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Abstract: This study introduced a systematic framework to develop practical design guide-
lines specifically for filament-based material extrusion of metals (MEX/M), an additive
manufacturing (AM) process defined by ISO/ASTM 52900. MEX/M provides a cost-
efficient alternative to conventional manufacturing methods, which is particularly valuable
for rapid prototyping. Although AM offers significant design flexibility, the MEX/M pro-
cess imposes distinct geometric and process constraints requiring targeted optimization.
The research formulates and validates design guidelines tailored for the MEX/M using
an austenitic steel 316L (1.4404) alloy filament. The feedstock consists of a uniform blend
of 316L stainless steel powder and polymeric binder embedded within a thermoplastic
matrix, extruded and deposited layer by layer. Benchmark parts were fabricated to examine
geometric feasibility, such as minimum printable wall thickness, feature inclination angles,
borehole precision, overhang stability, and achievable resolution of horizontal and vertical
gaps. After fabrication, the as-built (green-state) components undergo a two-step thermal
post-processing treatment involving binder removal (debinding), followed by sintering
at elevated temperatures to reach densification. Geometric accuracy was quantitatively
assessed through a 3D scan by comparing the manufactured parts to their original CAD
models, allowing the identification of deformation patterns and shrinkage rates. Finally,
the practical utility of the developed guidelines was demonstrated by successfully manu-
facturing an impeller designed according to the established geometric constraints. These
design guidelines apply specifically to the machine and filament type utilized in this study.

Keywords: material extrusion of metals (MEX/M); design guidelines; stainless steel 316L
(1.4404)

1. Introduction

Additive manufacturing (AM) technologies have revolutionized the manufacturing
landscape by facilitating the direct fabrication of complex geometries from digital models
through a layer-by-layer process. Unlike conventional techniques such as milling and
casting, AM enables the creation of intricate structures which were previously unattainable
with traditional subtractive or formative methods. This capability makes AM particularly
advantageous for lightweight, biomimetic, and topology-optimized components that are
relevant in the aerospace, biomedical, and automotive industries [1]. Additionally, AM
allows the consolidation of multiple parts into single monolithic structures, significantly
reducing material usage, assembly complexity, and overall production costs [2]. Among
AM technologies, filament-based material extrusion of metals (MEX/M), also known as
metal fused-filament fabrication (metal FFF) according to ISO/ASTM 52900 https:/ /www.
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iso.org/obp /ui/#iso:std:iso-astm:52900:ed-2:v1:en, 3 May 2025, has attracted significant
attention due to its distinctive advantages [2,3]. In MEX/M, a filament composed of metal
powder and polymer binder is extruded through a heated nozzle and deposited layer-wise
to form a “green” component. Subsequently, the part undergoes thermal processing to
achieve final densification. Compared to selective laser melting (SLM), direct metal laser
sintering (DMLS), and electron beam melting (EBM) AM methods, MEX/M generates less
material waste and mitigates the safety risks associated with the handling of fine metal
powders, providing a safer and more cost-effective alternative for metal part production [2].

Furthermore, MEX/M systems are typically compact, versatile, and cost-efficient, ex-
panding their applicability to diverse industrial fields, including aerospace and biomedical
sectors [3,4]. However, the process has some drawbacks, such as a low relative density,
which does not meet the standards of the metal injection moulding process [2,3]. To meet
this standard, the acquisition of an expensive process chain that requires, among other
things, a powerful sintering furnace negates the cost-effectiveness compared to other AM
processes. Further process-related drawbacks are the low production speed, which is slower
due to the multi-stage process; higher surface roughness, which depends on the nozzle
diameter [3]; and the limitation of the component size due to the sintering process. These
disadvantages make it necessary to investigate process parameters and design aspects in
order to identify suitable applications for the MEX/M process.

In this study, the focus is on the production of metal components using austenitic
stainless steel 316L (1.4404) via MEX/M [2,3]. 316L stainless steel is chosen for its su-
perior corrosion resistance, high tensile strength, excellent weldability, biocompatibility,
and mechanical stability, making it suitable for biomedical implants, chemical processing
equipment, and marine structures [5-7]. The capability of 316L stainless steel to fabricate
complex geometries with high structural integrity is particularly beneficial for additive man-
ufacturing [8]. Despite its advantages, the MEX/M process introduces several challenges,
including minimum printable wall thickness, overhang stability, feature resolution, and sig-
nificant dimensional shrinkage during the sintering phase [9,10]. Additionally, anisotropic
properties resulting from layer-wise deposition affect the mechanical behaviour of final
components, highlighting the need for optimized design guidelines [11-13]. Previous
studies, such as that of Rebaioli [14], emphasize the necessity of developing comprehensive
geometric benchmarks tailored specifically for different AM technologies and materials.
Desktop metal has established design guidelines specific to its bound metal deposition
(BMD) AM technology [15]. Consequently, the primary objective of this research is to estab-
lish a systematic set of design guidelines specific to MEX/M constraints and capabilities.
These guidelines are developed with the following aims:

e  Assist designers in optimizing part geometries for enhanced manufacturability in the
MEX/M process.

e Evaluate the impact of process parameters on shrinkage behaviour, dimensional
accuracy, and geometric fidelity.

e  Validate the potential of MEX/M for producing high-density metal components.

e Increase technology acceptance and reduce experimental effort and material costs [16]

