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Abstract: In fused layer modeling (FLM) manufacturing technology, there is an increased demand
for semi-crystalline materials due to their favorable mechanical properties, such as high strength
and toughness. The reasons for their limited use are process-related residual stresses and reduced
interlayer bonding, resulting in component distortion, warping and poor strength. Addressing
these problems, this paper presents the development and implementation of a rotary print head that
enables local laser pre-deposition heating and forced air cooling in the 2.5-dimensional FLM process.
Samples of polypropylene are fabricated to investigate the effects of the modified process on residual
stresses and interlayer bonding. The investigations show that local laser pre-deposition heating
can positively influence the interlayer bonding. In combination with a reduction of the extrusion
temperature and additional cooling, it is possible to considerably reduce the residual stresses. The
results of this research show that pre-deposition heating and forced air cooling significantly improve
the processability of semi-crystalline thermoplastics in the FLM process.

Keywords: FLM; FDM; pre-deposition heating; laser; rotary print head; polypropylene; additive
manufacturing; residual stress; warping; interlayer bonding

1. Introduction

Additive manufacturing technologies based on material extrusion (MEX) represent
processes also known as fused-filament-fabrication (FFF), fused-deposition-modeling
(FDM) or fused-layer-modeling (FLM). These techniques are characterized as flexible and
cost-effective prototyping tools, but due to unpredictable anisotropic component strength,
poor surface quality and dimensional inaccuracy are not established as manufacturing
solutions compared to material jetting, binder jetting, powder bed fusion or VAT
polymerization [1–5]. In this context, the considerable scope of extrudable thermoplastics
basically enables the production of function-bearing components, but the process and
material properties limit the use cases of relevant thermoplastics. The layer-by-layer
structure of components typical for MEX processes causes a thermally inhomogeneous
manufacturing process, which leads to a considerable anisometry due to reduced interlayer
bonding, the main reason for inferior products compared to injection molded components [2].

Amorphous thermoplastic materials such as PLA, ABS or PET-G can be processed to
comparatively good results. In contrast, the additive manufacturing of semi-crystalline
and generally high temperature polymers is more challenging due to residual stresses and
poor interlayer bonding, leading to dimensional inaccuracy and high anisotropy [6].

The focus of this work is on polypropylene (PP) as a representative of semi-crystalline
thermoplastics with technically relevant material properties but also poor processability in
the MEX process. The chemical and thermal stability as well as the high impact strength and
deformability make PP a valuable material for chemical industry and medical technology
applications [6], such as orthoses, whose production by means of additive manufacturing
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provides the practical motivation for this research work. Due to the 2.5-dimensional
process nature, warping resulting from residual stresses is the crucial challenge when
processing semi-crystalline thermoplastics in the MEX process. In-process warping results
directly in extrusion defects and ultimately in the termination of the manufacturing process.
Processability depends largely on the shrinkage properties of the material, component
geometry, print bed adhesion and printing strategy [7].

One way to promote the processability of engineering thermoplastics in MEX processes
is to develop optimized materials [2,8]. Spoerk et al. and other researchers used fillers,
nucleating agents or fibers to improve the material properties of polypropylenes with respect
to their processability in the MEX process. Even though the results show positive influence
on the warping behavior of polypropylene, it must be noted that the mechanical properties
are to some extent negatively influenced and interlayer bonding is not significantly improved
or even deteriorated [9–16]. Beyond material science approaches, other research has
investigated the processability of polypropylenes by adjusting process parameters and
using special build platforms for increased component adhesion. Spoerk et al. and
Carneiro et al. identified that high print bed temperatures positively affect adhesion
on classical platforms and that PP and UHMW-PE are well suited materials as printing
platforms for PP, even if welding is possible [17–19].

