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Abstract: Additive manufacturing of material systems sensitive to heat degradation represents an
essential prerequisite for the integration of novel functionalized material systems in medical appli-
cations, such as the hybrid processing of high-performance thermoplastics and gelling polymers.
For enabling an inherent process stability under non-isothermal conditions at reduced ambient
temperatures in laser-based additive manufacturing, maintaining a homogeneous layer formation is
of vital significance. To minimize crystallization-induced deflections of formed layers while avoiding
support structures, the temporal and spatial discretization of the melting process is combined with
the subsequent quenching of the polymer melt due to thermal conduction. Based on implementing
superposed, phase-shifted fractal curves as the underlying exposure structure, the locally limited
temporal and spatial discretization of the exposure process promotes a mesoscale compensation of
crystallization shrinkage and thermal distortion, enabling the essential homogeneous layer formation.
For improving the understanding of local parameter-dependent thermal intra-layer interactions under
non-isothermal processing conditions, geometric boundary conditions of distinct exposure vectors
and the underlying laser power are varied. Applying polypropylene as a model material, a significant
influence of the spatial distance of fractal exposure structures on the thermal superposition of distinct
exposure vectors can be derived, implicitly influencing temporal and temperature-dependent charac-
teristics of the material crystallization and the emerging thermal material exposure. Furthermore,
the formation of sub-focus structures can be observed, contributing to the spatial discretization
of the layer formation, representing a decisive factor that influences the structure formation and
mesoscopic part properties in non-isothermal powder bed fusion of polymers. Consequently, the
presented approach represents a foundation for the support-free, accelerated non-isothermal additive
manufacturing of both polymers and metals, demonstrating a novel methodology for the mesoscale
compensation of thermal shrinkage.

Keywords: non-isothermal; powder bed fusion; polypropylene; low temperature laser sintering;
quenching; laser sintering

1. Introduction

Laser-based additive manufacturing processes represent an established technological
field for the small series production of load-bearing components. To date, laser-based
processing routes are characterized by the application of quasi-isothermal processing, inter-
linked to inherent limitations in the range of applicable materials and the recyclability [1,2]
of unfused material. Considering laser-based additive manufacturing processes, thermal
processing conditions are of significant relevance with regard to governing the heating
and melting of the powder particles, and ultimately, the solidification kinetics and the mi-
crostructural evolution [3] of the resulting part. The interaction between the laser beam and
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the powder bed, as well as the thermal history of the material during the process, exhibit a
significant impact on the processing stability, associated with exposure-induced residual
stresses in LPBF of metal alloys [4,5]. Aforementioned considerations are of significant
relevance for the stable layer formation in non-isothermal LPBF of polymers, constituting
the physical foundation for the localized meso-scale compensation of material shrinkage.
Given the significance of aforementioned thermal intra-layer phenomena and the sensi-
tivity of non-isothermal LPBF of polymers towards thermal processing conditions [3], an
enhanced understanding of exposure strategies on emerging thermal processing conditions
is essential for enabling support-free LPBFE.

In contrast to quasi-isothermal processing, recent developments indicate the possibility
for considerably enhancing thermal boundary conditions [3,6], extending the range of ma-
terial systems applicable for laser-based powder bed fusion (LBPF) of polymers. Previously
explored approaches for the non-isothermal powder bed fusion of polymers at reduced
ambient temperatures are limited by the use of support structures [7-9] and limited build
rates [6], impairing the ecological and economic viability of existing processing routes. To
overcome existing limitations in non-isothermal powder bed fusion, the combined spatial
and temporal discretization of the crystallization process represents a promising processing
strategy for powder-based manufacturing processes. To overcome existing limitations
regarding the build rate of non-isothermal processing and for further reducing the thermal
exposure of applied materials, a novel methodology based on limiting laser-based mate-
rial exposure to a spatially discretized dual-step exposure process represents a promising
approach. Being associated with the rapid solidification and underlying crystallization
kinetics of molten material, the thermal interaction of discrete exposure steps represents
a major process influence. With regard to the significance of thermal superposition of
consecutively exposed vectors in metal- and polymer-based LPBF processes [4,5,10,11],
thermographic investigations allow for the in-depth investigation of process-dependent
transient temperature fields, enabling insights into parameter-process interactions and
underlying mechanisms in the non-isothermal, support-free LPBF of polymers.