2. Materials and Methods

In the following section, selected geometric features representative of typical industrial
components are described. These features have been effectively integrated into established
additive manufacturing (AM) design guidelines [14,16-18]. The guidelines presented here
are formulated based on the specific machine parameters and processing conditions used
in a controlled environment.
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For this investigation, the 316L (1.4404) filament was supplied by PT + A (Dresden,
Germany) [19]. The initial powder composition, along with the recommended debinding
and sintering parameters, were specified in the datasheet provided by the PT + A, as sum-
marized in Table 1 and illustrated in Figure 1. The filament diameter was 2.85 £ 0.05 mm,
and the metal powder exhibited a size distribution between 2 um and 15 pm. The feedstock
was composed of 316L stainless steel powder particles uniformly mixed with a polymeric
binder system. This mixture was embedded within a thermoplastic matrix. The chemical
composition of the primary and secondary backbone binder is not disclosed by the filament
supplier. Benchmark specimens were fabricated to evaluate geometric constraints, such as
minimum printable wall thickness, feature inclination angles, borehole precision, overhang
stability, and resolution of horizontal and vertical gaps. Table 2 summarizes the process
parameters applied in this study to produce green parts. The specific geometric features and
their dimensions evaluated in this study are listed in Table 3. The manufactured samples
with the resulting geometric deviations can be observed in Table A1l in the Appendix A.
The slicing and toolpath generation were performed using Simplify3D software Version
4.1.2 (Simplify3D, Cincinnati, OH, USA), and optimized printing parameters, derived
from prior studies, were applied to achieve consistent extrusion and optimal interlayer
adhesion. Benchmark specimens were printed using a Renkforce RF 2000 3D printer (Con-
rad Electronic SE, Hirschau, Germany), employing a direct-drive extruder with constant
filament feeding.

Table 1. Material composition for 316L (1.4404), reproduced from [19].

Material 316L
Cr 16.8
Ni 10.1
Mo 2.2
Mn 1.38
Si 0.74
P 0.02
S 0.018
C 0.004
Fe bal.
Cu -
N -
[e) -
1420 - 1286°C

Debinding
Sintering

D Cool down

Temperature (°C)

0 61 121 231 411 699 819 1079

Time (min)

Figure 1. Thermal cycle of the debinding and sintering process adapted from [17].
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Table 2. MEX process parameters [18].

Extrusion temperature (°C)
Heat bed temperature (°C)
Printing speed (mm/s)
Extrusion multiplier

Skirt layer

Retraction distance (mm)
Layer height (mm)

135

2100
1.35

4.5
0.2

Table 3. Selected design features.

Unsupported walls (WoS)

Thickness (mm): 0.2/0.4/0.6/0.8/1/1.5/2

Length (mm): 38.5

Width (mm): 20

Height (mm): 23
Supported walls (WmS)

Thickness (mm): 2/1.5/1/0.8/0.6/0.4/0.2

Length (mm): 38.5
Width (mm): 20

Height (mm): 23
Vertical cylinder (ZV)

Bar @ (mm): 8/6/4/3/2/1/0.8/0.4/0.2

Height (mm): 20

Hollow cylinders (ZH-2)

Thickness (mm): 0.4/0.8/1.6/2.4/3.2/4

Height (mm):23

Horizontal overhangs (HO)

Overhang distance (mm): 0.5/1/1.5/2/3/4

Supported horizontal overhangs (UZ)

Overhang gap (mm): 1/2/3/4/5
Height (mm): 23

Width (mm):3

Horizontal and vertical boreholes
(BH-V and BH-H)

Bore diameter (mm): 0.4/0.6/0.8/1/2/3/4/6/8

Hollow cylinders (ZH-4)

Thickness (mm): 0.4/0.8/1.6/2.4/3.2/4
Height (mm): 23
Teardrops features (TD)

Angle (degree): 60/80/100/120
Diameter (mm): 6
Inclined walls (DW)

Incline angle (degree): 10/20/30/40/50/60/70/80
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Chemical debinding of the green-state components was carried out using acetone
as the solvent-based debinding agent. The debinding procedure was performed at a
controlled temperature at 40 °C for 12 h, maintaining a sample-to-solvent volume ratio
of 8:1 according to the filament manufacturer recommended guidelines. Post-debinding
analysis indicated an average mass loss of around 5%, consistent with the supplier’s
provided data. Following chemical debinding, specimens underwent thermal debinding
and sintering processes in a high-temperature Ex5O90 furnace (Aim3D GmbH, Rostock,
Germany). These processes were integrated into a single continuous thermal cycle, with
peak sintering temperatures reaching 1286 °C. This temperature was selected based on
prior studies to achieve final part densities greater than 95% [17]. To prevent oxidation
during thermal processing, a high-purity argon atmosphere (99.9% purity) with a steady
gas flow of 1 L/min was maintained throughout the cycle. The thermal debinding consisted
of two distinct isothermal stages: an initial stage at 325 °C for 1 h, followed by a second
stage at 600 °C for 3 h. The heating rate was controlled at 300 K/h until the first holding
temperature was achieved and was subsequently reduced to 150 K/h, optimizing binder
removal while minimizing thermal stresses.

2.1. Density and Porosity Measurement

Measurements of the mass loss from chemical debinding and density were conducted
based on Archimedes principle, utilizing a precision analytical balance (MJ-300 series,
Chyo YMC Co., Ltd., Kyoto, Japan). Porosity was calculated using measurements of dry
specimen mass in air (mp) and the immersed mass in fluid (mp ;). The density of the
component (pp) was then derived from these values using Equation (1). Porosity (p) was
calculated from the measured density according to Equation (2). Ethanol, with a known
density, pr; = 0.81 %, was chosen as the immersion fluid due to its low surface tension
and favourable wetting characteristics, reducing potential measurement inaccuracies from

trapped air bubbles.

mpg
— e b 1
PB = PFI 5 BE! 1)
Oow — PB
2
P ow @)

2.2. Dimensional Analysis and Shrinkage Qualification

Dimensional measurements were conducted along the X, Y, and Z axes using a digital
Vernier calliper and a Keyence VK-X150 microscope (Osaka, Japan). Each specimen was
measured at multiple points, including edges and central regions, to accurately capture
variations caused by non-uniform shrinkage. Surface roughness was specifically evaluated
on downskin areas of inclined walls, as these regions often experience material sagging
and present significant challenges in maintaining dimensional stability during sintering.
The Keyence digital microscope used in this study comprises a VHX-7020 digital camera,
VH-Z20T lens, VHS-S600E holder, and VHX-970F control unit with an integrated display.
Magnification adjustments between 20X and 200X facilitated detailed visual inspections,
geometric measurements, and surface roughness evaluations.

