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Abstract

Laser-based powder bed fusion (LPBF) of semi-crystalline polymers enables the support-free layer-wise manufacturing of
geometrically diverse, complex components. In contrast to the established quasi-isothermal powder bed fusion of polymers at
elevated temperatures, non-isothermal, cold processing strategies allow to significantly extend the range of applicable material
systems. Relying on the superposition of discretized, fractal exposure strategies and the implicit mesoscopic compensation of
crystallization shrinkage, the support-free LPBF of polypropylene at room temperature is demonstrated. The present paper
displays the temporally and spatially discrete exposure of superposed fractal, space-filling curves that enable the support-free
LPBEF of polypropylene through combining the mesoscopic compensation of crystallization shrinkage and the laser-induced
minimization of thermal shrinkage through the implementation of pre-exposure scans. The non-isothermal processing
regime was observed to exhibit an intrinsic robustness towards the influence of processing parameters on emerging peak
temperatures while showing a significant extent of accumulated heat within manufactured parts. Complementary mechanical
characterizations showed an orientation-dependent influence of the applied energy density on emerging mechanical properties,
correlated with geometry-dependent temporal process characteristics that implicitly influence the available coalescence time

and the timespan available for the thermal homogenization.
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1 Introduction and motivation

Powder bed fusion processes represent the established state
of the art in small- and mid-scale metal- and polymer-based
additive manufacturing processes of technical components.
One significant advantage of polymer-based laser powder
bed fusion processes is rooted in the inherently support-free
processing, describing the support of manufactured parts
through the surrounding powder. The support-free manu-
facturing in polymer-based powder bed fusion is enabled
through the quasi-isothermal processing [1], describing the
processing of polymer materials at elevated build cham-
ber temperatures for slowing the crystallization of semi-
crystalline polymers, minimizing crystallization-induced
deflections. In contrast to polymer-based powder bed fusion
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processes, metal-based processes show a predominant
dependency on the use of support structures arising from
the rapid solidification of the melt, limiting the geometric
freedom while increasing requirements regarding the post
processing of parts, such as removing support structures.
Combining the advantages of quasi-isothermal, support-free
powder bed fusion of polymers with the rapid solidification
furthermore embeds the potential for increasing the range of
materials suitable for polymer-based powder bed fusion pro-
cesses. Relying on the predominant application of polyam-
ide 11 and polyamide 12 due to the high robustness toward
process interruptions, curling, and warping, the technologi-
cal potential of isothermal powder bed fusion processes is
inherently limited.
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2 State of the art

2.1 Support-minimizing strategies in laser-based
powder bed fusion

The application of support structures in laser-based additive
manufacturing processes intends to minimize the occurrence
of thermal and crystallization-induced deflections, arising
from the layer wise manufacturing. Considering the labor-
intensive removal of support structures and interlinked
geometric limitations, recent developments address the
quantitative reduction of required support-structures through
geometric optimizations [2—4], optimized part orientations
[5, 6] and exposure-based process optimizations through
pulsed [7] and defocused laser beams [8]. Exceeding the
mere minimization of supports, intrinsically support-free
additive manufacturing necessitates the minimization of
residual stresses, essential for avoiding part warping and
increasing the overall process robustness. The optimization
of residual stresses and the minimization of process-induced
distortions were described through the application of
segmented exposure strategies [9-11], allowing to reduce
the distortion of manufactured parts in comparison to
unsegmented exposure strategies, such as meander scanning.
Representing a sophisticated, intrinsically scale-invariant
approach to segmented exposure strategies, the application
of fractal exposure strategies [12, 13], relying on employing
fractal, self-similar, space-filling curves for exposing a
particular cross section, allowing for reducing residual
stresses while expanding the range of material suitable for
laser-based additive manufacturing processes. Contrasting
the described positive influence of segmented exposure
strategies on the corresponding distortion, numerical
findings have been described that show a partially negative
influence of segmented strategies, however indicating a
predominant influence of the applied laser power and the
underlying scan speed [14].