2. State of the Art
2.1. Thermal Processing Conditions in Powder Bed Fusion Processes

The precise control of thermal processing conditions in LPBF of polymers repre-
sents the methodological foundation for the established quasi-isothermal LPBF of semi-
crystalline polymers. Based on the precise control of thermal boundary conditions, material
crystallization is limited to the isothermal crystallization of applied polymers [12-14], al-
lowing for the homogeneous solidification of manufactured components. In contrast, the
processing of metal alloys is inherently interlinked to the rapid heating and subsequent
solidification of applied materials [15], hence requiring support structures for minimizing
solidification-induced deflections. Considering the support-free processing in LPBF of
polymers, the local occurrence of non-isothermal processing conditions, associated with
an inhomogeneous pre-heating of the powder bed, induces the spatially inhomogeneous
crystallization of exposed cross-sections. The emergence of curling is frequently interlinked
to build process interruptions, hence impairing the processability of polymer-based ma-
terial systems with a small thermal processing window [16,17]. Considering an elevated
extent of shrinkage of semi-crystalline polymers [18], maintaining inherent advantages
of quasi-isothermal LPBF of polymers such as support-free manufacturing while extend-
ing the range of applicable polymers indicates the necessity for novel approaches for the
additive manufacturing of polymers at reduced ambient temperatures [3,6].

2.2. Process-Structure-Property Interdependencies of Non-Isothermal Additive Processing

Morphological and corresponding mechanical properties of components manufac-
tured by means of quasi-isothermal and non-isothermal laser-based processing show a
significant dependency on underlying exposure parameters and temporal process charac-
teristics. Extensive research has been conducted for investigating the influence of exposure
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parameters and geometric boundary conditions on emerging thermal process characteris-
tics [11,19] and corresponding mechanical properties [20-22] in quasi-isothermal processing.
Parts produced by means of quasi-isothermal LPBF have been found to exhibit a consid-
erable dependency on the consolidation phase, occurring subsequent to the laser-based
exposure, exhibiting an influence of the layer time on emerging mechanical properties [23]
and on emerging morphological properties [24]. Optically observed consolidation kinetics
show a dependency on underlying exposure parameters and rheological material proper-
ties [24], implicitly influencing corresponding part densities. Therefore, the influence of
varied exposure strategies and emerging temperature fields is associated with the emerging
consolidation phase in quasi-isothermal processing. In contrast, the occurrence of a consoli-
dation phase in non-isothermal LPBF [3,6] is inherently restricted due to a considerable
supercooling and the corresponding rapid crystallization of the polymer melt [3,6], depend-
ing on the emerging cooling rate [25]. Existing research on support-bound LPBF at reduced
build chamber temperatures is predominantly based on parameter adaptions of existing
linear exposure strategies [7-9,26,27]. To allow for support-free non-isothermal LPBF of
polymers, the proposed application of fractally sequenced, locally quasi-simultaneous
exposure strategies has been described [3,6], representing the foundation for extending the
consolidation phase in non-isothermal processing based on the repetitive exposure of dis-
tinct segments. Underlying exposure strategies, applied for the support-free non-isothermal
LPBE rely on the spatial and temporal discretization of the melting and subsequent crystal-
lization of semi-crystalline polymers, demonstrated using polyamide 12 [3,6]. Based on
varied quasi-simultaneous exposure times, varying morphological and mechanical proper-
ties can be obtained [3], allowing for the local exposure-induced variation of part properties
due to altered thermal crystallization conditions. Despite allowing for the exposure-based
alteration of emerging part properties, quasi-simultaneous exposure strategies are associ-
ated with considerably increased processing times, hence limiting the economic viability of
existing non-isothermal processing strategies, indicating the requirement of novel process-
ing strategies in LPBE.

2.3. Crystallization Characteristics of Polypropylene under Non-Isothermal Processing Conditions

High cooling rates, observed in non-isothermal powder bed fusion [3,6], are correlated
with considerable supercooling [3] of the polymer melt. Hence, a fundamental understand-
ing of temperature-dependent crystallization rates is required to evaluate the impact of
crystallization kinetics on the morphological properties of the formed layers.

