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Abstract

Filament-based material extrusion (MEX/M) presents a rapid and inexpensive alternative to e.g. metal
injection molding, particularly for prototype production. The filament consists of metal powder in a plastic
matrix and is melted and applied layer by layer until a so-called green body is created. These green
parts are subsequently debinded and sintered at high temperatures to form a dense metal component.
Itis crucial to identify the material-specific and process-specific limits in order to be able to manufacture
true to size. This paper therefore develops design guidelines for the MEX/M process for green part
manufacturing for the widely used austenitic stainless steel AISI 316L (1.4404). Basic geometrical
features such as walls, boreholes and overhangs are studied and influencing factors on the dimensional
accuracy are assessed. Based on the results, recommendations for part design are presented.

Introduction

The filament-based material extrusion (MEX/M, also known Metal Fused-Filament Fabrication as per
ISO 52900) has become popular over the last years in different fields such as functional prototyping and
small scale fabrication [1]. One reason is the existing knowledge of the metal injection molding (MIM)
and the fused deposition modelling (FDM) processes. Since the MEX/M process consists of the
combination of both MIM and FDM processes it is easy to transfer and to add knowledge that has been
previously accumulated. The main advantage compared to MIM is that no mold is needed and the time
for its creation can be neglected. Therefore, the limitations in the design complexity of MEX/M-parts are
not restricted due to the degree of freedom and the limited shape [2]. Another reason for the popularity
is the larger availability of different filament-based materials and machines provided by different
suppliers such as BASF SE [3], Virtual foundry [4], Anycubic [5], PT&A [6], Desktop Metal [7], Triditive
[8] and Markforged [9]. The MEX/M process consists of three process steps: printing, debinding and
sintering. While the debinding and sintering have been extensively studied through the injection molding
process (see [10,11]) there hardly exist design studies in the printing step of MEX/M process [12].
Therefore, this paper investigates design features to develop a design catalogue for an accurate
component design.

Materials and Methods

For this investigation different design features are introduced. The design limitations and
recommendations identified in this paper are dependent on the material, the machine, the particular
process parameters and environmental conditions. The basic geometrical elements used for the tests
are typical features which occur in a number of industrial parts and have successfully been applied to
established design guidelines for other AM processes [13,14,15]. The geometric properties are changed
parameter wise to identify the manufacturing limits. Table 1 shows the investigated specimens.

Table 1: Developed specimens for the investigation.

Unsupported Walls Horizontal Overhangs
a
Width (mm): 10/24/32 Width, Thickness (mm): 5
Height (mm): 0.4/0.6/0.8/1/4.8/6.4/9.6/10/12/14.4/16/19.2 Height (mm): 6
Thickness (mm): 0.1/0.2/.../0.5/0.7/0.8/1/1.2/1.6 Overhang length a (mm): 0.3/0.5/1/2

Overhang height (mm): 3
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Inclined Walls Bridges

Width (mm): 10 Width (mm): 5

Thickness (mm): 15 Total Height (mm): 8

Height (mm): 20 Total length (mm): 10+ b

Overhang angle a (°): 15,25,30,35,40,45,50 Bridge distance b (mm): 0.3/0.5/1/2/3/5
Cylindrical rods Vertical gaps

Diameter (mm): 0.8/1.2/1.6/2/3/4/5 Width, Thickness (mm): 12

Height (mm): 3,4,...,8/10/15/20/30 Height (mm): 10

Gap width (mm): 0.1, 0.2, ..., 0.5

Horizontal boreholes Vertical boreholes

Width (mm): 5 Height (mm): 5
Diameter (mm): 0.8, 1, 1.5, 2, 3,4,5,6,7 Diameter (mm): 0.8, 1, 1.5, 2, 2.5, 3

The specimens are manufactured with AISI 316L (1.4404) filament provided by the company PT&A
(Dresden, Germany) with the starting powder composition illustrated in table 2 are provided by the
manufacturer. The filament diameter is 2.85 mm with a tolerance of 0.05 mm.

Table 2: starting powder composition for 316-L (1.4404)

in weight %
Cr Ni Mo Mn Si P S C F
16.8 10.1 2.2 1.38 0.74 0.02 0.018 0.004 bal.

The components of the binder are not known. According to the manufacturer, debinding with acetone
as solvent is recommended.

The test specimens are produced with the MEX/M process on a Renkforce RF 2000 (Conrad Electronic
SE, Hirschau, Germany) 3D printer with 0.4 mm nozzle diameter using Simplify3D (Cincinnati, USA)
slicer software. The extruder of this printer has been optimized for constant metal filament feeding. The
process parameters are chosen to avoid typical printing errors known in FDM such as stringing [16],
oozing [16], bridging [17], elephant foot [18], etc. These are the main influence factors for accurate
printing, displayed in table 3. The distance and roughness measurements have been performed with a
Keyence VK-X150 (Osaka, Japan) microscope, a caliper gauge and a feeler gauge. The specimens
(green parts) have been measured at the edges and in the center of each feature. The roughness
measurements for the inclined walls were performed on the downskin area, since this area is critical for
a free overhang, where the material can sink. Line measurements have been made for the surface
according to the method presented in [15].