Complementing the influences of applied exposure
strategies on emerging residual stresses and distortions,
geometry-induced temperature fields represent a
fundamental limitation in laser-based manufacturing
processes. Influenced by the thermal superposition of
consecutive exposure scans, linear exposure strategies
are intrinsically interlinked to geometry-dependent
vector lengths and corresponding laser return times [15].
Demonstrated for laser-based processing [16] and electron
beam melting [17, 18], the return time of the energy source
embeds implications for emerging transient temperature
fields, microstructural properties and the interlinked
avoidance of process interruptions.

The established quasi-isothermal LPBF of polymers
distinguishes itself through the intrinsically support-free
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manufacturing, characterized through the metastable,
simultaneous occurrence of the polymer melt and
surrounding powder [19-21]. Isothermal crystallization
processes show a dependency of crystallization kinetics
on the prevailing build chamber temperature [20,
22-26], allowing for a predominantly homogeneous
crystallization of material systems with suitable
crystallization kinetics. Relying on the slowed isothermal
crystallization, a stable processing regime is enabled,
minimizing deflection-induced process interruptions,
hence constituting the foundation for the support-free
processing. In contrast to quasi-isothermal processing
strategies, non-isothermal processing varieties face
challenging temporal boundary conditions arising from
the considerably accelerated crystallization process
[27, 28]. Without the implementation of compensation
mechanisms or support structures, the layer wise, spatially
inhomogeneous crystallization embeds the potential for
the inhomogeneous contraction and balling of the polymer
melt alongside considerable warping of the part through
the crystallization-induced shrinkage of exposed layers
[3]. Support-free manufacturing strategies, therefore,
necessitate the implementation of mechanisms for
compensating the crystallization-induced shrinkage as
well as the subsequent thermal shrinkage of the solidified
melt, minimizing the influence of micro- and mesoscale
volumetric contractions on the overall part dimensions.

Combining aspects of the selective laser melting of metals
and the support-free LPBF of polymers, recent developments
demonstrate the feasibility of discretized exposure strategies
for the support-free manufacturing of polyamide 12 [29, 30],
polypropylene [31, 32] and polypropylene-polysaccharide
composites [33]. Based on the application of fractal
exposure paths, previously described for the minimization
of stress cracking [12] and residual stresses [13] in powder
bed fusion of metal alloys, the processing of polymers at
ambient conditions below the crystallization temperature
becomes feasible.

2.2 Transient thermal processing conditions
in powder bed fusion of polymers

The thermal characteristics of the polymer melt
obtained during the laser exposure embed significant
implications for the stability of the process as well as
microstructural, superficial, and mechanical characteristics
of the manufactured component. Relying on the prevailing
application of linear exposure strategies described in
literature, linear thermal gradients are obtained from locally
linear exposure strategies [16, 34, 35]. The segmentation
of a particular cross-section allows for limiting the spatial
expansion of a particular thermal gradient, influencing
the formation of residual stresses in powder bed fusion of
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metals [36—39]. The formation of linear thermal gradients
is associated with the repetitive superposition of laser-
induced temperature fields and the laser focus, leading to
temperature fields with cross-section-specific characteristics
[40-43]. Based on the interaction of the exposed cross-
section and the applied exposure strategy, segmented as
well as fractal exposure strategies were described to reduce
the thermal variance arising from varying cross-sections.
In particular, the application of fractal exposure strategies
[44] is associated with intrinsically geometry-invariant
exposure strategies as well as a significantly increased
extent of heat diffusion [45]. Fractal exposure strategies,
resembling fractal, space-filling curves [46], lead to
the intrinsic formation of thermal gradients oriented in
opposite directions [31], facilitating the rapid dissipation of
heat and the minimization of thermal gradients across the
exposed area. The geometry-variant properties, associated
with the intrinsic self-similarity of fractal structures,
was demonstrated for single exposure cycles [45]. Based
on repetitive exposure cycles applied in non-isothermal
processing strategies [32], an implicit influence of temporal
process characteristics on the repetitive heating of a
particular cross section emerges. The temporal discretization
represents a fundamental prerequisite to the non-isothermal,
support-free processing by enabling the solidification and
shrinkage of molten material without compromising the
macroscopic shape of the manufactured component. Hence,
the influence of temporal as well as spatial characteristics
need to be considered in discretized exposure processes,
constituting a fundamental boundary condition.