Furthermore, warping can be influenced by process parameters. The FLM process
causes components to shrink non-uniformly, which leads to warping. For semi-crystalline
thermoplastics like PP, shrinkage is related to its degree of crystallization [20]. Thereby,
morphology of semicrystalline polymers is significantly influenced by the cooling
rate [20,21]. A slow cooling rate promotes crystal growth and leads to large spherolites,
while a high cooling rate, on the other hand, leads to small spherolites, lower crystallinity
and a higher proportion of amorphous regions [20,22,23]. The high degree of crystallization
of PP leads to high stiffness and strength, but also causes high shrinkage [20]. Hertle et al.
formulated the hypothesis that high cooling rates can inhibit warping in MEX processes,
too [24]. Experimental studies by Geng et al. show that warping of semicrystalline
polyphenylene sulfide (PPS) can be fundamentally reduced by forced air cooling [25].
Moreover, the cooling rate of the strand in the FLM-process is affected by a huge number
of parameters including the build chamber temperature, print bed temperature, layer
dimensions, printing strategy, printing speed and die temperature. All parameters and
their interactions influence the polymers morphology and, therefore, its warping behavior
and mechanical properties [19,26,27].

However, the process-related anisotropy of components is significantly determined
by the choice of these process parameters. The degree of welding of deposited strands is
affected by the applied pressure, temperature and time [21]. A good weld is favored by
a low layer height, a high build chamber or die temperature [2,21,22,28]. Compromises
have to be made in the choice of process parameters, since the optimization of interlayer
bonding cannot be reconciled with the minimization of shrinkage. For example, a high
build chamber temperature favors interlayer bonding, but also results in a low cooling rate
and, therefore, in high shrinkage.

In common MEX processes, the prior layer (hereinafter also referred to as substrate)
must be melted by heat applied by the deposited strand in order to form a good weld. This
applies to semi-crystalline thermoplastics, since significant diffusion processes take place
above the melting temperature [20,21]. Nevertheless, the increase in die temperature is
limited by the degradation of the polymer. This limit restricts the achievable interlayer
diffusion of semi-crystalline thermoplastics.

In order to expand the fields of application, the component properties and the material
variety of the MEX process, different modifications to influence the thermal process
control were investigated. Petersmann et al. found that critical interlayer diffusion
of PP is favored by higher thermal energy in the weld zone between the deposited
strands [22]. Consequently, many scientific studies show that mechanical part strength
in terms of interlayer bonding is favored by additional heat via thermal radiation or
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convection. The technical implementation ranges from area heating by means of infrared
radiators [29,30] or hot air [31] to local pre-deposition heating via heat capacities [32,33] or
laser radiation [34–40]. Area heating successfully increases the surface temperature before
the material is deposited, but also causes an increase in the average component temperature.
On the one hand, this reduces the in-process component stiffness, which leads to geometric
deviations; on the other hand, it affects the material morphology. In contrast, local heating
activates the component surface selectively. Ravi et al. as well as Deshpande et al. found
that the interlayer bonding of ABS in the MEX-processes can be improved by local laser
pre-deposition heating (LLPH). The interlayer bond strength is increased by 50%, while
the fracture behaviour becomes more ductile [34,36].

Moreover, Han et al. demonstrate that built-part isotropy can be improved by LLPH
for Ultem 1010 and poly-ether-ether-ketone (PEEK). With respect to the tensile strength,
the degree of isotropy in the z-direction is improved to 82.9% for Ultem 1010 and 99.5%
for PEEK. This corresponds to an increase of interlayer bond strength in build direction by
178% and 350.9% [39,41]. Luo et al. establish a laser-assisted MEX-process for PEEK and
improve both the interlayer shear strength and the crystallinity. While the crystallinity is
doubled to 35.0%, the shear strength is increased by 45% [35,37].

The previously discussed research represents the state-of-the-art in terms of interlayer
bonding and component warpage. Process modifications such as additional cooling have a
positive influence on warping, while local heat input promotes interlayer bonding.

These modifications pose new challenges to process engineering. The common
FLM process is characterized by an extrusion die moving relative to a build platform in
2.5-dimensional manufacturing process. The aforementioned local pre- and post-deposition
modifications can be applied to the component surface during extrusion. Because of
the two-dimensional main manufacturing plane, kinematics for the movement of these
modifications relative to the extruder are required. For large scale additive manufacturing,
there is a rotational solution to press on the deposited strand via a roller to enhance the
interlayer contact [42]. In common MEX processes, the available kinematics are limited
to three linear axes. Therefore, previous investigations of the modified MEX process have
only been mapped in one dimension and due to this limitation, the basic principle of the
FLM method is no longer given. While known research focused on either the influence
of additional heat or cooling as modifications, This work intends to investigate their
interrelationships with respect to warpage and interlayer strength.