A previous study conducted by Mubarak et al. (2001) [28] found a quasi-Gaussian
dependency of the crystallization rate of polypropylene on the underlying isothermal
crystallization temperature. Rapid cooling rates exceeding 150 K s~! and a crystallization
temperature below 85 °C predominantly lead to the formation of mesomorphic, metastable
states [29]. Considering the glass transition temperature of isotactic polypropylene below
273 K [30], metastable crystalline structures are subject to phase changes at ambient tempera-
tures [31-33], converting into the a-phase while preserving the ductile properties associated
with the mesomorphic phase [34,35]. Therefore, given the presence of metastable crystalline
structures subsequent to process-inherent quenching, the time-temperature dependence of
the thermal and morphological properties of quenched specimens is evident. Furthermore,
the cooling-rate dependent formation of varying phase compositions in non-isothermal
powder bed fusion embeds implications for the time-dependent formation of material
shrinkage due to the repeated thermal exposure in layer-wise manufacturing processes.
Hence, a comprehensive understanding of the crystallization kinetics of polypropylene
and the resulting morphological changes in non-isothermal powder bed fusion are critical
for optimizing the process parameters and achieving desirable part properties.

2.4. Interaction of Processing Parameters and Thermal Process Characteristics

The thermal interaction of consecutively exposed vectors represents a critical factor
affecting the emergence of temperature fields in both metal-based [4,5,36] and polymer-
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based [11,19] powder bed fusion. Given the predominant use of linear exposure strategies
in LPBE, the accumulation of thermal energy resulting from the thermal superposition of
consecutively exposed vectors has been found to significantly influence the formation of
thermal stresses [37] and melt pool geometries [10]. Additionally, the thermal interaction
of consecutively exposed vectors is considerably affected by the scan vector length, which
implicitly affects the time span of intermediate cooling prior to the repeated heating by the
laser beam.

The significance of the scan vector length was demonstrated with regard to elevated
melt pool temperatures arising from reduced vector lengths [11] in LPBF of polyamide 12.
Furthermore, a negative correlation of residual stresses and the underlying vector length
has been derived [38,39], leading to the development of segmented exposure strategies,
extensively applied in LPBF of alloys prone to hot cracking. In contrast to linear exposure
strategies, non-linear fractal exposure strategies have been shown to minimize hot cracking
in LPBF of nickel-based alloys [40]. Furthermore, fractal exposure strategies allow for
reducing the influence of the exposed geometry on emerging peak temperatures due to
inherent scale-invariant structures [41]. In addition, the use of scale-invariant, self-similar
exposure strategies allows for reducing the effect of heat accumulation despite significantly
reduced vector lengths [41], indicating their improved applicability for spatially discretized
exposure strategies.

3. Materials and Methods
3.1. Implementation of Discretized Exposure Strategies

For obtaining a process-inherent spatial and temporal discretization of the formation
and subsequent crystallization [6] of distinct exposure vectors, fractal, space-filling, and
self-similar curves, commonly referred to as FASS-Curves [42], are applied in the form of
the Peano curve [43]. The applied exposure structure is characterized by an equidistant
alignment of the exposed vectors, yielding a homogeneous energy input into the powder
bed on a mesoscopic scale. By applying increased hatch distances, the formation of intercon-
nected melt pools is inherently minimized, promoting a discrete crystallization of distinct
exposed vectors. The exposure process is divided into two consecutive exposure steps,
compromising a superposition of identical exposure structures. For achieving an optimized
layer homogeneity, a biaxial displacement, referred to as phase shift corresponding to 50%
of the underlying hatch distance, is specified, promoting the aforementioned discretized
crystallization of consecutively exposed vectors. The interdependence of the specified
hatch distance and the corresponding exposure structure is displayed in Figure 1.

d

Hatch

Figure 1. Schematic depiction of the local structure of superposed, fractal exposure structures based
on the space-filling Peano curve.
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Relying on scale-invariant properties of the applied space-filling curve, locally identical
exposure structures are obtained, allowing for the predominant invariance of resulting
local, transient temperature fields towards varying exposed cross-sections. Based on
the implementation of a dual-step exposure, the aforementioned geometric invariance is
limited by the inherent time offset of the exposure of consecutive exposure steps, yielding a
temporal discretization in addition to the inherent spatial discretization.