3 Methodology

3.1 Discretized, superposed fractal exposure
strategies

Exposure strategies, applied for the support-free, non-iso-
thermal powder bed fusion of polypropylene encompass
fractal, space-filling curves (FASS curves) [47, 48], charac-
terized by their self-similar structure [49, 50]. Applying the
Peano curve [51, 52] as a particular FASS curve, the expo-
sure of any cross-section can be obtained applying an algo-
rithm proposed by Yang et al. [44], that relies on the crop-
ping of and alternating re-connection of cropped sections of
the fractal curve. An intrinsic discretization of the exposure
process is obtained through the four-fold superposition of
the phase-shifted curves, enabling the discretized melting
and subsequent crystallization by applying a significantly
extended hatch spacing of 1.6 mm, corresponding to 320%
of the laser focus diameter of dp, = 0.5 mMm (Izy..s = I/€?).
The emerging exposure strategy is schematically displayed
in Fig. 1. For stabilizing the non-isothermal part formation
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Fig. 1 Schematic depiction of a cutout of a fractal, discretized expo-
sure strategy emerging from the four-fold superposition of closed,
space-filling fractal Peano curves

through the preheating of upper, previously solidified layers,
a preparation scan prior to the melting process is applied,
relying on the dual consecutive meander exposure employ-
ing a hatch spacing of 0.7 mm, a laser power of P=20 W
and an exposure speed of 500 mm s, yielding a predomi-
nantly homogeneous preheating through the application of
an increased hatch spacing relative to quasi-isothermal, lin-
ear exposure strategies.

3.2 Machinery and process implementation

A freely configurable research system encompassing a
high-speed galvanometer scanner (SCANLAB GmbH,
Puchheim, Germany) and a pulse width modulated CO, laser
(A=10.6 pm, Coherent, Inc., Santa Clara, USA) alongside
a f-theta lens are applied for implementing the discretized,
fractal exposure, obtaining a spot size of dg,.,,=0.5 mm
(Iroeus = Io/€%) of the Gaussian intensity distribution [31]. For
minimizing adverse effects of the powder coating process on
the positioning accuracy of unsupported, solidified parts, a
counter-rotating roller is employed, minimizing emerging
shear stresses arising from the powder coating process.
A layer height of 0.1 mm is kept constant throughout the
processing.

3.3 Design of experiments

For characterizing the influence of support-free, non-
isothermal processing strategies, tensile bars of type 1A
(ISO 3167 [53]) are applied as underlying geometries
for all manufacturing steps. Relying on the processing of
commercially available polypropylene of type Ultrasint PP
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1400 (BASF SE, Ludwigshafen, Germany), a full-factorial
variation of the orientation of manufactured specimens in
two orientations and of the applied laser power, varied in
three steps, is conducted. The orientation of the specimen
is varied in discrete angles of 45° and 30° relative to the
powder bed surface, with an angle of 90° describing a
vertical orientation of manufactured tensile bars. The
underlying laser power is varied in steps of 24 W, 26 W,
and 28 W while maintaining a constant area scan rate of
160 mm? s™!.

The position of manufactured specimens is varied in
discrete angles of 30° and 45° relative to the powder bed,
implicitly varying the exposed cross-section. In depend-
ence on the applied angle, the projected surface of the part
relative to the powder bed is implicitly varied, displayed
in Fig. 2. The temporal discretization of consecutive expo-
sure cycles is ensured through the parallel exposure of four
geometrically identical specimens, enabling the discretized
cooling of consecutive scans.

3.4 Process and part characterization

For assessing the influence of applied parameters on
emerging process-dependent thermal conditions, the
thermographic in situ monitoring in employed. Employing
an infrared camera of type IRCAM VELOX 1310 k SM,
the powder bed is continuously monitored using a frame
rate of 500 Hz and a material-specific emission coefficient
of €=0.805 [31]. For characterizing the emergence of
process- and orientation-dependent thermal equilibria, the
process is monitored over a range of 250 layers. Derived
thermal characteristics are derived from square measurement
areas encompassing 1 x 1 mm?, located in the center of the
exposed area.