Table 3: Printing parameters

Extrusion temperature (°C) 135
Heat bed temperature (°C) 40
Printing speed (mm/s) 2100
Extrusion multiplier 1.35
Skirt layer 2
Retraction distance (mm) 4.5

Layer height (mm) 0.2
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Results and Discussion

The results from the experiments are given in figures 1-7 in the form of a comparison of the actual
geometrical values with the respective target values. Each diagram shows the modeled parameter on
the x-axis and the printed quantity as a percentage on the y-axis. For the overhang measurements the
overhang angles are plotted over the mean roughness values Rz of the downskin area. Typical defects
are additionally visualized using light microscope and photographic images.

Unsupported walls

Figure 1 (left) shows the percentual measurement results of modeled and fabricated heights for different
lengths and widths. Furthermore, the differently developed widths at fixed length and height are shown
(right). Walls with a width and length of 10 mm are created with a height between 0.4 mm and 4.8 mm.
The walls with a width of 1.2 mm are created with a height between 7.2 mm and 14.4 mm. Walls with a
width of 1.6 mm were in the range of 6.4 mm to 19.2 mm. All samples could be built and reached >95%
of the designed target height with a height higher than 0.4 mm. For the samples with a width of 1.2 mm,
the created height tends to decrease at 12 mm and 14.4 mm (gray bars). Figure 1 below shows different
target thicknesses for fixed wall widths and lengths of 10 mm each. All specimens have been built up
thicker than designed. From a thickness of 1 mm the over-extrusion is less than 20%. The thickness of
0.7 mm has been manufactured nearly as designed.
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Figure 1. Height (left) and thickness (right) measurements for the unsupported walls.
Overhang, inclined walls and bridge features

The horizontal overhangs could only be produced up to an overhang length of 0.5 mm with a slight
material droop in of up to 2 layers in height. Specimens with overhangs exceeding this value show
disproportionate deformation of the overhangs. Figure 2 depicts an example of the defects of the straight
overhangs, where the lowest filament layer sinks. Also, trying to use a different layer path in printing did
not prevent the overhang from sinking.

{ &
———— =
— = N — ==
¥ > =

2mm

Figure 2: Representation of the 0.5 mm (left), 1.0 mm (middle) and 2.0 mm (right) overhang and
defects
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Figure 3 illustrates a diagram of the average roughness values on the downskin surfaces, dependent of
the overhang angle. The 0° overhang angle could not be produced. Due to the adhesion during printing
with the build platform, overhangs of 15° are manufacturable. The average roughness Rz for the angle
15° is 376.6 um, for 30° 423.6 um. Therefore, it can be assumed that the average roughness value for
25° of 227.7 pum can be regarded as an outlier due to measurement inaccuracy. Starting at an overhang
angle of more than 30° the average roughness of the downskin surface decreases noticeably. The
surface for the overhang angle of 35° has a mean roughness Rz of 179,94 um and for an overhang
angle of 50° a mean roughness of 110.45 pum.
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Figure 3: Mean Roughness measurements of the downskin surface for different overhang angle a.

The investigated bridge structures could all be manufactured and are depicted in figure 4. However,
deformations are visible for bridge distances greater than 2 mm. With an unsupported bridge distance
of 2 mm, it can be observed that individual filament strands sink distinctly. A microscope image of the
1.0 mm bridge distance illustrates the tendency of the lowest layer to bend already at this distance. (Fig.
4 bottom)
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Figure 4: Investigated different bridge size geometries.
Cylindrical rods

The cylindrical rods could be manufactured for a thickness greater than 3 mm and are illustrated in
Figure 5 (right). Narrower rods were not producible and tend to deform. In figure 5 (right), it can be seen
that the percentage diameter of the created samples is constantly at 97% of the designed thickness. In
Figure 5 on the left, different heights of the cylindrical rods have been manufactured. The small rods
have a diameter manufactured with a height of 8 mm and the tall rods up to a height of 30 mm. All test
geometries were successfully built. It can be observed that all specimens are higher than designed and
approach the designed height incrementally. This deviation appears to decrease with increasing height,
which could be a result of an over extrusion from the chosen slicer, the layer height and printing
parameters.
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Figure 5: Measurements of the cylindrical rods.
Vertical gaps

The vertical gaps could be manufactured with a gap width of 0.3 mm to 0.5 mm. However, it can be
observed that the widths of 0.5 mm are 43% smaller than the modeled widths. (fig. 6)
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Figure 6: Measurements of the achieved width for vertical gaps.

One possible reason for this deviation is the extrusion of the filament through the nozzle. The material
swells at the nozzle end and creates an overlap at the layer edge. It is hereby expected that the deviation
can be reduced by using a smaller nozzle.