3.2. Exposure Implementation and Applied Materials

The preparation of fractal, discretized exposure strategies, specified in chapter 3.1., is
conducted by means of iterative programming, implemented in Python 3.9., allowing for
specifying scale-invariant geometric features of the space-filling curve. Resulting geometric
structures are implemented using a freely configurable LPBF research system, previously
described by Drummer et al. (2019) [12], allowing for highly dynamic beam deflection. Based
on the applied optical setup comprising a carbon dioxide laser of type Coherent Diamond
C-55 (Coherent, Inc., Santa Clara, USA) and a f-Theta lens, a focal diameter (I = 1/¢e?) of
0.5 mm is obtained, exhibiting a Gaussian intensity distribution.

Commercially available polypropylene powder of type Ultrasint® PP 1400 (BASF
SE, Ludwigshafen, Germany) is applied as the underlying material, exhibiting a melt-
ing peak of Tr, = 137.2 °C £ 0.29, derived by means of differential scanning calorimetry
(dT/dt =10 K min~!), and a viscosity number (ISO 1628-3 [44]) of 207.7 mL g~ ! 4- 1.7. The
used material is characterized by irregular, partly aspherical particles, displayed in Figure 2,
associated with cryogenic milling of the feedstock material. The applied feedstock exhibits
a mean particle diameter of dsg = 62.39 um =+ 2.42.

Figure 2. Scanning electron micrographs of the applied polypropylene powder.
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For optimizing rheological powder properties, the material is modified by means of
rotational dry blending, adding a fraction of 0.1% of fumed silica (Aerosil R 8200, Evonik
Industries AG, Essen, Germany), yielding a bulk density of 0.337 g cm~! =+ 0.0039.

3.3. Design of Experiments

For investigating interactions of varied geometric boundary conditions of the applied
exposure structure and corresponding exposure parameters, the hatch distance of distinct,
consecutively exposed scan vectors and the laser power are varied in discrete steps. The
resulting two-factorial parameter variation is displayed in Table 1.

Table 1. Overview of applied processing parameters.

Parameter Set/- Hatch Distance/mm Laser Power/W Lz;:tfl?iil

1 11.00

7 12.25

3 03 13.50 225
4 14.75

5 16.00

6 11.00

7 12.25

8 04 13.50 30
9 14.75

10 16.00

11 11.00

12 12.25

13 05 13.50 37.5
14 14.75

15 16.00

Further constant boundary conditions include an exposure speed of v = 1500 mm s~

and a powder bed temperature of Tg = 25 °C, corresponding to the ambient tempera-
ture. Derived process characteristics, that are based on thermographic investigations, are
described in the following section.

3.4. Thermographic In Situ Investigations

Thermal imaging, applied for in situ assessment of emerging thermal fields and
emerging process-dependent crystallization kinetics, is based on integrating an infrared
camera of type IRCAM VELOX 1310k SM (IRCAM GmbH, Erlangen, Germany) into the
build chamber. Based on the thermographic measurement setup, an isotropic resolution of
140 x 140 um? and a frame rate of 355 Hz are obtained. A sapphire window is employed
for avoiding measurement errors due to scattered laser radiation. Based on preceding
thermal calibrations, an emission coefficient of ¢ = 0.805 is applied for deriving thermal
process characteristics. To obtain parameter-dependent cooling rates, the time derivative is
derived over a time span of 250 ms for minimizing the influence of measurement noise. In
addition, based on analytical investigations of the temporal variability of derived cooling
rates, the exothermal material crystallization is characterized. For deriving the temporal
maximum of observed cooling rates, a 5th degree polynomial fit is applied for minimizing
the influence of measurement noise on the determined crystallization peak temperature.
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3.5. Topological and Thermal Part Characterizations

For assessing topological properties of the layer formation, scanning electron mi-
croscopy (SEM) is applied, using a scanning electron microscope of type Zeiss Gemini (Carl
Zeiss Microscopy GmbH, Oberkochen, Germany). Thermal part properties are character-
ized by applying differential scanning calorimetry, using a device of type DSC 2500 (TA
Instruments, New Castle, DE, USA). A heating rate of dT/dt = 60 K min~1! is applied for

optimizing the sensitivity of the measurement towards minor effects such as the occurrence
of cold crystallization.