Complementary mechanical characterizations are based
on ISO 527-2, employing a universal testing machine of type
Zwick 1465 (ZwickRoell GmbH & Co. KG, Ulm, Germany).
A strain rate of 0.25 mm s~ and 1 mm s~! are employed for
the characterization of the elastic modulus and the tensile
properties, respectively. Corresponding analysis of obtained
fracture surfaces was conducted using a scanning electron
microscope of type Zeiss Gemini (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany), applying an acceleration
voltage of 10 kV.

4 Results and discussion

4.1 Process- and geometry-dependent transient
processing conditions

Emerging from fundamentally different processing condi-
tions in non-isothermal powder bed fusion processes, the
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Specimen of type 1A, ISO 3167,

dNominal hatch — 1.6 mm,
defrective hateh = 0.4 Mm

Fig.2 Schematic depiction of orientation-specific exposure paths of a
single exposure cycle; Accumulated depiction for all layers

discretized melting process and the intermediate cooling of
the melt is associated with considerably increased cooling
rates, influencing emerging peak temperatures as well as
the part-specific thermal superposition and affected mor-
phological and mechanical properties, previously described
for laser-based PBF processes [41, 54] and electron beam
melting [34] with linear exposure strategies. Relying on the
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discretized exposure process, a step-wise energy input is
correlated with the segmented increase of the superficial
temperature of the exposed cross-section. Contrasting pro-
cess characteristics observed in quasi-isothermal powder
bed fusion, the thermal accumulation within the exposed
layer does not depict a direct correlation with emerging peak
temperatures, reflected in predominantly constant peak tem-
peratures over a wide temporal range, evident in Fig. 3.

The non-linear influence of the applied laser power on
emerging peak temperatures is assumed to rely on the expo-
sure-induced coalescence of particles and the implicit adap-
tion of thermal and optical properties of the exposed cross-
section. In particular, the initial discretized exposure scan
is associated with the highest peak temperatures, followed
by a rapid quenching of the melt. In contrast to observed
peak temperatures, subsequent exposure cycles lead to an
increase in the equilibrium temperature and a slowed cooling
of the surface. Underlying physical mechanisms are assumed
to rely on the improved thermal conductivity of partially
adhering material and an increased optical penetration
depth, limiting the emergence of increased superficial peak
temperatures. Similarly, no statistically significant influence
of the applied laser power on emerging peak temperatures is
observed within the applied processing window, displayed
in Fig. 4.

Thermographic observations, therefore, display the
exposure-induced variation of physical characteristics of
the unfused powder that lead to an intrinsic robustness
of emerging peak temperatures relative to changes of
the applied process parameters. The influence of the part
orientation is implicitly reflected in the temporal distance
of the consecutive exposure cycles and the available time
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Fig.3 Exemplary depiction of thermal characteristics of the exposure
process obtained through a central point measurement of the cross
section
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Fig.4 Overview of parameter- and angle-dependent thermal charac-
teristics, measured in the part center

for cooling, owing to the increased exposed area of each
specimen. The intrinsic robustness of emerging peak
temperatures is furthermore reflected in the invariance of
emerging peak temperatures toward the layer-dependent
buildup.

One significant thermal characteristic of non-isothermal
processing manifests itself in the emerging equilibrium tem-
perature, observed after each coating step. Following a par-
ticular layer, the part surface is cooled through the recoating
of cold (T=25 °C) polypropylene powder, shown in Fig. 5.
Contrasting layer-dependent process dynamics observed for
the quasi-isothermal powder bed fusion of semi-crystalline
polymers [15], the emerging layer-wise buildup in non-
isothermal processing depicts a layer-dependent increase
of the equilibrium temperature, observed subsequent to the
exposure process, displayed in Fig. 6. This phenomenon is
likely associated with the predominant dissipation of heat
through the solidified component, arising from the increased
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thermal conductivity of the solidified, dense component. It,
therefore, promotes the accumulation of thermal energy in
the recrystallized component while inhibiting the dissipation
of heat perpendicular to the build orientation due to insulat-
ing properties of unfused powder.

