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Abstract. The Arburg Plastic Freeforming (APF) is an additive manufacturing
process which allows the production of three-dimensional thermoplastic com-
ponents in layers. The components are produced by depositing fine, molten
plastic droplets. The main advantage of the APF is the open-parameter control of
the associated machine system. Thus, the process parameters can be optimized
for individual applications.

A special and new application of the APF is the production of interconnecting
porous structures. As this is a novel approach with this manufacturing process,
the general producibility and reproducibility must first be proven. Therefore, the
relevant process parameters with an influence on the open-pored structures are
identified. The volume of the individual plastic droplets, the distance between
the droplets and the layer thickness are the three decisive influencing factors.
With the use of analysis methods, the free spaces created in the structure are
described by a uniformly constructed, interconnected pore structure. This means
that the pores are interconnected in three dimensions.

Reproducibility is evaluated by repeated production and thru the changed
conditions during the manufacturing process. In addition, the multiplication and
a change of geometry are evaluated in such a way that there is no influence on
the pore size. Irregularities when depositing the first layer are caused by
unevenness of the building platform. A suitable test arrangement is set up to
determine the liquid permeability. A characteristic value is determined to
describe the permeability to liquids.

Keywords: Arburg Plastic Freeforming - Porous plastic structures *
Producibility - Liquid permeability

1 Introduction

The Arburg Plastic Freeforming (APF) is an additive manufacturing process that allows
three-dimensional, thermoplastic components to be produced layer by layer. The
components are generated by depositing fine, molten plastic droplets. One of the main
advantages of the APF process is the open machine control. Thus, the process
parameters can be adapted and optimized for individual applications. In addition, due to
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the open-parameter control, it is possible to process own materials on the corre-
sponding machine system Freeformer.

The objective of this paper is to investigate the general producibility of open-pored
structures using the APF process. Furthermore, influences on the reproducibility of the
manufacturing process are to be identified and their effects are to be shown. With
regard to possible fields of application, a correlation between the manufactured
structures and their fluid permeability shall be investigated.

2 State of the Art

2.1 Arburg Plastic Freeforming (APF)

The Arburg Plastic Freeforming is characterized in particular by the processing of
standard plastic granules as well as by the production of components out of very fine
molten thermoplastic droplets. The associated machine system for this technology is
the Freeformer from Arburg GmbH & Co KG. Its most important machine components
are shown in Fig. 1. The raw material, a qualified standard thermoplastic granule, is fed
via a hopper. In the material preparation unit, the granulate is molten with a screw as in
the injection molding process. The molten material is then pressed into the material
reservoir. Here, a piezo actuator performs a pulsed nozzle closure. The nozzle moves
up and down, producing almost 250 droplets per second. The movement of the building
platform, for the precise positioning of the discharged droplets in the x- and y-direction,
is realized by two linear motors. After the completion of a layer the platform is lowered
by one-layer thickness in z-direction, using a spindle drive [1-3].

Basis: Qualified standard

Piezo actuator performs granule

pulsed nozzle closure _l

Nozzle
closure

Material preparation with
screw as in injection molding
process

Material reservoir between
screw and nozzle tip is under
pressure

Part carrier moves the part

— ) Z-E- along the x- and y-axes and
v ,,,/ ' downwards layer by layer
' along the z-axis
X © ARBURG

Discharge of §
tiny droplets
from the nozzle tip

Fig. 1. Schematic setup of the Freeformer [1]
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In the literature there is a large number of publications by the Arburg company with
process descriptions, the advantages of the technology, the available materials and
application examples [2-5]. In [6-8] the resulting mechanical properties of APF
components were investigated and optimized. Furthermore, new approaches for the
production of two-component (hard-soft) parts with interlocking interfaces as well as
for the suitability of the APF process for the processing of Metal-Injection-Molding
granules are found in the literature [9, 10].