4. Results and Discussion
4.1. Spatial Exposure Discretization

Applied exposure strategies are characterized by a structural geometry-invariance,
corresponding to the structure of the underlying space-filling curve. Based on thermo-
graphic investigations, a segment-wise occurrence of peak temperatures can be identified,

being associated with heat accumulation being limited to the first iteration of the fractal
curve, displayed in Figure 3.

dyyiep = 0.3 mm dhaten = 0.4 mm dhaten = 0.5 mm

Plau=11W - 200
- 175
- 150
- 125

100

Temperature / °C

75
50

PLuscr =16W

[
10 mm

X ——

Figure 3. Observed temperature fields during the second exposure step in dependence on the applied
laser power and the underlying hatch distance, Tg = 25 °C, £ = 0.805.

Observed spatial distributions indicate a considerable influence of the thermal vector
—vector interaction on the resulting thermal history. An increase of applied hatch distances
is correlated with a more pronounced spatial separation and resulting discretization of
formed local heat build-ups. Formed temperature fields are characterized by the short-term
formation of local heat spots exceeding the melting temperature, separated by sections
that did not exceed the melting peak temperature, located between distinct exposure
vectors. The implicit discretization is assumed to represent an inherent prerequisite to non-
isothermal layer formation, implying the significance of thermal intra-layer interactions on
the processing stability.

4.2. Process-Dependent Thermal Vector—Vector Interaction

The influence of thermal interactions of consecutively exposed vectors can be observed
with regard to emerging peak temperatures, resulting cooling conditions, as well as in
situ assessed crystallization kinetics and corresponding crystallization peak temperatures.
The observed negative correlation of the underlying hatch distance and emerging ther-
mographically observed peak temperatures is associated with a thermal superposition of
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consecutive scans, previously described to considerably influence emerging temperature
fields in quasi-isothermal processing [11].

Displayed in Figure 4, thermographically observed time-temperature profiles display
a considerable influence of the applied laser power and the underlying hatch distance.
Thermographic observations indicate a stepwise, non-linear time—temperature profile, be-
ing associated with a stepwise temperature increase induced by a thermal superposition
of consecutively exposed vectors. A step-wise temperature increase can be observed re-
gardless of the applied hatch distance, indicating an influence of thermal superposition
of consecutively exposed vectors on emerging peak temperatures. Observed peak tem-
peratures are limited by the applied measurement frame rate of 355 Hz and the limited
spatial resolution, limiting the detection of occurring peak temperatures due to the rapid
subsequent cooling and the spatially limited heating.

180
] — Pl = 11.O0W |Polypropylene, T, =25 °C,
160 - — Pl = 1225W 1v=1500mm s,
‘ g 4 PLaSL'r = 13.50 W 1 dhalch = 05 mm
140 | — P, =1475W .
S P, ... =1600 W
< 1204 | . : .
5 |
=
g 100 - ] i
8_ ]
5 80 . .
H B
60 . .
40 1 | .
I’ Giare, = 0.3 mm| ] dp ey = 0.4 mm o
ZOFJ'I'I'Il'lllI]'I'ﬁl'l'l}'htd:'l' J‘I'I'I'I'I'
0 5 10 15 20 25 30 0 5 10 15 20 25 300 5 10 15 20 25 30
Time /s Time /s Time /s

Figure 4. Influence of hatch distance and laser power on emerging time-temperature profiles,
1

VExposure = 1500 mm s™".
Based on the high cooling rates observed in non-isothermal processing, exothermic
material crystallization can be distinguished from random noise based on the formed tem-
poral peak of the cooling rate [3], allowing for detecting characteristic temporal variations
in the derived cooling rate. To minimize the influence of process noise on the derived peak
crystallization temperature, a polynomial fit is applied, displayed in Figure 5.