Boreholes

The diagram in Figure 7 displays the deviation of the diameter from the design in vertical and horizontal
orientation. All boreholes could be manufactured in the vertical orientation except the borehole with a
diameter of 0.8 mm. At a diameter size of 5 mm in vertical orientation no deviation from the design
occurs. The diameters < 5 mm have all been manufactured smaller than designed. The reason for this
is potentially the same as for the vertical gaps, where the material swells at the nozzle end and creates
an overlap and the effective diameter is reduced.

The horizontal boreholes have been manufactured in the range of 1 mm — 4 mm. In this range the
produced boreholes are significantly smaller than the designed. At a diameter of 4 mm, the layer of
material in the overhang area sinks and a build-up is not possible. To overcome this failure support
structures are needed.
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Figure 7: Borehole measurements of the diameter in different orientation.
Discussion

The results of the measurements allowed the development of design recommendations for AISI 316L
(1.4404). For the design recommendations, the minimum deviations from the design have been defined
as limits. This corresponds to a comparison to the design guidelines for piston-based metal printing [19]
with an identical nozzle parameter and material. The results presented show some similarities e.g.
vertical boreholes with a diameter of 1 mm can be manufactured and height limitations for unsupported
walls in dependence of thickness. However, the results in [19] also show some disadvantages compared
to filament-based extrusion. For example, cylindrical rods larger than 5 mm are to be constructed,
whereas in the results shown above a build-up is already possible from 3 mm diameter. Furthermore,
inclined walls can be produced from an angle of 35° and in piston-based only from an angle of 50°.

A further comparison with the design recommendations Markedforged [20] and Desktop Metal [21]
indicates a transferability to the guidelines of this paper. Using the same 0.4 mm nozzle diameter, both
guidelines give a recommendation for the cylindrical rods of 3 mm. The horizontal overhangs should be
a maximum of 0.5 mm. The minimum wall thickness of the unsupported walls is 1.0 mm and the inclined
walls should have a downskin angle of at least 40°. It can be assumed that the machine conditions have
a smaller impact on the printable design than the material and process parameters.

Conclusion

Various design features have been manufactured in the MEX/M process using AlSI 316L (1.4404). The
experimental study of the features allows to identify the limitations for manufacture. Horizontal
overhangs and bridges could be produced without a significant deviation with a length of 0.5 mm and
1.0 mm. Unsupported walls with a thickness of 1.6 mm are not limited by height. The inclined walls
above 35° have a mean roughness of 310 um. Cylindrical rods could be manufactured with 3 mm of the
diameter, vertical boreholes 4 mm in diameter, while horizontal boreholes in the range of 1 mm to 4 mm
were manufacturable. Vertical gaps larger than 0.5 mm show a higher design accuracy. The identified
limits to the specimens allow a development of design guidelines for each feature.

With the help of the design recommendations, the knowledge about the process steps can be completed
and a successful component design can be realized. Further research is planned for the extension of
the design guideline for the debinding and sintering process steps for 316L (1.4404) and other materials.
Also, demonstrators are being developed that will improve the mechanical properties related to design
accuracy. The guideline is intended to ensure repeatability and save time in the production of a
functional component.
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Appendix Design Guideline Catalogue

Table 4: Design recommendation for the tested features with a nozzle size of 0.4 mm for AISI 316L
(1.4404) after [13,15]. It is noticed that the guideline is specific to machine set-up, parameters and
material especially with regard to the identified limits.

Geometry Feature Recommendation
lllustration Comment
.Wall Produced thickness max. 15% higher for
thickness ;
thickness of 1.6 mm (for 0.4 mm nozzle
unsupported >1.6 mm size)
walls Height thickness Height to thickness ratio <12 for
ratio < 12 thicknesses <1.6 mm to prevent bending
Vertical gaps Width Negative width deviation of max. 43% of
> 0.5 mm total width
. Overhang Manufacturable from 15°
Inclined walls Angle Downskin: mean roughness max. ~610
> 350 um for <35° and ~310 pm for 35° angle
Horizontal 2 <0.5 mm Overhang length > 0.5 mm must be
overhang - supported to prevent material fall-in
Bridge distance of 1.0 mm
Horizontal manufacturable
) b<1.0mm Greater bridge length should be
brldges supported to prevent the material from

sinking

Cylindrical rods

Diameter = 3 mm

Positive height deviation max. 1.5% of
total height

Horizontal

No support structure necessary

Diameter - .
1 mm -4 mm For Diameter > 4 mm only with
boreholes supportstructures manufacturable
For diameter in a range of 1 mm - 4 mm
Vertical Diameter borehole size <25% smaller than total
o diameter
boreholes 24 mm

®
¢
Y
v
&

Diameter 2 5 mm produced borehole size
meets the design

© European Powder Metallurgy Association (EPMA)
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