2.2 Porosity

Porosity is a structural characteristic of a component and describes the existence of
pores. Pores are classified into open and closed structures. Closed pores are located
within a component. They are completely enclosed within the component so that there
is no connection to the environment. Open pores are further divided into blind and
continuous pores (see Fig. 2). Blind pores have one connection to the environment,
whereas continuous pores have at least two connections to the environment. When a
medium (liquid or gas) flows through a component, the number and geometry of the
pores contributes to the degree of permeability [11, 12].

Continuous Pore
Closed Pore —__| =

3

Blind Pore

Fig. 2. Division of the pore types into open, closed and blind pores

A further classification is based on the size of the pore size. The following size
ranges are differentiated by diameter:

e Micropores: <2 nm
Mesopores: 2 to 50 nm
Macropores: >50 nm (0.05 pm)

The porosity € of a material is determined using Eq. (1) and describes the per-
centage of free volume:

e—=1— pSpecimen (1)

p Reference

Pspecimens ~ Density of the porous specimen
PReference:  Density of the non-porous material (Reference)
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2.3 Applications of Open-Pored Structures

An exemplary application of open-pored structures is filtration, where a filter is able to
serve different purposes. If two media are separated from each other, this is called
filtration or separation. The filter retains particles that are larger than the minimum pore
diameter. Furthermore, it is possible to mix different gases with each other (dispersion)
by using branches and a multi-layer structure within the filter element [11].

2.4 Liquid Permeability

The permeability is a material constant and describes the flow-through capability of a
porous material. Permeability provides information about the volume of a permeant
(gas or liquid) that penetrates a barrier of a given thickness and area per unit of time,
provided that there is a partial pressure difference at the interfaces of the barrier [13].
The following three basic equations are used for mathematical description:

e Continuity equation (conservation of mass)
e Law of Darcy (conservation of momentum)
e Thermodynamic equation of state

The continuity equation implies that the sum of all masses flowing in and out is
equal to the mass change of the sample. Darcy’s law specifies the relationship between
the flow velocity within the pores and the potential gradient, considering the height and
acceleration due to gravity. With the help of the thermodynamic equation of state, the
dependence of the density of the permeant on the pressure, at constant temperature, is
included [14]. By combining the basic equations, Eq. (2) defines the permeability (K)
with the unit m?:

Ven-L ko
p.g.A.Ah p.g

K =

(2)

V:  Volume flow

n: Dynamic viscosity of the permeant

L: Length of the barrier

p: Density of the permeant

g: Acceleration of gravity

A: Cross-sectional area of the barrier through which flow occurs
Ah:  Difference in height between inlet and outlet

kr: Permeability coefficient

As can be seen from Eq. (2), permeability can be expressed by a second definition,
the coefficient of permeability (k;), with the unit m/s. The formulaic relationship is
described in DIN 18130-1 and is given in Eq. (3) below:
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7= A-Ap

Ap: Pressure difference between inlet and outlet

Once the permeability coefficient has been calculated, the permeability of water can
be classified according to DIN 18130-1 (see Table 1).

Table 1. Classification of permeability according to DIN 18130-1

Description Permeability coefficient k¢ [m/s]
Very highly permeable >1072

Highly permeable 1072 bis 107*

Permeable 10™* bis 107°

Low permeability 107° bis 107%

Very low permeability 1078 bis 107°

Almost completely impermeable to water | <10~°

3 Producibility of Open-Pored Structures

The beginning of this study is based on a randomly produced component (see Fig. 3,
left) from the qualification of the material polypropylene (PP) Moplen HP 500 N for
the APF process. The aim of such material qualification is to determine all relevant
process parameters so that components with the required mechanical and visual
properties can be produced. During this process parameter optimization, a porous,
translucent structure was created by changing the layer thickness (see Fig. 3, right).
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Fig. 3. Initial specimen in full size view (left) and with enlargement (right)



Investigation of Plastic Freeformed, Open-Pored Structures 117

The porous structure looked very homogeneous, which lead to the idea of carrying out
detailed investigations. However, due to the unavoidable warpage of the parts caused
by the semi-crystalline PP, the following tests were not carried out with PP, but with
the already qualified material ABS Terluran GP 35.

