless steel and a polymer binder. The 17-
4PH stainless steel is a precipitation-hardening martensitic stainless steel widely used in aerospace,
automotive, and medical industries due to its high strength, excellent corrosion resistance, and
good machinability [28], [29], [30], [31]. Its compatibility with heat treatment and potential for
property optimization make it an ideal candidate for additive manufacturing processes, including
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ME. The printed samples were prepared as tensile specimens manufactured using the Markforged
Metal X 3D printing system with standard dimensions, as illustrated in Figure 1.
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Figure 1. CAD model and dimensions of the 17-4PH stainless steel as a specimen for mechanical
testing under the ASTM E8 standard

The CAD model data in .STL format is managed online by the user via the supplier's website, where
model parameters such as material, model size, and position on the printing bed can be configured.
The printing time and production cost of the model can be monitored and adjusted. All test
specimens were printed under the same conditions and printing settings (Table 1). The composition
of the 17-4 PH steel material is based on the datasheet from the supplier (Table 2).

Table 1. Printing parameters used for 17-4PH stainless steel samples in the material extrusion process

Materials 17-4PH Stainless Steel
Post-sinter layer height (mm) 0.125mm
Original units Metric
Scale 0.4
Fill pattern Triangular fill

Roof & floor layers
Wall layers

4
4

In the ME process, the printing filament consists of a binder material typically a thermoplastic and
fine metal powder. This filament is heated and extruded through a circular nozzle (Figure 2), with
the figure schematically illustrating the entire experimental workflow. The nozzle melts the
filament to its softening point, allowing it to be extruded layer by layer to form the three-
dimensional geometry. The surface quality of the printed object is relatively low due to the round
shape of the nozzle and the spacing between layers. The printed object at this stage is known as the
“green” part, which retains high porosity and contains a significant amount of polymer binder.

Table 2. The composition of 17—4 PH stainless steel

Composition Amount
Chromium 15-17.5%
Nickel 3-5%
Copper 3-5%
Silicon 1% max
Manganese 1% max
Niobium 0.15-0.45%
Carbon 0.07%
Phosphorous 0.04% max
Sulfur 0.03% max
Iron Balanced
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After printing, the green part undergoes a two-step post-processing procedure: washing and
sintering. All other process parameters were maintained constant and followed the default
configuration provided by the Markforged Metal X system and Eiger software. The printed sample
is allowed to cool for 30 minutes before being immersed in Opteon SF97 solvent within the
immersion chamber. The solvent is pre-heated to its boiling point in the boiling chamber. During
this process, heat promotes the removal of most of the wax and polymer binder. Once the washing
process is complete, the sample is transferred to the drying chamber. The washing and drying
durations depend on the shape, size, and material of the sample. The drying process eliminates
residual solvent, preventing contamination that could compromise subsequent sintering. After
drying, the sample is weighed to confirm sufficient mass loss (approximately 4.2%). Insufficient
binder removal can compromise the sintering process, reduce part quality, or cause binder
accumulation within the furnace. Therefore, the washing process is repeated if the mass loss is
below 4.2%.

Generate print data

Sinter Use

Input parameters
1.Printing orientation: : flat, on- k
edge, and upright 1§
2.Layer thickness: 0.125mm 1
3. Material: 17-4 PH stainless File Transfer
steel

Configuration

]

Testing and
Inspection Equipment

Result mp /

The tensile deformation curves  Results of the hardness test SEM image Elemental composition

Figure 2. Experimental and evaluation workflow for 17-4PH stainless steel using the metal
extrusion process

Sintering is employed to fuse metal powder particles. It fills the voids left by the polymer binder
removed during the washing process, increasing the density of the product. The samples are loaded
into the furnace with proper arrangement to prevent deformation or undesired interactions
between parts during sintering. They are arranged with adequate spacing between them and do not
overlap. The heat treatment is conducted in a non-pressure furnace and maintained at a maximum
temperature below the melting point of the metal.

2.2 Characterization methods

The cross-sectional structures of the samples were analyzed using a JSM-6510LV scanning electron
microscope (SEM). The printed samples were sectioned into smaller cross-sections using a wire
cutter and embedded in a 25mm diameter round silicon mold filled with epoxy resin. After curing,
the samples were ground and polished on their cross-sections using SiC sandpapers (grit size from
#100 to #200). Subsequently, they were cleaned with pure ethanol. The prepared samples were
then dried in a vacuum oven (50°C, 30 minutes) before capturing surface micrographs. The sample
was characterized by its cross-sectional elemental composition using energy-dispersive X-ray
spectroscopy (EDS) coupled with SEM JSM-IT800LV. Samples were collected at each stage of the
process and analyzed using SEM to evaluate the layer arrangement, surface morphology, and cross-
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sectional structure. The primary objectives of the analysis were to determine the powder particle
size, assess porosity, and examine changes in material composition throughout the printing process.