2.3. Geometric Accuracy Assessment Using 3D Scanning

Conventional measurement tools were inadequate for accurately capturing the intri-
cate details of the demonstrator impeller produced using the MEX/M process. To address
this challenge, a Keyence VL-500 3D coordinate measurement system, offering a measure-
ment accuracy of £10 pm, was utilized for high-resolution scanning of the component’s
geometry and surface texture. Scanning operations, data acquisition, and subsequent anal-
ysis were managed using Keyence VL-500 Application Series software Version 2.3.6.74 [20].
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The scanning parameters specified in Table 4 were uniformly applied to all design features,
in both green and sintered states. Due to variations in surface reflectivity at different stages
of processing, scanner brightness settings were manually calibrated for each component to
enhance data quality. Dimensional analysis of basic geometric features, such as circular
elements, was carried out directly within the software using the “Cylinder” function located
under the “3D Measurement—Basic Measuring Elements” tab. For measuring distances
and angles between planar surfaces, reference planes were first established, after which the
“Distance” or “Angle” functions under the “3D Measurement Between Two Planes” tab
were employed. In addition to fundamental geometric measurements, the 3D scan data
provided supplemental information for assessing shrinkage-induced deformations. This
integrated method ensured accurate evaluation of both linear and volumetric shrinkage
throughout the manufacturing process.

Table 4. Keyence VL 500 settings.

Size Abbreviation [Entity]
Change magnification High
Measurement method Stitch

Full auto Manual
Resolution Fine
Measurement area Standard
Rotation degree 360°
Rotation segment 60°

Dimensional deviations were visualized by comparing the 3D scan data with pro-
portionally scaled CAD (S-CAD) models using the VL-500 series software. Initially, the
point clouds were manually aligned to the STL models using defined reference planes,
followed by a precise alignment using the software’s built-in “fit” function. Subsequently,
dimensional deviations were determined through the “3D compare” function, allowing
quantification of tolerance differences between the scanned data and the original CAD
geometries. To ensure accurate and meaningful comparisons, the CAD models were scaled
according to experimentally derived shrinkage factors. This methodology facilitated reli-
able assessments of dimensional accuracy, clear identification of deformation patterns, and
thorough validation of the shrinkage characteristics inherent to the MEX/M process.

3. Results and Discussion
3.1. Shrinkage Behaviour (WmS, BH, ZHs, and TD)

Shrinkage in the MEX/M process is primarily attributed to the sintering stage [17].
This study systematically investigates the shrinkage behaviour to establish reference val-
ues that can be utilized to compensate for dimensional changes during these stages. By
incorporating these reference values, components can be initially designed to meet tar-
get dimensions and subsequently scaled in slicing software to account for the predicted
shrinkage. To evaluate shrinkage behaviour, the external dimensions of the components
were measured in three distinct process states: green (as-built), debinded, and sintered. By
comparing these measurements, dimensional changes that occurred throughout each stage
of the manufacturing process were quantified.

The results of this analysis are presented in Figure 2 and Table 5. Substantial di-
mensional shrinkage primarily occurs during the sintering stage. During the chemical
debinding phase, parts exhibited an average shrinkage of 1.8% =+ 0.2% along the X and
Y axes, while shrinkage along the Z axis was lower, measured at 0.8% =+ 0.3%. After
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transitioning from the green state to the sintered state, shrinkage intensified, with reduction
factors of 0.845 £ 0.004 in the X and Y directions and 0.851 £ 0.002 in the Z direction.

Green State 70 Green State
mmm Sintered State W Sintered State

30
20
20
10
10
o 0
(] o J
& Q g
.\7* & *;(o _\a\o

Dimensions (mm)
w
o
Dimensions (mm)

o 2 b
& o
& o ¥

Design Features Design Features

A

o

Green State
= Sintered State

C 12 > o S 0
& & ¢ & K K
& g g B & &

Design Features

Dimensions (mm)
o " N
5 & S

°

Figure 2. Comparison of shrinkage of design features in X, Y and Z directions (the first letter denotes
the axis; WmS: supported walls; LK,a: boreholes manufactured in a vertical direction (BH-V);
LKf: boreholes manufactured flat on the building platform (BH-H);TD: teardrop borehole;
ZH: hollow cylinder. The last number denotes the diameter of the feature cavity).

Table 5. Shrinkage behaviour in X, Y and Y axis of design features.

Design Feature = Green State (mm)  Debinded State (mm)  Sintered State (mm)  Shrinkage (%)

WmS 23.93 23.62 20.40 14.8
X LK-a (BH-V) 55.79 54.63 46.94 159
LF-f (BH-H) 55.79 54.82 47.01 15.8
WmS 38.40 37.57 32.22 16.1
TD-6 34.17 33.56 28.90 15.4
Y TD-10 68.05 66.93 57.68 15.2
TD-14 71.08 69.86 60.33 15.1
WmS 19.93 19.92 17.07 14.3
ZH-2 19.93 19.80 19.97 14.9
ZH-4 19.93 19.78 16.97 14.9
z TD-6 13.16 12.96 11.15 15.3
TD-10 20.10 19.92 17.13 14.8
TD-14 25.97 25.76 22.13 14.8

This increase in shrinkage was accompanied by greater dimensional variability, as
reflected in the higher standard deviations observed post-sintering. Unlike trends reported
in previous studies [21,22], shrinkage along the Z axis was lower than in the X and Y
directions. This deviation is likely due to the relatively small dimensions and fine features
of the fabricated geometries, which contributed to a more isotropic shrinkage behaviour.
The experimentally determined shrinkage factors were used to scale the CAD models for
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dimensional comparisons against the sintered components (S-CAD models). To account for
the shrinkage observed during slicing, the recommended scaling factors are 1.183 for the X
and Y axes and 1.176 for the Z axis. These adjustments are essential to ensure dimensional
accuracy in the final sintered parts.