A print head as well as an extended machine control are presented, which enable
process-oriented local laser pre-deposition heating (LLPH) and forced air cooling
simultaneously. Two additional rotary axes on the printhead allow the two-dimensional
application of pre- and post-deposition modifications in the FLM-process; compare Figure 1.
Furthermore, its influence on the processing of semi-crystalline polypropylene is
investigated.
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pre-deposition heating
forced air cooling
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Figure 1. Picture of the process from the machines webcam. The optical filter prevents overexposure
due to reflected radiation of the laser, enabling process monitoring. The focus of the laser can be
identified as bright spot.

2. Materials and Methods

To improve the process abilities by pre- and post-deposition treatments a rotary
print-head was developed. In the following, the design and the application of the printhead
are explained. This will be followed by a discussion of the component adhesion on the
print bed and the experimental procedures.

2.1. Construction

The rotary print-head developed in this work has the ability to guide a LLPH-module
on one rotary axis and a forced air cooler via compressed air on a second. Thus, this
printhead enabled the integration of pre- and post-deposition process modifications;
compare Figure 1.

As shown in the cross-sectional view in Figure 2 the inner stator of the construction
included the filament drive, the water cooled cold end, the hot end, as well as the
connections for cooling water, compressed air, and electrical wiring. The first rotor guided
the cooling module. In this approach, the cooler was realized as an open compressed air
cooler, even if the design allowed a closed liquid cooling with in- and outlet through a
rotary joint system. The forced air cooler operated with a pressure of 0.28 bar. Compressed
air expanded via a nozzle with a bore diameter of 0.65 mm. As the first rotor was mounted
on the stator, rotor 2 was mounted on rotor 1 with ball bearings and guided the laser
module centered around the extruder. The laser module had a 6 W laser diode with a
wavelength of 445 nm and an adjustable focusing lens. Based on the feed rate of the
printhead the laser power was scaled, so that 100% of the nominal power was delivered at
a speed of 60 mm s´1. The module was cooled down by a Peltier element in conjunction
with a convection cooler. To supply the laser module, two pancake slip-rings with eight
contacts each connected the second rotor electrically with the stator. The rotors were
driven by powerful Nema 24 stepper motors via a HTD-belt gear system, enabling high
rotational accelerations, up to 15,000˝ s´2. The necessity of high rotational accelerations
was assumed in order to maintain the dynamic of the original process on the one hand
and a homogeneous utilization of all drives as well as economical process speeds on the
other hand.
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Figure 2. Cross-sectional view of the rotary print head. The inner rotor together with the cooling
apparatus is emphasized in blue. The outer rotor including the local laser pre-deposition heating
module is shown in red.

Figure 2. Cross-sectional view of the rotary print head. The inner rotor together with the cooling
apparatus is emphasized in blue. The outer rotor including the local laser pre-deposition heating
module is shown in red.

The modified process with its increased handling weights and laser radiation exposure
necessitated the development and construction of an improved MEX test system, illustrated
in Figure 3. A large build platform of 400 mm ˆ 300 mm allowed samples to be positioned
with generous spacing to favor comparable temperature distributions. The kinematics
featured stable profile rail guides and Nema 24 motors with gearboxes to ensure precise
positioning of the heavy printhead (13 kg). The proposed design allowed additional
measurement and process technology to be mounted on the axes. An anodized aluminum
enclosure protected the operators from radiation. To enable process monitoring despite the
enclosure, a camera was installed in the build chamber. Due to the high intensity of the
reflected scattered radiation from the laser, an optical filter was added to make the process
visible, see Figure 1.
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Figure 3. Developed MEX-System with open cover. Distortion test samples in black are arranged on
the printed white raft structure.