The tensile strength testing is conducted using the 300DX Static Hydraulic Universal Testing
Machine following the ASTM standard 8-08. Five samples from each printing orientation are tested
for tensile strength, and the average values are obtained. Before testing, the samples were
conditioned under controlled environmental (60—65% relative humidity, 27°C) for 48 hours.
Hardness measurements were performed using a Wilson Hardness 574 Rockwell hardness tester.
This instrument determines the surface strength of materials by measuring the depth of indentation
under a specified load.

3. Results and discussion
3.1 Microstructure morphology

The microstructure morphology of the "green" state of the product at varying magnifications
highlights the typical characteristics of the material post-printing (Figure 3). Metal powder particles
are primarily bonded by a polymer binder, forming mechanical connections through the polymer
coating. Numerous voids are observed, and the particles are not in full contact with one another.
The grain structure appears rough, with a non-uniform surface texture. Particle sizes range from
2.4 um to 4.2 pm, displaying a porous structure characteristic of the "green" state. At this stage,
the product remains soft, prone to deformation, and easily breakable.

SEl 5KV WD1smm

Figure 3. SEM images of the grain structure of the product in the green printing

After washing, the structure undergoes noticeable changes (Figure 4). The metal particles exhibit
a size distribution of 1.6 Um to 2.2 Um, with the binder partially removed. It produces more loosely
bound metal particles. Although less porous than the "green" state, significant voids persist between
the particles due to the separated binder.

Figure 4. SEM image of the grain structure after the washing

The grain structure after sintering undergoes a significant transformation (Figure 5). The grains
have coalesced into a cohesive solid mass, with a substantial reduction in pore size. Significant grain
deformation has produced a smoother and denser surface morphology, indicating active
recrystallization. High-temperature sintering induces grain rearrangement, forming a more
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compact grain structure and increasing mechanical strength. Despite this, residual porosity

(approximately 0.43%) persists with pore sizes ranging from 1 pm to 108 um.
3.2 Elemental Composition Analysis (EDS)

In the "green" state (Figure 6), the printed sample has not yet undergone sintering; thus, the metal
powder particles remain bonded by the polymer binder. EDS analysis shows a high carbon content
(52.75%), as the polymer binder not only supplies carbon but also reduces the proportion of other
metallic elements. The measured oxygen content of 2.625% principally derives from metal
particles or from the binder itself. During printing and storage, metal particles are prone to
oxidation and forming metal oxides on the surface. Iron (Fe) constitutes approximately 33.95% of
the composition, with trace amounts of chromium (Cr), copper (Cu), and silicon (Si). These trace
elements indicate residual support materials or contributions from the underlying substrate
structure.

Figure 6. Elemental composition of the sample after printing

Washing removes residual binder and surface oxides (Figure 7), thereby increasing the overall
carbon content within the sample. This process reduces the iron (Fe) content slightly to 27.2%,
while carbon (C) increases significantly to an average of 60.5%. Washing exposes the sample to air
and solvent, forming oxygen absorption and a thin oxide layer on the sample surface. Consequently,
the oxygen (O) content increases from 2.625% (as printed state) to 3.15% (after washing).
Concentrations of chromium (Cr), copper (Cu), and silicon (Si) decrease slightly, likely due to
elemental dispersion or particle loss during washing, as these elements primarily comprise the
protective oxide layer. Particularly, Cr decreases from 8.975% (in the printed state) to 7.75%
(after washing), while Cu decreases from 1.4% to 1.2%.

Electron Image 9

M Spectrum 29
W% o

Figure 7. Elemental composition of the sample after Washing
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The sintering effectively removes most impurities, particularly residual carbon and surface oxides,
thereby exposing the base metal structure and driving a significant increase in iron (Fe) content.
The Fe mass fraction increased from an average of 27.75% (after washing) to 72.2% (after
sintering), as shown in Figure 8. Sintering decomposed residual carbon (mainly polymer binder-
derived). It decreases carbon content from 60.5% (after washing) to 2.66% (after sintering).

Electron Image 15

Figure 8. Elemental composition of the sample after sintering

Furthermore, the mass fractions of alloying elements (Cr, Ni, and Cu) increase significantly. Cr
increases from 7.75% (after washing) to 15.37% (after sintering), Ni increases from 0% (after
washing) to 3.41% (after sintering), and Cu increases from 1.2% (after washing) to 4.68% (after
sintering). These changes in elemental composition reflect the structural transformation and
densification during sintering, which play a crucial role in improving the mechanical properties and
overall quality of the material. The EDS analysis results at the three stages: after printing, after
washing, and after sintering, are detailed in Table 3.