3.2. Dimensional Deviations of Design Features
3.2.1. Unsupported and Supported Wall Features (WoS and WmS):

Wall thicknesses exceeding 0.6 mm were successfully fabricated without the use of
sidewall support, as shown in Figure 3a in the green (as-built) state. The specimen with
a nominal wall thickness of 0.6 mm exhibited undersizing of up to 0.23 mm at its upper
right corner. Furthermore, the presence of a visible staircase effect in Figure 3 highlights
inconsistencies in filament extrusion, indicating non-uniform material deposition during
the MEX/M process.

Dimensional
deviation [mm)]

Figure 3. Three-dimensional scan results of unsupported wall (WoS) specimens, (a) green state,
(b) debinding state.

After chemical debinding, pronounced dimensional deviations were observed in
samples lacking sidewalls, with deformation becoming more severe during the debinding
stage, as illustrated in Figure 4. The STL model, scaled to account for shrinkage, is shown in
green, while the corresponding 3D scan data are presented in grey in Figure 3b. In general,
wall thicknesses of 1.6 mm or more could be reliably fabricated [23]. The defects observed
during debinding are attributed to anisotropic diffusion mechanisms, which lead to uneven
binder removal and subsequent wall deformation [10].

Dimensional
deviation [mm)]

Figure 4. Three-dimensional scan results of supported wall (WmS) specimens in green state.

Incorporating sidewalls allows for the successful fabrication of walls as thin as 0.2 mm.
A comparison between the CAD model and 3D scan data (Figure 4) indicates only minor
dimensional deviations, aside from the naturally rounded edges attributed to the nozzle
diameter. However, despite applying the shrinkage compensation factor to the STL model,
deviations following the debinding process were particularly persistent in the side and
rear walls, which display outward expansion. G-code analysis revealed that these 2 mm
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thick walls lacked internal infill, resulting in structural voids. This absence of internal
support is likely responsible for the observed deformations, even in regions where internal
connections were present.

After the debinding process, increased dimensional deviations were observed in
several regions, even though the STL file had been adjusted to compensate for expected
shrinkage. Outward deformation was especially evident in the sidewalls and rear wall,
with the effect being most pronounced in walls with a nominal thickness of 2 mm. A
detailed examination of the slicer-generated G-code revealed that these walls were printed
without any internal infill, leading to the formation of structural voids. The absence of
internal support likely contributed to the observed deformations, despite the walls being
partially connected at their midsections. Furthermore, some deviations can be attributed to
limitations in the accuracy of the shrinkage prediction model used during pre-processing.
A comparison of deformation patterns before and after sintering, shown in Figures 5 and 6,
indicates that while the overall geometry remained largely consistent, minor reductions in
distortion were noted, particularly in the right-side and rear wall regions.

Dimensional
deviation [mm)]

0.3

b)

Figure 5. Three-dimensional scan of support wall specimens (WmS) in debinded state. (a) Front view.
(b) Rear view.

Dimensional
deviation [mm]

Figure 6. Three-dimensional scan of sintered support wall specimens (WmS) in debinded state.
(a) Front view. (b) Rear view.

The measured wall thicknesses of the samples are presented in Figure 7. Although
walls with a nominal thickness below 0.2 mm were successfully fabricated, they exhibited
actual thicknesses of approximately 0.4 mm, due to the nozzle size used. In the MEX/M
process, the actual dimensions of walls closely matched the nominal values of 0.4 mm and
0.6 mm, which was attributable to the single-track fabrication method employed for both wall
types. This fabrication approach results in a relatively high standard deviation of 0.10 mm
around a mean dimensional deviation of 0.09 mm for sintered MEX/M components.
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25

W WosS Green Parts

W WoS De-binded Parts
= WosS Sintered Parts
mmm WmS Green Parts
mmE WmS De-binded Parts
mmm WmS Sintered Parts

g = g
=) [ =)

Measured Dimensions (mm)

o
5

0.0

0.2 0.4 0.6 0.8 1 15 2
Actual Dimensions (mm)

Figure 7. Dimensional deviation of the supported (WmS) and unsupported walls (WoS) samples in
Green, debinded, and sintered states.
3.2.2. Cylinders and Hollow Cylinders with Different Thicknesses (ZV And ZH-2, ZH-4):

Cylindrical structures with nominal diameters of 0.2 mm and 0.4 mm could not be fab-
ricated, as these fine features were excluded during the slicing stage. As shown in Figure 8a,
cylinders with smaller diameters in the green state displayed notably higher dimensional
deviations than those with larger cross-sections, suggesting a direct relationship between
reduced cross-sectional area and increased geometric instability.

11

Dimensional
deviation [mm]

0.3

Figure 8. Three-dimensional scan results of cylindrical specimens [ZV]. (a) Green state; (b) debinded;
(c) sintered.

The cylinder with a nominal diameter of 0.8 mm exhibited dimensional deviations
of up to 0.42 mm, whereas the largest deviations reaching approximately 0.5 mm were
observed in cylinders with diameters of 1 mm and 2 mm. Across all samples, the interface
between the cylinder and its base was consistently rounded, leading to localized oversizing.
The layer-specific dimensional variations were likely due to extrusion inconsistencies,
indicating non-uniform material deposition during the printing process. After the chemical
debinding stage, the smallest cylinder showed noticeable deformation (Figure 8b).
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In contrast, geometric distortions in the other cylinders remained largely unchanged,
suggesting that these deformations originated during the MEX/M fabrication phase and
persisted thereafter. During the subsequent sintering process (Figure 8c), further bending
occurred in the 1 mm and 2 mm cylinders. The degree of curvature was found to be
inversely proportional to the cylinder diameter, with smaller cylinders exhibiting greater
bending. The cylinder with the largest diameter displayed undersizing of up to 0.19 mm
on its top surface.