4.2 Process-induced mechanical characteristics

Independent on the applied part angle, the accumulation
of thermal energy is observed when exceeding a number
of n=10 layers, followed by an angle-dependent increase
over a range of 25 to 50 layers. An increasingly upwards
orientation of the component contributes to the accelerated
accumulation of heat, likely associated with the reduced
surface-to-volume ratio of vertical components present at
a reduced number of layers. The layer-dependent increase
of observed temperatures indicates the emergence of part
height-dependent crystallization kinetics, implicitly avoiding
the formation of metastable modifications, observed for the
manufacturing of thin components [31].

Arising from orientation- and process-dependent vari-
ations in the transient thermal processing conditions,
a parameter-dependent elastic modulus, essential to design-
related considerations, can be observed, shown in Fig. 7.

Derived process-dependent mechanical characteristics
are predominantly influenced by the applied part orienta-
tion, depicting a negative orientation of the angle relative
to the powder bed and the emerging tensile strength and the
corresponding failure behavior. The orientation-dependent
mechanical characteristics show slightly reduced values
compared to an elastic modulus of 1250 MPa obtained in
quasi-isothermal PBF and exhibit a significant, non-linear
interaction with the applied laser power, displayed in Fig. 8.
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While specimens built applying an angle of 45° relative to
the powder bed plane show a positive correlation of the
applied laser power and the corresponding part stiffness, an
increasing laser power is associated with a decreasing elastic
modulus of specimens manufactured using an angle of 30°.
The observed opposite influence of the applied laser powder
is correlated with the divergence of orientation-dependent
coalescence times, arising from the angle-dependent area of
a particular cross-section, previously referred to in Fig. 4.

A reduced exposure timespan is associated with a reduced
timespan available for the coalescence and the interlinked
thermal homogenization through thermal conduction.
Increased energy densities are assumed to facilitate the coa-
lescence and the dense structure formation, promoting the
densification of loose powder within a shorter timeframe.
Considering a part angle of 30°, the exposure-induced
reduction of the elastic modulus is correlated with mor-
phological characteristics of manufactured parts, displayed
in Fig. 9. The microscopically observed partial occurrence
of spherical, likely degradation-induced pores [15] depicts
a correlation with the aforementioned elastic modulus,
reflecting the divergent influence of the laser power on parts
manufactured under varying orientations. The nonlinear
interaction of the laser power and the part angle indicates
fundamentally varying mechanisms that govern the structure
formation in non-isothermal processing. In particular, the
influence of the equilibrium temperature and the interlinked
control of the structure formation is of major importance
for unifying all interlinked process mechanisms toward non-
isothermal, geometry-invariant processing strategies at room
temperature.
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5 Conclusion and outlook

Combining the support-free properties of quasi-isothermal
powder bed fusion of polymers with the cold processing
regime of metal-based powder bed fusion embeds a variety
of promising economical, ecological, and technological
imperatives. These include, for instance, extending the
applicable range of materials and significantly reducing
the energy consumption of powder-based additive
manufacturing processes. The temporally separated
exposure of phase-shifted, fractal exposure strategies
allows for the intrinsic avoidance of support structures.
Contrasting quasi-isothermal processing strategies
at elevated temperatures, a fundamentally divergent
processing regime can be identified, associated with the
orientation-adapted accumulation of thermal energy in
manufactured parts. Furthermore, the influence of the
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Fig.7 Overview of orientation- and process-dependent strain—stress
profiles
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dependent elastic modulus, ng,ecimen =13

part-specific cross-sectional area on the temporal distance
of consecutive exposure cycles significantly affects the
influence of the applied laser power on corresponding part
properties. Hence, the influence of geometric boundary
conditions is inherently interlinked to temporal process
characteristics. Future research will address underlying
geometry-dependent process mechanisms for minimizing
geometry-induced part characteristics through the
segmentation and the corresponding homogenization of
the temporal discretization.
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Fig.9 Scanning electron micrographs of orientation- and process-dependent fracture surfaces
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