2.2. G-Code Modification and Numerical Control

For the G-code generation of components to be manufactured the slicing software Cura
was used. However, slicers such as Cura, applied adjustable optimization algorithms with
respect to manufacturing time, optical part quality and strength, which could negatively
affect the comparability of specimens. Therefore, the G-codes of specimens were generated
by a python script that ensured comparable production conditions for all samples, illustrated
in Figure 4. A second python script manipulated the G-code for the application of the
rotary axes. It extended the existing axis commands with the additional rotational axes and
added as many lines as needed in order to run the rotations with the specified resolution,
as illustrated in Figure 5a,b. Figure 5a shows the systematic workflow of the script on the
basis of an example geometry. Here, the G-code of five lines which embody a diamond
shape, was extended to completely resolve the axis movement of the leading and trailing
rotatory axes in the corner points. Depending on the given motion resolution as well as the
relative distances of the laser and the cooling from the extruder, the G-code was altered
by adding intermediate points shown as black dots. The red and blue arrows represent
the angle and the distance of the laser and cooler relative to the extruder, oriented to the
estimated contour. In all considered cases, the script ran stable. It was tested for a 20 h
print with a final resolution of 0.1 mm. In this example, the G-code was extended from
5 MB up to 250 MB depending on the initial geometry and final resolution.
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Figure 5. Schematic illustration of the specimens arrangement and printing process. The top view
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arrows show the direction and distance of the heating and cooling devices relative to the extrusion
die, compare Figure 4.
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Figure 4. Schematic illustration of the specimens arrangement and printing process. The top view
of a single specimens machine path is shown in the bottom right corner. As before, red and blue
arrows show the direction and distance of the heating and cooling devices relative to the extrusion
die; compare Figure 5.
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Figure 5. Visualization of modified G-code. (a) Schematic code example for a diamond geometry.
Red and blue arrows define orientation and distance of the laser and the cooling device. Calculated
intermediate points are shown as black dots. (b) Code example of a more complex geometry. Its
fabrication with parameters of Table 2 is shown in Figure 1.

As numerical control the open source CNC controller LinuxCNC in combination with
Mesa-Cards 5i25 and 7i76 was tested initially. The available motion-planning of Linux-CNC
was limited to three axes, resulting in a stuttering process for 5-axis-motions. Therefore a
commercial multiple axis CNC-control TwinCAT CNC by Beckhoff Automation GmbH &
Co. KG (Verl, Germany) with an extended motion planning was acquired and adapted to
this modified FLM-process.

2.3. Adhesion Strategy

As mentioned in Section 1, the influence of local laser pre-deposition heating and
forced air cooling was investigated regarding its influence on warpage and interlayer
bonding of PP. With respect to interlayer strength it is known that FLM-manufactured
components exhibit anisotropic component properties and that this manifests itself with
a reduction in strength mainly in the direction of construction (usually z-axis) [2,43].
Accordingly, tensile specimens were fabricated to determine the tensile strength in the
z-direction.

Moreover, the usability of PP in MEX processes is limited by high residual stresses
and the resulting component distortion. In order to be able to investigate the process- and
material-related residual stresses on a macroscopic level, a printing strategy had to be
developed which allowed the production of comparable specimen geometries. Due to the
layer-by-layer deposition typical for MEX processes, this required the complete elimination
of in-process warping. Accordingly, warping also had to be completely prevented for the
maximum expected residual stresses by the adhesion of the material to the print bed [7].
Thereby, the poor print bed adhesion of PP is a well-studied problem. Widely used building
platforms only allow weak adhesion in combination with PP. Even approaches such as
varying bed and die temperature, as well as layer cross-section and printing speed do
not provide sufficient adhesion [17,18]. In their publication, Spoerk et al. summarize a
series of scientific papers dealing with different build platforms for PP. Promising results
in optimizing the adhesion of PP are found mainly for films and sheets made of the
same material. It must be taken into account that, depending on the process conditions,
the filament tends to weld to the build platform, which on the one hand makes it more
difficult to detach the finished component and on the other hand reduces the durability
of the build platform. Spoerk et al. also investigate whether thermoplastics with similar
chemical compositions to PP are suitable as build platform materials. They find that
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polyethylene (PE) as a building platform has similar adhesion properties to PP as common
pairings of platforms and extrusion material [7,18].