In other cases, the undersizing evident in the brown parts was partially reduced
after sintering, indicating that some dimensional recovery occurred during densification.
Additionally, deviations observed at the base of the sintered cylinders were attributed
to optical artefacts, likely caused by surface reflectivity interfering with the accuracy of
the 3D scan system. A clear correlation between component diameter and dimensional
oversizing is observed in the green-state samples shown in Figure 8, justifying a closer
examination of this relationship. This trend remains consistent across both the green-state
specimens in Figure 8a and the sintered counterparts in Figure 8c.

Hollow cylinders (ZHs) were produced with two nominal wall thicknesses, 2 mm and
4 mm, and included both uniform and varying wall thickness configurations, as shown
in Figure 9a,b. In the green state, the outer hollow cylinders exhibited a slight inward
deflection toward the central axis, with this deformation being more pronounced in the
larger-diameter specimens. During the debinding stage, this deflection became more severe,
as illustrated in Figure 9c¢,d, indicating a loss of structural stability.

Dimensional
deviation [mm)]

Figure 9. Three-dimensional scan results. Hollow cylinder specimens. (a,c,e) ZH-2 mm samples
in green, debinded and sintered states, and (b,d,f) ZH-4 mm samples in green, debinded, and
sintered states.

In the smaller samples, the central cylinder also showed significant tilting, which
contributed to noticeable dimensional deviations, particularly in the upper regions. These
deformation patterns were consistently observed in both ZH-2 and ZH-4 samples, especially
in areas with a wall thickness of 0.2 mm. After sintering, as depicted in Figure 9ef, the
degree of tilt in the smaller cylinders increased markedly, while the dimensional deviations
in the larger samples remained relatively unchanged. Form deviations at the base of the
samples were also observed; however, these were primarily attributed to optical artefacts
from surface reflectivity, rather than actual geometric distortions. The outer diameters of
both solid and hollow cylinder specimens are summarized in Table 6.
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Table 6. Inner diameter of the hollow cylinders.

CAD (mm) Green State (mm) Debinded State (mm)  Sintered State (mm)

2 2 1.55 1.4 1.26
A, 2 1.76 1.61 1.44
g 2 1.71 1.59 1.45
& 2 1.81 1.68 1.49
= 2 1.73 1.63 1.46
N 2 1.72 1.65 1.48
2 4 3.66 3.48 2.63
A, 4 3.8 3.61 3.14
g 4 3.81 3.61 3.12
a 4 3.86 3.67 3.19
= 4 3.76 3.53 3.05
N 4 3.79 3.58 3.09

Due to structural damage incurred by the hollow cylinders during debinding, it was
not possible to derive reliable shrinkage data between the green and debinded states. Af-
ter accounting for shrinkage, the average dimensional deviation of the outer diameters
was 0.09 mm, with a relatively high standard deviation of 0.14 mm. This variation is
attributed to the accumulation of dimensional errors originating during green part fabrica-
tion, compounded by the inherent uncertainties in shrinkage behaviour during sintering.
The green-state specimens alone showed an average dimensional deviation of 0.12 mm
with a standard deviation of 0.17 mm, highlighting the overall process variability associated
with the MEX/M technique. External dimensions of cylinder and hollow cylinder samples
were summarized in Figure 10.
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To quantitatively assess this correlation, the dimensional deviations were plotted
against the nominal diameters of the solid cylindrical samples, as illustrated in Figure 11.
The observed linear relationship in the MEX/M-fabricated cylinders was further confirmed
through a regression analysis, resulting in the following equation:

dapo = —0.0461 x d + 0.3827 3)

where d,,, represents the dimensional deviation and d denotes the cylinder diameter.
The coefficient of determination R? of 0.874 confirms a strong linear relationship between
these variables.

x x Data points
0.35f —— Fitline: dapw = —0.0461-d +0.3827
x
0.30
x
0.25 dabw = —0.0461-d +0.3827

R?=10.8739

Dimensional Deviation [mm]
=] o
— N
w o

o
-
o

1 2 3 4 5 6 7
Outer Diameter d [mm]

Figure 11. Dimensional deviation of the outer diameter of ZV samples.

The dimensional behaviour of the hollow cylinders, as shown in Figure 12, follows a
trend consistent with the patterns observed in the ZV specimens. A linear regression model
was used to describe the relationship between the outer diameter and the dimensional
deviation for the ZH-2 and ZH-4 samples, and is given as follows:

dapo = —0.0211 X d + 0.0724 (4)

The coefficient of determination (R? = 0.644) indicates a moderate correlation between
the predicted and measured values, with a noticeable degree of data scatter. This variation,
coupled with the lower R? value, is likely due to inconsistencies in cylinder wall thickness,
which contribute to the observed dimensional deviations.

Cylinders with the smallest wall thickness exhibited pronounced dimensional de-
viations in the green part stage. This behaviour is primarily attributed to the mismatch
between the nozzle diameter and the intended wall thickness. Specifically, the nozzle
diameter exceeded the wall thickness, resulting in compromised dimensional accuracy.

As shown in Table 6, the internal diameters of the hollow cylinders demonstrate
this deviation clearly. Due to the extent of the discrepancies, samples with a 0.2 mm
wall thickness were excluded from the dimensional analysis to preserve the accuracy and
integrity of the data. For the remaining ZH-2 and ZH-4 samples, the average dimensional
deviation in internal diameter was measured at —0.24 mm, with a standard deviation of
£0.04 mm, indicating a consistent undersizing trend relative to the nominal design values.
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Figure 12. Dimensional deviation of the outer diameter of ZH-2 mm and ZH-4 mm samples.