The influence of the crystallization process on emerging temperature fields in quasi-
isothermal powder bed fusion of polymers has been previously described based on nu-
merical approaches [45]; however, the thermographic observation of the influence of the
cooling process is limited to non-isothermal processing due to the rapid crystallization
and the temporal contraction of the crystallization process. Elevated energy density levels,
correlated with increased processing peak temperatures, exhibit a positive correlation with
corresponding crystallization temperatures. Based on the time- and intensity-dependent
formation of temperature fields [21], observed varying crystallization kinetics are assumed
to rely on exposure-induced variations of transient thermal boundary conditions. The
influence of the dual-step exposure process and varied processing conditions on emerging
crystallization peak temperatures is displayed in Figure 6. Observed crystallization temper-
atures indicate a positive correlation with the applied energy density, implicitly influenced
by the laser power and the underlying hatch distance. In addition, the initial exposure



J. Manuf. Mater. Process. 2023, 7, 63

9of 15

cycle is characterized by significantly reduced crystallization temperatures, correlated with
previously discussed reduced peak melt pool temperatures.

1 -
—— Cooling rate
— 5th degree
- 07 l
o polynomial fit
N4
-1
[«5)
=
221
z
o -3+
= ! . .
I Crystallization peak
S -4
E Polypropylene, Tg = 25 T,
-5 - PLaser = 16 W, Ve, oy = 1500 mm s,
Apatcn = 0.3 mm
-6 T T T T T T T T T
175 20.0 22.5 25.0 275 30.0

Time/s

Figure 5. Exemplary depiction of the determination of thermographically represented material
crystallization based on the temporal derivative of observed cooling rates.

90
B dyyen =0.3mm Polypropylene, Tg =25 T %

S ® dyn =04 mm ] .
~ Ayaen = 0.5 mm
2 80 - ',
g : I .
S ﬁ T P’ e
5 ; ’
5701 : 1
g ¢ 3
= !
z |
G 60 i
é Ayaten = 0.3 mm
& dyypen = 0.4 mm

- Polypropylene, Tg =25 <C Ay = 0.5 mm

T T T T T T T T T T T T T T T T T T T T T T T T T T
10 11 12 13 14 15 16 17 10 11 12 13 14 15 16 17
Laser power / W Laser power / W
(@ (b)

Figure 6. Influence of varying processing parameters on corresponding peak crystallization tempera-
tures observed during the initial (a) and the second (b) exposure cycle.

Furthermore, the applied hatch distance exhibits a significant influence on the sen-
sitivity of emerging crystallization temperatures to the applied laser power. Therefore,
the inherent thermal superposition implies the significance of fractal exposure strategies
for obtaining locally geometry-invariant temperature fields. In addition, a reduced hatch
distance, associated with a more pronounced thermal superposition of consecutively ex-
posed vectors, is correlated with an increase of corresponding crystallization temperatures
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during the second exposure step. Adapted thermal process properties are assumed to
rely on the influence of a partially consolidated layer, leading to an increased efficiency
of the laser-material interaction due to a predominantly superficial laser absorption. The
laser-powder interaction has been described to show a dependency on the powder bed
topology [46], hence influencing the spatial heat distribution formed during the initial
exposure cycle, promoting reduced superficial temperatures.

The observed interdependence of thermographically determined crystallization tem-
peratures and underlying processing parameters is correlated with resulting process-
induced transient cooling rates, showing a positive correlation of the applied laser power
and the peak cooling rate. In situ determined cooling rates and corresponding crystalliza-
tion temperatures show an accordance with ex situ observed relations of the crystallization
time and the underlying cooling rate, described by Mileva et al. (2020) [47].

Corresponding transient cooling rates, displayed in Figure 7, are significantly influ-
enced by the underlying exposure cycle and the applied hatch distance, hence determining
the peak cooling rate. Furthermore, the hatch distance can be identified as a decisive factor
determining the extent of the influence of the varied laser power on emerging cooling rates.
A reduced hatch distance of djacn = 0.3 mm is associated with an increased variance of
observed cooling rates. In addition, the effect of the underlying laser power on the peak
cooling rate is correlated with the applied hatch distance. The identified interaction of the
hatch distance and the applied laser power is attributed to the enhanced thermal interaction
of distinct exposure paths.