3.1 Variation of the Layer Thickness (LT)

Initially, the aim was to produce an open-pored structure using the material ABS
Terluran GP35 by varying the layer thickness (LT). For the following investigations all
parameters, except LT, remain unchanged. The layer thickness is increased from
0.15 mm in steps of one hundredth of a millimeter. The evaluation of the measurement
results is shown below in Fig. 4 and 5.
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Layer thickness [mm)]

Fig. 4. Pore widths with different LT
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Layer thickness [mm]

Fig. 5. Pore lengths with different LT

The diagrams in Fig. 4 and 5 show that the size of the pores increases with
increasing layer thicknesses. Pore openings with widths between 22 and 82 pm are
produced. The lengths are in a range of 34 to 71 um. This corresponds to the order of
magnitude of macropores.
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Computer tomography (CT) scans shown in Fig. 6 were taken from the specimen
produced with LT = 0.18 mm and FF = 1.48. The CT images show a rectangular
structure of the cylindrical specimen. This change in geometry is the result of the CT
evaluation, in which a rectangular ROI (“Region of Interest”) was cut out of the overall
image.

> —
500 pm v 500 pm

Fig. 6. CT scan of the porous structure (left) and its inversion to show the pore volume (right)

The CT scan of the sample shows the principal composition of the porous structure.
The inversion of the volume allows not only the continuous openings in z-direction to
be detected, but also a connection of the pores in transverse direction. There is an
interconnection in all directions in the volume. Because of this, it is not possible to
differentiate between individual pores within the produced samples, instead there is a
continuous free space. If terms are used in the following to describe the pore size or
geometry, they are related to the pore openings visible on the surface.

3.2 Variation of the Form Factor (FF)

The form factor is used to vary the distance between the single droplets and between
the droplet chains (see Fig. 7) [15]. This process parameter is defined by the ratio of the
width (W) to the height (H) of the individual droplets (W/H-ratio). Consequently, the
FF influences the porosity and filling of the components. For the following investi-
gations, only the parameter FF is varied. According to theory, the distance between the
droplets is reduced as the FF decreases. The basic setting for the FF is 1.48 for the

High form factor Low form factor

Deposited
polymer droplets

Fig. 7. Schematic description of the process parameter form factor [15]



Investigation of Plastic Freeformed, Open-Pored Structures 119

current material and results a fully filled component. The variation of the parameter is
started with a rounded value of 1.50. The factor is then increased in tenth steps.
Subsequently, the created samples are visually examined and categorized.

The porous structures produced by variation of the FF do not differ visually from
the samples produced by variation of the LT. The decreasing stability of the component
with increasing FF is also noticeable in this case. At an FF of 2.50, individual strands of
the last layer built stand out from the rest of the component.

When evaluating the pore geometry, a correlation between pore length/width and
an increasing form factor can be observed (see Fig. 8 and 9). To describe this corre-
lation, the calculation of the correlation coefficient r according to Bravais-Pearson is
used. The correlation coefficient ranges between —1 and 1 and indicates the direction
and intensity of a linear correlation. If r = 1 (r = —1) there is a strong positive (neg-
ative) linear correlation. If r = O there is no linear correlation. Due to the resulting
values of r = 0.999 for the pore width and r = 0.995 for the pore length, a positive
linear correlation is assumed.
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Fig. 8. Pore widths with different FF
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Fig. 9. Pore lengths with different FF
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The variation of the FF results in porous structures with pore widths in a range of
37 to 192 um. The pore lengths cover a range between 32 and 194 um. The pore
geometries can again be assigned to the macropores. In comparison to the variation of
LT, significantly larger pores can be created with the variation of the FF. The FF can be
adjusted in hundredths of a step during part preparation (slicing). In combination with a
linear relationship between the pore size and the FF, it is possible to adjust the pore
sizes almost continuously within the determined ranges.