As mentioned, warping had to be completely prevented in order to analyze residual
stresses by measuring distortion. Therefore, an alternative printing strategy was developed.
A raft of glycol-modified polyethylene terephthalate (PET-G) was printed onto a glass
building platform in conjunction with an adhesion promoter. The good adhesion of the
PET-G to the platform in combination with the large surface area resulted in a resilient bond.
The raft was provided with an open surface structure. Afterwards, the PP component
was printed with reduced spacing on top of the open raft structure, resulting in an
interlocking mechanical connection between the rafts open surface and the bottom layer of
the component. By setting the process parameters the properties of the joint were adjusted,
resulting in a heavy duty joint preventing in-process warping.

2.4. Experimental Procedure for Distortion Measurement

In order to investigate the influence of local laser preheating and forced cooling on the
part distortion, a full factorial experimental design was used. Screening tests had shown
that different feed rates, print bed temperatures as well as layer dimensions in combination
with changing die temperatures had a negative influence on the sample quality with
regard to their comparability. Unlike the die temperature, these parameters had shown
little influence on warpage. Therefore, the test plan was limited to the parameters die
temperature, laser power as well as cooling influence. The remaining parameters were set
to constant values, compare Tables 1 and 2, that were appropriate for the MEX process
and allowed a wide parameter range. The distances between the extrusion die and the
laser-spot, as well as the cooling nozzle were adjusted to 2 mm and 5 mm respectively;
compare Figure 4. Bed temperature was set at 75 °C, which ensured optimal adhesion
of the raft. The environmental temperature between 25 °C and 27 °C was measured
during the tests and was attributed to the closed build chamber. Before the Design of
Experiments was developed, the process limits were determined. With a laser power
of 2500 mW, macroscopic decomposition phenomena of the plastic could be detected.
Therefore, the maximum laser power was limited to 2500 mW. The operating pressure of
the forced air cooler was limited. For pressures above 0.28 bar the kinetic energy of the
air stream influenced melt deposition resulting in macroscopic defects of the specimens.
The die temperature was investigated in the range of 175 °C and 250 °C, since below 175 °C
increased viscosities led to insufficient extrusion, and above 250 °C material degeneration
began. For extrusion temperature, the levels 175 °C, 187.5 °C, 200 °C, 225 °C and 250 °C
were chosen. The intermediate step 187.5 °C was additionally selected, since preliminary
tests have shown promising results for low extrusion temperatures. For the applied laser
power the steps 0 mW, 500 mW, 1000 mW, 1500 mW, 2000 mW were selected in order to
map the influence of the laser power. With respect to the distortion samples, data also
was collected for 2500 mW of laser power. These were only considered for the distortion
study. Forced air cooling was only tested by activating or deactivating the cooler with an
operating pressure of 0.28 bar. This categorical parameter was chosen to show whether
cooling had a significant influence on the process. In future studies, the influence of local
cooling must be evaluated as a function of its cooling rate in order to characterize its effect
in more detail. For both distortion and tensile strength studies, specimens with the same
die temperature were fabricated in one process to prevent component heating; compare
Figure 4. The result of the Design of Experiment can be found in Table 3.

The deformation of printed specimens was investigated in order to quantitatively
evaluate the residual stresses of components. Since the distortion of the specimens was
prevented during the process, only distortion due to residual stresses of the final part,
after detaching it from the print bed, was evaluated. The dimensions of the specimens also
had to be approximated in preliminary tests. With increasing specimen length, the absolute
distortion became larger. This favored the measurement of the specimens, but hindered
their fabrication. Accordingly, the specimen dimensions were selected in such a way that
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in-process warping could be completely prevented and yet a macroscopically measurable
distortion resulted. Specimens with the dimensions 80 mm ˆ 3 mm ˆ 6 mm were printed
as two perimeters according to the custom script, compare with the machine path in
Figure 4. After production of the specimens, they were immediately removed from the
print bed. Tactile measurement of the specimens was almost impossible due to their
low mechanical stiffness. Therefore an optical measurement strategy was developed to
measure the cross-section of the specimens through a glass plate. A digital optical precision
micrometer (Micro-Epsilon, optoCONTROL-2520-46) was used, which, as can be seen in
Figure 6, was mounted on the x-axis of the printer. During a constant traverse of the x-axis,
the upper and lower specimen profile was recorded with an appropriate resolution of 100
measurements per mm.