0
— o Tt Tl
‘v -10 4 il i i .__
v //;/’
2 7 /
2 50 7 | |
.g 20 / 7 First exposure,
< / dppen = 0.3 mm
(]
2304 WA —vP, =11.00W| T 7
§ P'“m' _ 12 Polypropylene,
;‘* T Pl T 1225 W | | Ty =25°C,
5 -40 Pl = 13.50 W ‘ v=1500 mm s,
PLaser =145 W First exposure, First cxposure,
50 Plaer = 16.00 W dpopen = 0.4 mm d=0.5mm
30 35 40 45 50 55 6. O 35 40 45 50 55 60 3.0 35 40 45 50 55 6.
0 Time /s Time /s Time /s
s e
o
" =10
M
2 /
s -20 4 7
.g / 7 Second exposure,
B / dypen = 0.3 mm
[
-30 - =
% Ploser = 11.00 W Polypropylene,
2 j Pl = 1225W Ty=25°C,
S 401 Plae = 1350 W v=1500 mm ",
Pl = 14T5W Second exposure, B Second exposure,
“ P~ 1600W Ay = 0.4 mm Ay = 0.5 mm
13.0 13.5 14.0 145 150 155 16.0 145 150 155 16.0 165 17.0 17.5 165 17.0 17.5 18.0 185 19.0 19.5

Time /s

Figure 7. Influence of varied process parameters and geometric boundary conditions on resulting

Time /s

transient cooling rates.

Time /s
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Considering an increased extent of heat accumulation [5,10] due to the reduced hatch
distance, observed peak cooling rates are interlinked to elevated peak temperatures. In
contrast, the relation of elevated cooling rates and increased peak temperatures does not
apply to subsequent exposure cycles. Despite considerably increased peak temperatures
observed during the second exposure cycle, corresponding cooling rates depict consider-
ably lower peak values. Therefore, elevated peak crystallization temperatures observed
during the second exposure cycle are associated with underlying reduced cooling rates
despite overall elevated peak processing temperatures, indicating a decoupling of the peak
temperature and subsequent cooling rates occurring during the second exposure cycle.
Based on thermographic observations, a crystallization half time exceeding 1000 ms can
be observed, inconsistent with flash scanning calorimetric observations [47], indicating
significantly increased crystallization half times. This apparent contradiction is assumed
to rely on a temporal distribution of the crystallization process, being associated with a
temperature gradient oriented perpendicular to the powder bed, considerably influencing
the initiation time of the crystallization process. In contrast to the processing of polyamide
12 [3], the crystallization of polypropylene is observed to occur at reduced cooling rates,
displaying temporal cooling rates of less than 10 K s~! during the crystallization process.
This divergence is likely associated with reduced peak processing temperatures and overall
reduced cooling rates due to a reduced temperature difference between the build chamber
temperature and the quasi-isothermal crystallization temperature.

Despite the thermal superposition of consecutively exposed vectors, an intermediate
discretization of formed thermal fields can be observed, indicating an influence of the
applied Gaussian intensity distribution on the resulting discretization. Considering a laser
spot diameter of dpocus = 0.5 mm (I = 1/e?), a discretization of sub-focus hatch distances,
e.g., of applied hatch distances of 0.3 mm and 0.4 mm, is based on a reduced focused
intensity in the edge region of a specific exposed vector, contributing to the stable layer
formation. The underlying mechanism of the spatial discretization of distinct vectors is
schematically displayed in Figure 8.

-

- jocal diameter \,.'

et Pool ) _ _ .
Required Intensity for Melting

o Focused Intensity

Melt Pool Formation

(a) (b)

Figure 8. (a) Schematic depiction of the influence of the Gaussian laser intensity distribution on
the intensity-dependent discretization of distinct melt pools during the initial exposure step; and
(b) corresponding exemplary scanning electron micrographs, depicting the sub-focus formation of
recrystallized melt pools and nearby adhering powder particles during the initial exposure cycle,
PLaser = 16 W.

Given the influence of the peak focused intensity on the resulting melt pool width,
an interaction of the applied laser power and the spatial discretization is evident, hence
limiting the applicable focused intensity. However, in addition to the spatial discretiza-
tion of distinct vectors, the temporal discretization further contributes to the discretized
crystallization of distinct paths. An increased time shift between the exposure of vectors
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next to each other is assumed to avoid the inherent heat build-up [4,5] and to promote
the rapid cooling of distinct vectors, contributing to a spatially discrete crystallization. In
contrast, previously discussed thermographic observations corroborate a contribution of
reduced hatch distances to the thermal superposition of vectors next to each other, hence
slowing the cooling process, potentially leading to larger melt pools. Therefore, the spatial
and the temporal discretization are assumed to synergistically contribute to the discretized
crystallization of consecutively exposed vectors, allowing for the mesoscale compensation
of thermal- and crystallization-induced shrinkage.