Table 3.  Mass fraction (wt%) of different measurement positions on the sample across three
stages: after printing, after washing, and after sintering

lzlvevnt‘ozr)‘t cr Ni Cu Si Mo C P S O Al Fe

Print

Spectrum 21 9 0 14 04 0 534 0 0 27 0 331

Spectrum 22 94 0 14 03 0 505 0 0 27 0 358

Spectrum 23 3 0 15 03 0 558 0 0 24 0 317

Spectrum 24 92 0 13 03 0 513 0 0 27 0 352

AVERAGE 8975 0 14 0325 0 5275 0 0 265 0 3395
Wash

Spectrum 26 78 0 12 03 0 598 0 0 32 0 278

Spectrum 27 $1 0 11 04 0 584 0 0 33 0 286

Spectrum 28 70 0 09 03 0 62 0 0 36 0 249

Spectrum 29 79 0 12 03 0 66 0 0 25 0 275

AVERAGE 775 0 11 0325 0 65 0 0 315 0 272
Sinter

Spectrum28 150 38 49 11 0 14 0 0 37 04 690
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E(l“fvnt‘;‘)‘t Gt Ni Cu Si Mn C P S O Al Fe
Spectrum 29 49 53 52 06 0 09 0 0 25 0 706
Spectrum 30 46 50 54 05 0 10 0 0 26 0 710
Spectrum 31 59 0 31 06 0 11 0 0 29 0 765
Spectrum 32 59 0 32 06 0 09 0 0 24 0 770
Spectrum 33 58 37 53 05 0 10 0 0 26 0 712
Spectrum 34 147 46 49 05 0 10 0O 0 26 02 716
Spectrum 35 55 37 51 06 0 08 0 0 22 0 720
Spectrum 36 65 0 31 06 0 10 0 0 27 0 761
Spectrum 37 150 45 54 05 0 11 0 0 30 03 701
Spectrum 38 50 49 54 04 0 09 0 0 23 02 709
Spectrum 39 54 54 51 05 0 09 0 0 24 0 704
AVERAGE 1537 341 468 058 000 100 000 000 266 028 72.20

3.3 Mechanical properties

The Rockwell hardness testing was performed at three points per specimen. Average hardness was
58.5HRA (flat direction) and 61.05 HRA (on edge direction). Specimens printed in the On-Edge
orientation exhibited the highest hardness (61.05 HRA) due to their layer arrangement. Layers are
perpendicular to the load direction during testing. This arrangement enhanced inter-layer overlap
and bond density while reducing structural weak points. The observed differences in tensile

strength among the samples printed in various orientations can be attributed to variations in
interlayer bonding quality and load distribution. On-Edge orientation specimens exhibited an
approximate 9% greater ultimate tensile strength (691 MPa) than Flat orientation specimens (630
MPa). Moreover, On-Edge orientation specimens exhibited higher elongation at break (21.24%)
than Flat orientation specimens (21.05%).

—o—Flat —e— On—Edge

This is an open-access article under the: https://creativecommons.org/licenses/by/4.0/
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Figure 9. The tensile deformation curves
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The On-Edge configuration enhanced tensile strength primarily due to the printed layers being
stacked perpendicular to the loading direction. It facilitates more efficient stress transfer along
continuous filament paths and minimizes weak interfacial effects. This orientation also improved
interlayer diffusion and metallurgical bonding during the sintering, strengthening cohesion and
overall mechanical properties. These results align with Kurose et al. [24], who observed similar
improvements in mechanical properties for 316L stainless steel parts printed in optimized

orientations.

The measured porosity level of the sintered samples was approximately 0.43%, which is relatively
low and indicates effective densification during sintering. Compared to previous studies, this
porosity is within or even below the typical range for metal parts produced using Material Extrusion
(ME) technology. Caminero et al. [15] reported 1 to 5% porosity in 316L stainless steel fabricated
via fused filament fabrication, varying with sintering condition and orientation. Likewise, Tosto et
al. [25] observed porosity levels between 0.8% and 2.6% in ME-printed metal parts. The
significantly lower porosity in the present study suggests optimized process control and favorable
sintering conditions for 17-4PH stainless steel.

The densification behavior can be further explained by sintering theory. During sintering, the
removal of binders combined with elevated temperatures promotes atomic diffusion. It drives
particle bonding, pore shrinkage, and grain coalescence. Removal of polymeric binders and volatile
components (causing approximately 4.2% mass loss) is a critical step to enable proper neck
formation and diffusion bonding between adjacent metal particles. Diffusion-controlled sintering
mechanisms govern porosity reduction and smooth grain boundary formation. It was confirmed by
SEM micrographs in 17-4PH stainless steel. Volume and grain boundary diffusion dominate at
sintering temperatures. Fe content increased from 27.2% to 72.2%, while carbon content
decreased from 60.5% to 1.0% (EDS analysis), further validating the effectiveness of binder
removal and metallurgical consolidation. These observations align with classical models of solid-
state sintering. The sintering conditions applied in this study significantly enhance microstructural
and mechanical properties.

4. Conclusion

This study presented a comprehensive investigation of the microstructural and mechanical
properties of 17-4PH stainless steel components fabricated using Material Extrusion (ME) 3D
printing technology. Through sequential analyses across green printing, washing, and sintering, this
study revealed significant microstructural transformations and their correlation with mechanical
properties. SEM and EDS analyses confirmed the effective removal of binder and redistribution of
clemental composition during sintering. Particularly, increased Fe content, decreased C content,
and porosity indicate substantial densification and metallurgical bonding. Printing orientation and
sintering conditions influenced microstructural and mechanical properties. The study highlights the
critical effects of printing orientation and sintering conditions. Future studies should optimize
multi-parameter settings involving infill density, layer thickness, and sintering profiles to enhance
part quality for stringent industrial applications.
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