Table 1. Fixed process parameters for all specimens.

Parameter Data

layer height 0.3 mm
extrusion width 0.75 mm
bed temperature 75 °C

environmental temperature 25–27 °C
print speed 25 mm s´1

Table 2. Parameters for the modified MEX-process.

Parameter Data

laser wavelength 445 nm
max. laser power 6000 mW

laser reference velocity 60 mm s´1

compr. air pressure 0.28 bar
cooler nozzle diameter 0.65 mm
compr. air temperature 20 °C

distance: die to laser-spot 2 mm
distance: die to cooler nozzle 5 mm

printers gantry

micrometer-sensor

specimen

glassplate

micrometer-light source

Figure 6. Experimental set-up for the distortion measurement.
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Table 3. Combined test results: The gray specimens were not considered in the strength analysis.

Die Temp.
[°C]

Laser
Power
[mW]

Forced Air
Cooling

Distortion
[mm]

Tensile
Strength (z)

[MPa]

Coefficient
of

Variation

Sample
Count

[Pieces]

175 0 0 0.161 N/A N/A 0
175 0 1 0.076 N/A N/A 0
175 500 0 0.144 2.069 0.852 2
175 500 1 0.084 1.143 0.095 2
175 1000 0 0.153 11.529 0.030 3
175 1000 1 0.106 10.683 0.025 3
175 1500 0 0.168 11.941 0.033 3
175 1500 1 0.084 12.126 0.020 3
175 2000 0 0.186 7.977 0.069 3
175 2000 1 0.094 7.032 0.040 3

187.5 0 0 0.190 0.914 0.000 1
187.5 0 1 0.155 0.841 0.000 1
187.5 500 0 0.177 5.093 0.610 3
187.5 500 1 0.164 6.672 0.142 3
187.5 1000 0 0.197 11.468 0.017 3
187.5 1000 1 0.080 11.720 0.026 3
187.5 1500 0 0.250 12.452 0.027 3
187.5 1500 1 0.090 12.900 0.050 3
187.5 2000 0 0.203 8.095 0.109 3
187.5 2000 1 0.190 7.758 0.135 3
200 0 0 0.216 8.306 0.218 3
200 0 1 0.141 10.451 0.142 3
200 500 0 0.205 11.779 0.060 3
200 500 1 0.112 11.978 0.027 3
200 1000 0 0.224 13.084 0.062 3
200 1000 1 0.125 12.865 0.002 3
200 1500 0 0.257 13.199 0.086 3
200 1500 1 0.138 12.641 0.033 3
200 2000 0 0.321 8.623 0.082 3
200 2000 1 0.138 9.768 0.078 3
225 0 0 0.227 11.774 0.047 3
225 0 1 0.157 12.262 0.127 3
225 500 0 0.301 12.858 0.061 3
225 500 1 0.208 12.852 0.015 3
225 1000 0 0.264 14.358 0.047 3
225 1000 1 0.168 13.781 0.066 3
225 1500 0 0.285 13.884 0.071 3
225 1500 1 0.239 13.320 0.060 3
225 2000 0 0.293 9.924 0.037 3
225 2000 1 0.218 10.328 0.071 3
250 0 0 0.358 10.993 0.013 3
250 0 1 0.229 10.737 0.066 3
250 500 0 0.331 12.401 0.044 3
250 500 1 0.270 11.789 0.015 2
250 1000 0 0.334 12.297 0.016 2
250 1000 1 0.242 11.445 0.024 3
250 1500 0 0.401 11.689 0.065 2
250 1500 1 0.252 10.509 0.096 2
250 2000 0 0.349 10.137 0.026 2
250 2000 1 0.290 9.582 0.064 2

Figure 7a shows the method of digital preparation and evaluation of the measurement
data. Since FLM components and specimens show different degrees of errors depending
on the variation of process parameters, which occur preferably at corners and component
ends, the evaluation of these areas can lead to high scattering of the measured data. For this
reason, the boundary areas of the specimens, highlighted in red with a width of 5 mm, was
excluded from the automated evaluation.
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Figure 7. Automated optical sample evaluation. (a) Evaluation method of measurement data;
(b) Visualized measurement data and evaluation of a specimen geometry. The upper blue contour
represents the corrected upper edge. The black marker signals its minimum. The black line indicates
the specimens distortion with respect to the black mark.