3.3 Variation of the Discharge Level (DL)

The discharge level describes the mass discharge of material from the dosing volume
through the nozzle. Accordingly, the setting of the discharge level results in the
respective volume of the droplets as well as the droplet size. The discharge level is set
as a percentage and is controlled by the travel of the screw during the generation of
droplets. In order to investigate the influence of the discharge level on the building
process, it is first doubled. According to the basic settings, the doubling of the dis-
charge level corresponds to an increase from 35 to 70%. Since this adjustment changes
the droplet geometry, a new LT must be defined. To do this, the droplet strand is
discharged into the build chamber without being deposited on the building platform
and then measured by means of microscopy (see Fig. 10).

Fig. 10. Droplet strand with DL of 70%

Rounding results in an average droplet length of 0.25 mm. This value is used for an
initial setting of the LT. Subsequently, the procedure of varying the FF is to be applied
so that a parameter range can be identified to create a porous structure. For the mea-
sured values presented in Fig. 11 and 12, the lowest coefficient of correlation is
r =0.99. As a result, a linear correlation between the form factor and the pore size is
still established.

An increase in the pore size range can be achieved by doubling the discharge level.
The pore widths are in a range between 63 and 280 um and the pore lengths between
76 and 282 pm. Compared to the previously produced samples, larger pores can be
produced by increasing the discharge. An extension of the pore size range in negative
direction is not possible.
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Fig. 11. Pore widths for DL of 70%
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Fig. 12. Pore lengths for DL of 70%

To determine the maximum possible pore size that can be produced with APF, the
discharge is increased further. The original value of 35% is tripled to 105%. To
determine the initial layer thickness, the measurement of the droplet strand yields an
average droplet length of 300 pm. Accordingly, the variation of the FF should be
started at LT of 0.30 mm. The results of the investigations are shown in Fig. 13 and 14.

The evaluation of the measurement results again shows that the range for the
production of a porous structure with LT of 0.15 mm has increased considerably. The
pore size range is so large that the achievable sizes are also covered by the layer
thickness of 0.20 mm and 0.25 mm. The pore widths are in the range of 84 to 466 pm
and the pore lengths in the range of 58 to 440 um. This is a further extension of the
pore size range in the positive direction. It should be noted that the droplets are in a
deformed state. This deformation results from the forced discharge of more material in
a constant time interval. A further increase in the degree of deformation does not allow
reproducible categorization or measurement of the pore geometry. Therefore, no further
increase of the discharge level is performed.
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Fig. 14. Pore length for DL of 105%

4 Reproducibility of Open-Pored Structures

In this section, the reproducibility of the porous structures in the APF process is
investigated. The influence of the position on the building platform and the multipli-
cation of the components is considered. With the aim of investigating the influences on
a porous structure, the FF is increased from the value 1.48 to 2.00. This setting shows a
uniform pore structure on the surface.
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4.1 Positioning on the Building Platform

Unevenness is indicated by an inconsistent depositing position of the plastic droplets in
the z-direction. Furthermore, it is assumed that a changed distance between the dis-
charge nozzle and the building platform (z-coordinate) leads to a different pressing of
the first layer. To detect the degree of contact pressure, the strand width of the lined-up
plastic droplets is used as a measured variable. If the distance between the discharge
nozzle and the building platform decreases, the strands are pressed onto the building
platform with increased force. It should be possible to determine the result by means of
a widened strand geometry.