3.2.3. Horizontal Overhangs (HOs):

Noticeable dimensional deviations were observed in single-sided supported overhangs
starting from lengths as short as 1 mm. As shown in Figure 13, overhangs exceeding
this threshold displayed pronounced layer sagging, resulting in significant geometric
inaccuracies. To minimize such deviations, it is advisable to incline single-sided overhangs
from the 1 mm mark onward during the green part stage or to implement support structures
to improve stability. Additionally, rounding at the edges of the green parts was evident,
and was primarily caused by the nozzle diameter, which in turn contributed to undersized
features in the final components.

Dimensional
deviation [mm)]

Figure 13. (a) Green (as-built) and (b) 3D scan results of HO samples.

The debinding and sintering processes were completed without major complications.
Overhangs that were free of visible defects in the green state retained their shape well
throughout post-processing, as illustrated by the comparison between Figures 13b and 14a.
Microscopic analysis of the 0.5 mm and 1 mm overhangs (Figure 14a) showed that the
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1 mm sample retained distinct sagging layers indicative of deformation originating during

the initial printing phase.
1 \ ) Dimensional
| deviation [mm)]
] 0.3
0.2
] 0
0.2
0.3
b)

Figure 14. Sintered horizontal overhang (HO) sample. (a) Microscope image. (b) Three-dimensional

scan results.

In the green-state specimens featuring double-sided supported overhangs, deforma-
tions became evident once the overhang length exceeded 2 mm, as illustrated in Figure 15.

Dimensional
deviation [mm]
0.3
0.2
0
-0.2
9)

-0.3

Figure 15. Three-dimensional scan results of green part of the horizontal overhang (HO) sample.
(a) Right view. (b) Front view. (c) Side view.

After undergoing the chemical debinding process, the defects characteristic of the
MEX/M process remained and were further exacerbated by additional warping at the
component corners. As shown in Figure 16a, two diagonally opposite corners lifted
upwards, while the other two experienced downward displacement.

Dimensional
deviation [mm)]

0.3
0.2

Figure 16. Three-dimensional scan results of horizontal overhangs (HOs) sample. (a) Debinded state.
(b) Sintered state.

These distortions led to dimensional deviations, with elevated corners showing over-
sizing of up to 0.69 mm, while the depressed corners exhibited undersizing of up to 0.56 mm.
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Although the sintering process helped reduce some of these deformations, they remained
noticeable, with oversizing at the raised corners measuring 0.40 mm and undersizing at the
lowered corners reaching 0.37 mm.

3.2.4. Boreholes and Teardrop Shapes (BH and TD)

Circular boreholes (BHs) and teardrop-shaped (ITD) features were successfully pro-
duced in both vertical and horizontal orientations. However, specimens printed in the
vertical orientation exhibited greater dimensional deviations compared to their horizontally
printed counterparts.

The green-state vertical borehole (BH-V) specimens with diameters of 8 mm, 6 mm, and
4 mm showed visible layer sagging, leading to significant oversizing, as seen in Figure 17a.
In contrast, the horizontally printed samples exhibited a slight curvature, characterized by
raised edges and a depressed central region. After the debinding step, defects originating
from the green-state fabrication remained evident, and further deformations developed
in both orientations. As shown in Figure 17¢,d, a convex distortion pattern was observed,
marked by lower ends and an elevated centre in the borehole geometry.

Green samples

Dimensional
deviation [mm)]

Debinded samples

0.3

0.2

Sintered samples

Figure 17. Three-dimensional scan results of the boreholes samples with vertical and horizontal build
direction. (a) Green BH-V. (b) Green BH-H. (¢) Debinded BH-V. (d) Debinded (BH-H). (e) Sintered
BH-V. (f) Sintered BH-H.

In the vertically printed specimens (Figure 17¢c), the maximum oversize at the centre
reached 0.35 mm, while undersizing was observed at 0.70 mm on the left side and 0.57 mm
on the right. In comparison, the horizontally built borehole (BH) samples showed less
deformation, with a central oversize of 0.17 mm. Following the sintering process, the convex
deformation observed in the vertical specimens was partially reduced; the central oversize
decreased to 0.24 mm, and the undersizing on both sides was reduced to approximately
0.40 mm. Conversely, in the horizontal BH specimen, the central oversize increased slightly
to 0.22 mm after sintering. Figures 18 and 19 show the measured dimensions of BH samples
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fabricated in both horizontal and vertical orientations. Across all cases, the measured
diameters were smaller than the nominal values. The average dimensional deviation was
—0.37 mm, with a standard deviation of +0.11 mm, which is notably greater than the
deviations observed in the internal diameters of the hollow cylinders.

N Green Samples
B Debinded Samples
mmm Sintered Samples

Measured Diameter (mm)

0.8 1 2 3 4 6 8
Actual Bore Hole Diameter (mm)

Figure 18. Dimensional deviation of the BH-H samples in green, debinded, and sintered states.

Emm Green Samples
71 Emm Debinded Samples
M Sintered Samples

o

(6]

w

Measured Diameter (mm)
N IS

1 2 3 4 6 8
Actual Bore Hole Diameter (mm)

Figure 19. Dimensional deviation of the BH-V samples in green, debinded, and sintered states.

To minimize defects when fabricating larger boreholes aligned parallel with the
x=y plane, an effective strategy is to incorporate an angular inclination in the upper regions
of the holes [9]. This approach was applied in the TD specimens, which featured teardrop-
shaped holes with diameters of 6 mm and 14 mm. A consistent shrinkage pattern was
observed across all green-state parts, as shown in Figure 20. Notably, the outer edges of
the holes exhibited oversizing along the surfaces facing the nearest component boundary,
while no undersizing was detected on the opposite side. Additionally, Figure 20b reveals a
horizontal stripe near the upper edge of the component, which was not observed during
visual inspection and is therefore considered a measurement artefact.
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Dimensional
deviation [mm]
0.3
0.2
0
-0.2

-0.3

Figure 20. Three-dimensional scan result of TD samples in green state: (a) 6 mm and (b) 14 mm.