Different evaluation methods were investigated with respect to warpage. In this work,
the warpage was evaluated using the difference between the value of the reference marks
and the minimum of the upper contour, which allowed a quantitative evaluation of the
component deformation and thus the residual stresses accumulated in the process.

Due to the individual specimen shapes, no mechanical alignment for measurement
could be performed. Angular alignment errors of the specimen on the glass plate were
therefore corrected algorithmically. In order to make the automatic evaluation more
robust against measurement errors and local sample errors, averaged reference marks
were determined at the sample ends. The measured values of the upper edge in the green
highlighted areas, 5 to 10 mm from the specimen ends, were averaged for this purpose.
Using these reference marks, the angular misalignment was corrected, resulting in the
specimen geometry shown in blue.

As an example, the detected geometry of a specimen is shown in Figure 7b. The red
contour represents the measured upper edge, the green contour the lower edge of the
specimen. The lower green edge has interfering contours due to the interaction with the
raft and can therefore not be used for the evaluation of warpage. Because of the suppression
of in-process warpage and the 2.5-dimensional manufacturing process, the component top
edge is suitable for evaluating distortion. The difference between the measured reference
mark and the minimum is chosen as measure of in-process warpage. As mentioned
at the beginning of Section 2.3 the in-process warping had to be prevented to produce
valid samples. If the specimen warped during the process, the specimens height at its
ends decreased, which could be detected by the measurement, so that invalid sample
preparations were excluded from the evaluation.

2.5. Experimental Procedure for Interlayer Bonding Measurement

The fabrication of tensile specimens in the z-direction was problematic. Both the large
component height and the small cross-section of the typical specimen geometries such
as those according to ISO527´ 2 caused large flaws during the transient manufacturing
process. In order to increase the comparability of the specimens, large cross-section blanks
were printed, from which specimens were cut out using a punching knife. Due to the lower
height in the z-direction and the large width of the specimen blank (180 mm ˆ 40 mm ˆ
2.25 mm), the process was stabilized and extrusion errors were effectively eliminated.

The specimen geometry was characterized by the dimensions 25 mm ˆ 35 mm ˆ
2.25 mm as well as a test cross-section of 15 mm ˆ 2.25 mm which was provided by two
notches in the punching knife; compare Figure 8. The short specimen length was chosen
because it had significantly shortened the manufacturing time the specimens. Thus, no



J. Manuf. Mater. Process. 2021, 5, 82 12 of 21

determination of the Young’s modulus could be made. Further, it was not easy to determine
standard-compliant strength values, since the notch effect in the test area influenced
the specimen strength. Consequently, the calculated stresses had to be evaluated as an
approximation of the absolute strength, but could be compared relatively with each other
in order to evaluate the interlayer strength quantitatively.
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Figure 8. Blank, cut tensile specimens and their geometry.

Due to the significantly larger dimensions of the tensile specimen blanks, higher
demands were placed on component adhesion than with the specimens which were
produced to investigate warpage. Figure 9a shows a sample with excessive warping due to
inappropriately chosen interface parameters. For this reason, the specimen blanks were
extended by a chamfer and a brim to increase the contact area and reduce the peak-stress
in the interface; compare Figure 9. The specimens were tested using a GALDABINI Quasar
25 kN material testing machine additionally equipped with a HBM U10 force transducer
with a capacity of 2.5 kN.