To investigate the evenness, 13 different positions are defined for the build-up of
test specimens (see Fig. 15). The coordinates shown indicate the respective center point
of the element to be built. Three building jobs are built, so that each test specimen is
available for examination in three versions. It should be noted that only one test
specimen per building job is produced, as the influence of a multiplication of the
building job has not yet been investigated. As with the measurement of the pore
geometry, the widths of five strands per sample are recorded and the mean value is
calculated (see Fig. 15).
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Fig. 15. Averaged strand widths depending on the positioning on the building platform,
measured on the platform side and evaluated with a color scale

The assumption regarding unevenness on the building platform can thus be con-
firmed. The averaged strand widths at the different positions vary in a range between
176 and 228 pum. In addition to the strand width, the manufactured test specimens are
used to assess the reproducibility of the pore sizes at the nozzle side. For the pore width
an average value of 120 um with a standard deviation of 4.8 um is available. The
lengths of the square pore geometry are given including the standard deviations, with a
nominal value of 115 um and a tolerance of £10 pm.



124 A. Hirsch et al.

4.2 Multiplication of the Test Specimen

Previously, a maximum of one test specimen was produced per building job. In this
section the influence of a multiplication of the test specimen is examined. When
building several components simultaneously within one building job, a layer is first
built for all components before the following layer is deposited. This results in a longer
layer time. In addition, the nozzle is not permanently located above the part to be built
up, as is the case in the production of only one component. This eliminates the
additional heating effect of the heat radiated by the nozzle.

To investigate the above-mentioned influences on the pore size, five test specimens
are built up simultaneously in three runs. The tolerance range of 115 £ 10 pm pre-
viously determined in the investigations serves as a reference. Due to the assumption of
a square pore geometry, the pore length is not shown in the following evaluations. The
determined pore widths are in a range between 106 and 115 pm (see Fig. 16) and the
pore lengths between 119 and 125 pm. Accordingly, the specified tolerance range is
maintained. The multiplication of a component has no influence on the size of the
generated pore geometries.

140
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Pore width [um]
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01 2 3 4 5 6 7 8 9 1011 12 13 14 15
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Fig. 16. Determined pore widths when multiplying a building job by the factor 5, measured at
the nozzle side

5 Liquid Permeability of Open Porous Structures

Based on the results from macroscopy, components with macropores are to be examined.
Macropores correspond to the largest area within the pore classification. Accordingly,
medium to high permeabilities are expected, so that a stationary measurement with a
liquid is to be carried out. The following conditions must be observed [14]:

Cylindrical or square test pieces shall be used
No reactions with the pore wall take place
The flow is single-phase (homogeneous liquid)
The flow is stationary

The flow is formed

NS
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Condition (1) is ensured by the possibility of a freely selectable geometry by means
of APF during the production of the test specimens. Demineralized water is used to
ensure compliance with conditions (2) and (3). Aspects (4), (5) shall be considered in
the design of the test setup and the performance of the test. A possible setup is shown in
Fig. 17.

Ap Ah

AV ) v

Specimen holderu
B

Fig. 17. Experimental setup for a stationary measurement of liquid permeability [14]

The basic principle of the measurement is to measure the resulting volume flow, which
flows through a sample under the application of a constant pressure. The volume flow
changes depending on the resistance of the sample to the medium flowing through it.

The specimen holder (see Fig. 18) has the function of clamping the specimens to be
tested and ensuring that the fluid flows through them. The liquid flow passes through
the inlet (3) on the upper side, through the porous structure and then into the outlet on
the lower side.
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Fig. 18. Upper side (left) and lower side (right) of the specimen holder. 1: Through-bore,
2: Groove for inner O-rings, 3: Inlet and outlet of the test liquid, 4: Specimen contact area,
5: Groove for outer O-ring

The results of the tests are divided for evaluation. First, the evaluation of the
structures with DL of 35% is shown (see Fig. 19). With increasing FF as well as with
increasing LT linear relationships between the mass flow rate and the parameters can be
seen. The correlation coefficients are above r = 0.98. These correlations simultaneously
describe an increase in volume flow with increasing pore openings within a parameter
variation.
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Fig. 19. Mass flow rate with different FF (DL = 35%, LT = 0.15 mm)