After the debinding process, further deformations were observed. In the specimen
with a 6 mm diameter (Figure 21a), localized oversizing of up to 0.26 mm was measured
at the corners. The 14 mm diameter specimen (Figure 21b) showed both oversizing—up
to 0.19 mm—and undersizing, reaching up to 0.35 mm. These deformations became more
pronounced following the sintering stage. As illustrated in Figure 22a,b, both undersizing
and oversizing were evident across all of the examined specimens.

Dimensional
deviation [mm]

0.3

Dimensional
deviation [mm]

0.3

Figure 22. Three-dimensional scan result of TD samples in sintered state: (a) 6 mm (b) 14 mm.

3.2.5. Inclined Walls (DWs):

Inclined wall features were designed with a range of angles from 0° to 90°, in 10°
increments. The dimensional deviations observed in both the green and sintered states are
shown in Figure 23. In the green parts, oversizing was evident in several regions, while
undersizing was primarily found along the rounded edges of the components. Surfaces
with shallower angles exhibited a pronounced stair-stepping effect, which was attributed
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to the layer-by-layer deposition characteristic of the MEX/M process. As shown in Table 7,
downskin angles of 30° and above were successfully manufactured. However, a downskin
angle of 10° could not be printed due to significant layer sagging. Dimensional deviations
increased noticeably during the debinding stage, particularly for samples with lower
inclination angles. Green-state specimens with shallow downskin angles exhibited the
highest deviations, which further intensified after sintering. On average, the measured
downskin angles deviated by approximately +4° from the nominal design values, with a
standard deviation of £1°.

(a)

Dimensional
deviation [mm]

0.5
0.25
0
-0.25
-0.5

(b) (d)

Figure 23. Three-dimensional scan results of the DW samples. (a,b) Green state. (c,d) Sintered state.

Table 7. Measured angle of the DW samples comparison.

CAD Data Angle (°) Green Samples (°) Sintered Samples (°)

10 - -

20 241 25.7
30 326 34.2
40 42.0 45.2
50 47.5 53.1
60 60.3 63.8
70 69.6 73.6
80 80.1 83.1

3.3. Guidelines for Design and Production

The design guidelines derived from the analysis of the fabricated 316L samples using
the MEX/M process are summarized in Table 8. The specified dimensions refer to the sin-
tered components, under the assumption that the initial CAD models are scaled accordingly
in the slicing software to account for process-induced shrinkage. In addition to nominal val-
ues, the expected dimensional deviations are provided in the Supplementary Data [22]. It is
clear that these deviations are geometry-dependent, varying with the shape and structural
complexity of each component. Moreover, due to deformation effects introduced during
the debinding and sintering stages, the production of flat geometries is not recommended,
as ensuring dimensional stability in such cases remains particularly difficult.
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Table 8. Design guidelines of features printed via the MEX/M process using AISI 316L.

Geometry Feature

Recommendation

Name

Ilustration

Value

Comment

Unsupported walls (WoSs)

Wall thickness > 1.5 mm

Maximum deviation of 0.4 mm

Supported walls (WmSs)

Wall thickness > 0.2 mm

Dimensional deviation of 0.09 + 0.1 mm

Vertical cylinder (ZV)

ssstdd

Minimum diameter > 0.8 mm

Dimensional deviation of 0.24 + 0.1 mm

Hollow cylinders (ZH-2)

Hollow cylinders (ZH-4)

Cylinder thickness > 0.34 mm

1. Dimensional deviation of the outer
diameter +0.006 mm
2. Dimensional deviation 0.11 4 0.02 mm

Horizontal overhangs (HOs)

Overhang < 0.5 mm

Without supports, the maximum
overhang length is less than 0.5 mm

Supported horizontal
overhangs (UZs)

b <0.5mm

A maximum of 0.5 mm is supported
without any print issues

Vertical boreholes (BH-V)

0.84 mm < diameter < 2.53 mm

1. Dimensional dev —0.28 4 0.04 mm
2. Diameter > 3 mm supports are
needed; otherwise, use a teardrop shape

Horizontal boreholes (BH-H)

Diameter > 0.68 mm

Dimensional dev —0.44 + 0.09 mm

Teardrops features (TDs)

60° < Teardrops angle < 120°
For diameter 6 mm and 14 mm

Maximum deviation of the overhang
area 0.3 mm occurs due to staircase effect

Inclined walls (DWs)

u
y
/
s
o
&

Minimum downskin angle of 30°;
otherwise, support is needed

Downskin angle > 30° maximum
deviation of 0.45 mm

3.4. Demonstrator:

To demonstrate the industrial applicability of the MEX/M additive manufacturing
process, an impeller structure adapted and redesigned from the model in [24] was fabricated
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based on the design guidelines established in Chapter 3. The component incorporates
several critical features, including angled walls exceeding 30°, boreholes with a diameter
of 7 mm, and a minimum wall thickness of 2 mm.

The demonstrator impeller was successfully fabricated using the MEX/M process
with 316L filament. As shown in Figure 24a, the green (as-built) sample is positioned on
the right, while the sintered part is on the left. The measured shrinkage of the impeller
was approximately 13.97% in the X-Y plane and 14.69% along the Z-axis (build direction),
which falls within the acceptable limits reported for the MEX/M process [9-13,25].

Figure 24. A 316L impeller fabricated using the MEX/M process. (a) The green part is on the left;
(b) the sintered part is on the right.

However, dimensional deviations of up to £0.2 mm were observed when comparing
the sintered impeller with the original CAD model and 3D scan data, analyzed using the
VMX500 software (version 2.3.6.74) from KEYENCE GmbH. These deviations are illustrated
in Figure 25: (a) shows the 3D scan of the green-state impeller, and (b) compares the sintered
component to the scaled CAD model. For accurate comparison, the CAD model was scaled
by a factor of 0.853 in the X and Y directions and 0.881 in the Z direction, as determined by
the experimentally measured shrinkage rates.