These observations indicate an intermediate discretization of exposed exposure paths,
followed by the exposure-induced bonding of previously unconnected recrystallized melt
pools. Therefore, the observed thermal interaction of distinct exposure vectors located next
to each other does not exhibit a direct correlation with the process-inherent requirement of
the discretization of the melt pool formation. However, a reduction of underlying hatch
distances combined with a sufficiently high laser intensity may inhibit the aforementioned
spatial discretization of the melting process [6], highlighting the significance of a holistic
optimization of the geometric exposure structure and underlying exposure parameters.

4.3. Process-Dependent Thermal Part Properties

Based on thermal part properties, process-specific part characteristics can be derived.
With regard to the influence of processing conditions on emerging melting peak tempera-
tures, structural influences and interactions of the applied laser power and the underlying
hatch distance can be derived, displayed in Figure 9.
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Figure 9. Differential calorimetric part properties in dependence on underlying spatial and scalar
process properties; melting peak of recrystallized material indicated by black arrow.

Given a sufficient degree of melting, a melting peak temperature below 135 °C can
be identified, associated with the process-induced recrystallization. In contrast, an ele-
vated hatch distance of 0.5 mm leads to an insufficient extent of melting, correlated with
an increased melting peak temperature exceeding 137 °C, corresponding to unaffected
feedstock material. Therefore, an increase of the applied laser power is associated with
broadened melting peaks, partially depicting a distinct double peak, corresponding to a su-
perposition of virgin and processed material. Consequently, thermal part properties depict
an accordance with thermographically observed peak temperatures and corresponding
crystallization peaks, indicating a partly insufficient melting. Furthermore, the applied
hatch distance can be identified as a decisive factor for resulting thermal part properties due
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to the thermal superposition of consecutively exposed vectors, considerably influencing
the laser power required for complete melting.

5. Conclusions and Outlook

Within the present study, the interaction of the spatial discretization of consecutive
exposure vectors and the applied laser intensity were investigated with regard to the
thermal interactions of vectors next to each other as well as with regard to influences on the
layer formation. By applying the fractal Peano curve as the underlying exposure structure,
the locally discretized melting and crystallization of polypropylene could be observed.
The fractal exposure structure is associated with the implicit mesoscale compensation
of material shrinkage, allowing for the controlled crystallization and the avoidance of
solidification-related part deflections.

Based on thermographic investigations, a significant negative correlation of the spatial
distance of distinct vectors and the corresponding thermal superposition, leading to heat
accumulation, could be observed. Increased hatch distances, associated with the discretized
crystallization and the inherent compensation of crystallization shrinkage, lead to a signifi-
cant reduction of in situ assessed crystallization peak temperatures. In contrast, a reduction
of applied hatch distances as well as the application of increased laser power levels is
associated with an increased thermal superposition, leading to a slowed cooling process
and the corresponding emergence of increased crystallization temperatures. Although the
thermal superposition of distinct scan vectors considerably influences emerging thermal
process characteristics, the thermal vector-vector interaction does not exhibit a direct corre-
lation with mechanical bonding of molten segments next to each other, being associated
with the applied Gaussian intensity distribution of the laser focus. Corresponding micro-
scopic observations provide indications that the observed discretization, occurring for the
application of sub-focus hatch distances, is interlinked to the intermediate formation of
sub-focus melt pools, enabling a mechanical discretization despite a considerable extent of
thermal vector—vector interaction. Consequently, time-dependent as well as spatial process
characteristics represent essential prerequisites for enabling minimized residual stresses in
powder bed fusion processes, allowing for support-free additive manufacturing.

Future research will focus on the holistic optimization of the layer formation with
regard to quantifying the mutual interaction of time-dependent and spatial influences
on emerging microstructural properties. Furthermore, discretized powder bed fusion
processes embed promising implications for potential applications for the processing of
materials sensitive to heat degradation and in powder bed fusion of metallic materials and
metal matrix composites.
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