The lowest flow rate is to be assigned to a sample from the variation of the form
factor (FF = 1.60/pore width = 37 pm) with a value of 0.7 g/min. The lowest value
from the variation of the layer thickness (LT = 0.16 mm/ pore width = 22 pm) is
8.7 g/min. It is noticeable that the test specimens show a higher flow rate with smaller
pore size when the layer thickness is varied compared to the variation of the form
factor. The measurements of the test specimens, produced with a DL of 70%, also show
a linear relationship between the FF and the mass flows (r > 0.97).
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Fig. 20. Mass flow rate with different FF and LT (DL = 105%)

While a linear trend can be seen at LT of 0.25 mm and LT of 0.20 mm (r > 0.96),
there is a dispersion of the measured values at LT of 0.15 (see Fig. 20). The combi-
nation of the low layer thickness and the too high discharge level does not allow an
even and reproducible droplet deposition. This results in an uneven porous structure for
which there is no linear trend in liquid permeability. At this point it should be noted
that liquid permeability is not only dependent on the size of the pore openings. The free
pore volume in the transverse direction of the samples also influences the volume flow.
The highest mass flow rate determined is 587.7 g/min (DL = 105%, FF = 2.90,
LT = 0.20 mm).

Due to the mainly linear relationships between the process parameters and the
resulting mass flows, the permeability coefficients are calculated only for the smallest
and largest mass flows. The permeability coefficients are ky=5.09 x 107> m/s
(m = 587.7 g/min) and k¢ = 6.06 X 107 m/s (= 0.7 g/min). According to DIN
18130-1 (see Table 1), components with the following properties can be manufactured:

Highly permeable
Permeable
Low permeability

6 Summary and Outlook

The investigations have shown that it is possible to produce porous structures with the
APF process. The free spaces of the components form a lattice structure of open pore
channels, which is uniformly structured in horizontal and vertical direction. Due to a
connection between the cavities the inner structure is called an “interconnected pore
structure”. The pore width at the surface of the components is adjustable in the size
range 22 to 466 um and thus belongs to the range of macropores. According to
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ISO 4793, this corresponds to laboratory filters of the category P 3 to P 00, which are
used for the analytical filtration of medium-fine precipitates or as a support for solid
samples in flow systems.

The variable size adjustment results in a porosity between 7 and 66%. When ABS
is used, this corresponds to a weight reduction of up to 70%. At the same time, the
material savings lead to a cycle time reduction of up to 75%. As a result of the
reproducibility tests, a tolerance range of the pore widths of =10 pm is specified. This
value cannot be transferred to the pore openings on the platform side, as the geometry
is influenced by varying degrees of pressure on the droplet strands in the first layer.
This influence is so significant that average deviations of the pore widths of —38 um
and +14 pm occur. If the geometry or the number of components is varied within a
building job, this has no influence on the pore size.

The level of liquid permeability is not directly related to the size of the openings of
the surface pores. In addition, the volume flow rate that occurs depends on the selected
layer thickness. At constant layer thickness there is a linear relationship between
permeability and the parameter form factor. With the manufactured components, per-
meability coefficients between 5.09 x 107> and 6.06 x 10~® m/s were achieved for the
flow of water. In accordance with DIN 18130-1, these values are assigned to the areas
of high permeability, permeability and low permeability.

The application possibilities of open-pored structures are numerous. In addition to
components already in use, such as compressed air ejectors in injection molds or filters
for separating media, research is being conducted into further possible applications.
Examples are porous electrode or battery components within accumulators for the
automotive sector or new types of structures for use in heat and air exchangers [16]. In
addition to the characteristics already investigated, further properties must be tested
according to the field of application. One aspect to be investigated is the mechanical
strength of the structures. For the application as a filter, the absorption capacity of
compressive forces is of particular importance. When a medium flows through the
filter, the filter material must be able to resist the pressure applied by the flow.
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