Dimensional
deviation [mm)]

Figure 25. Dimensional deformation of 3D scan impeller. (a) Green state; (b) sintered state.

Minor discrepancies in the scan data may arise due to the high reflectivity of the metal
surface during scanning. Such deviations can be compensated by incorporating appropriate
dimensional tolerances in the design phase to ensure proper fit and functionality after
the sintering process. The material extrusion of metals (MEX/M) additive manufactur-
ing process demonstrates strong potential for industrial-scale applications, particularly
when guided by the design recommendations developed in this study. By applying these
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principles, MEX/M emerges as a competitive alternative to conventional metal manufac-
turing methods, enabling advancements in lightweight design, customized component
production, and multi-material fabrication.

A comparison with existing design guidelines for the MEX/M process shows dif-
ferences in the limits on design features when using the same nozzle diameter [15]. For
example, horizontal holes with a diameter of 0.68 mm and a maximum deviation of 0.44 mm
can already be produced with the design features examined. According to reference [15],
a minimum hole size of 1.5 mm is recommended. The existing design recommendations
from [15] are material-independent, so they allow for greater tolerance and deviate from
the design elements examined in this study.

In conclusion, it can be deduced from the dimensional shrinkage in the various design
features that these designs depend on the process parameters of shaping, debinding, and
sintering. During the shaping process, the extrusion multiplier, the layer height and
the layer thickness which, in turn, depend on the extrusion temperature, influence the
bonding of the individual extrusion layers. A leaky bond leads to internal voids, which
can cause shrinkage in the Z direction during solidification, as was observed with the
different design features. In the debinding process, the debinding temperature, and the
temperature gradient have the greatest influence on the final shrinkage. If the debinding
temperature is excessively high, the temperature gradient becomes extremely large, leading
to anisotropic deformation of the components, causing undesirable deformation in the
subsequent sintering process. This observation could be made in the unsupported walls.
The heating rate, maximum temperature, and holding times have the greatest influence
on dimensional shrinkage in the sintering process. Undesirable deformation of the design
features can only be prevented by selecting these process parameters appropriately.

4. Conclusions and Outlook

In this paper, AISI 316L with different design features was manufactured and was
evaluated after each process step (shaping, debinding, and sintering). It was shown that
defects that occurred in the initial process steps had a negative impact on the later process
steps and could not be rectified. With unsupported walls of 1.5 mm thickness, deviations of
a maximum of 0.4 mm occurred, corresponding to the nozzle diameter. It could therefore
be identified that the nozzle diameter has a significant influence on the accuracy of the
different design features. Unsupported walls could already be successfully manufactured
with a thickness of 0.2 mm. Cylinders can be produced from a diameter of 0.8 mm, whereby
the geometric deviation here may also be 0.42 mm. The hollow cylinders with 2 mm and
4 mm hole diameters can be produced with a wall thickness of 1.6 mm. The maximum
deviation here is 0.3 mm. Horizontal overhangs (supported on one and two sides) can be
manufactured up to a length of 0.5 mm. Support structures must also be used. Bored holes
that are produced lying on the building platform require a minimum diameter of 0.68 mm.
Upright holes can have a maximum diameter of 2.53 mm. Larger drill holes must be supported
or have a teardrop shape, which can have an angle of 60° to 120°. Overhang angles from 30°
can be finished, but deviations of up to 0.45 mm occur in the downskin area.

The design limits were successfully applied to a component so that the deviation
after sintering is approximately 0.26 mm. It should be noted that the design guidelines
and recommendations for MEX/M were implemented based on 316L tested features with
a 0.4 mm nozzle size. The recommended guidelines are specific to the machine setup,
process parameters, and filament material specifications with respect to the identified
design limits. The use of finer nozzles with a diameter of 0.2 mm can lead to features
with smaller deviations, though they may impose additional manufacturing restrictions.
However, the printing time in the shaping process is then increased.
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As the design guidelines are dependent on material, process parameters, and equip-
ment, these recommendations only apply to the configuration in this paper. If the material,
equipment, or process parameters are changed, different specimens may be produced, and
different design recommendations may result. Therefore, the methodological approach
presented in this paper is generally transferable to other materials and equipment types.
Furthermore, the results presented here provide an indication of deviations in design limits.
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Appendix A

Table Al. Optical images of as-built ‘green’ components.

Unsupported walls (WoSs)

Thickness (mm): 0.2/0.4/0.6/0.8/1/1.5/2

Length (mm): 38.5
Width (mm): 20
Height (mm): 23

Supported walls (WmSs)

Thickness (mm): 2/1.5/1/0.8/0.6/0.4/0.2

Length (mm): 38.5
Width (mm): 20
Height (mm): 23

Vertical cylinder (ZV)

Bar @ (mm): 8/6/4/3/2/1/0.8/0.4/0.2
Height (mm): 20

Supported horizontal overhangs (UZs)

gl

Overhang gap (mm): 1/2/3/4/5
Height (mm): 23

Width (mm): 3

Horizontal and vertical boreholes
(BH-V, BH-H)

Bore diameter (mm): 0.4/0.6/0.8/1/2/3/4/6/8
Hollow cylinders (ZH-4)

Thickness (mm): 0.4/0.8/1.6/2.4/3.2/4
Height (mm): 23
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Table Al. Cont.

Hollow cylinders (ZH-2, ZH-4) Teardrops features (TDs)

Angle (degree): 60/80/100/120

Thickness (mm): 0.4/0.8/1.6/2.4/3.2/4 Diameter (mm): 6
Height (mm): 23

Horizontal overhangs (HOs) Inclined walls (DWs)

Overhang distance (mm): 0.5/1/1.5/2/3/4

tTITT

Incline angle (degree): 10/20/30/40/50/60/70/80
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