(a)

(b)

(c)

1

Figure 9. Examples of failed specimen fabrications and illustration of the consequences of extremely
high in-process residual stresses in conventional processing of polypropylene. (a) Specimen with
warping due to lack of print bed adhesion; (b) Cracked specimen as a result of in-process residual
stresses; (c) Cracked specimen as a result of poor interlayer bonding.
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3. Results

The results, shown in Table 3, were statistically analyzed with the data analysis tool
JMP by ©2021 SAS Institute Inc. (Cary, USA). Afterwards, the data was processed and
visualized in Matlab2020 software by The MathWorks, Inc. (Natick, USA). In this chapter,
the influence of component distortion and process-related residual stresses is investigated,
followed by an analysis of the interlayer bonding. Finally, the results are combined and the
effect of pre-deposition heating and Forced air cooling on the processing of PP is evaluated.

3.1. Residual Stresses

As shown by the influence residuals in Figure 10, extrusion temperature, applied laser
power, and forced air cooling were identified as significant linear influences on warpage.
No statistical significance could be determined for interactions and higher order influences.
As already mentioned in Section 2.4 process-relevant parameters, such as the feed rate,
the print bed temperature or the layer cross-section were not varied.
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Figure 9. Statistical analysis of die temperature, laser power and cooling strategy as main effects
on specimen distortion. The cooling strategies chosen are active and inactive forced air cooling
with 0.28 bar air pressure.
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Figure 10. Linear curve fittings of the distortion measurements. The reduction in distortion due
to active forced air cooling can be seen from the blue marks compared to the red marks without
forced air cooling. The approximately constant shift in distortion (∆distcooling “ 0.084 mm) of the
two corresponding fitted planes illustrates the positive effect of forced air cooling.

Figure 10. Statistical analysis of die temperature, laser power and cooling strategy as main effects on
specimen distortion. The cooling strategies chosen are active and inactive forced air cooling with
0.28 bar air pressure.

Figure 11 illustrates the measured values of Table 3 and as well as linear curve fits
versus the influencing factors die temperature and laser power. To emphasize the effect of
cooling, the results with activated forced air cooling are shown in blue and those without
are shown in red. The lower plane represents the linear fit of the experimental results
with activated forced air cooling (blue marks, R2 “ 0.85), while the upper plane depicts
the results without forced air cooling (red marks, R2 “ 0.86). According to the statistical
evaluation, neither the introduced laser power nor the temperature interacted with the
forced air cooling. This relation is represented by an approximate parallelism of the fitted
planes. The forced air cooling reduced the distortion by an average of ∆distcooling “
0.084 mm. Depending on the extrusion temperature and the laser power, this corresponded
to a reduction of 22.3% to 55.8%. Both Figures 10 and 11 show that cooling had an inhibitory
effect on warpage and thus appeared to reduce the residual stresses in the components.
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Figure 9. Statistical analysis of die temperature, laser power and cooling strategy as main effects
on specimen distortion. The cooling strategies chosen are active and inactive forced air cooling
with 0.28 bar air pressure.
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Figure 10. Linear curve fittings of the distortion measurements. The reduction in distortion due
to active forced air cooling can be seen from the blue marks compared to the red marks without
forced air cooling. The approximately constant shift in distortion (∆distcooling “ 0.084 mm) of the
two corresponding fitted planes illustrates the positive effect of forced air cooling.

Figure 11. Linear curve fittings of the distortion measurements. The reduction in distortion due
to active forced air cooling can be seen from the blue marks compared to the red marks without
forced air cooling. The approximately constant shift in distortion (∆distcooling “ 0.084 mm) of the
two corresponding fitted planes illustrates the positive effect of forced air cooling.

Likewise, warpage was reduced for low extrusion temperatures and low laser powers.
Minor warpage of 0.161 mm could be achieved even without forced air cooling. At high
temperatures and laser powers, on the other hand, warpage was in the magnitude of
0.349 mm, compare Table 3. The varied die temperature had a higher impact on warpage
than the laser power; compare Figures 10 and 11.

3.2. Interlayer Bonding

The scope of the experiments was limited by the process parameters, the material
properties and the test methods, as described in Sections 2.4 and 2.5. In addition, the
investigations on tensile stress revealed that high extrusion temperatures (>250 °C) led to
high resulting residual stresses which overcame the interlayer bond and broke the sample
blank as shown in Figure 9b. For particularly low extrusion temperatures (>175 °C) and
low laser powers, the applied forces of the punching knife led to the destruction of the
specimens due to poor interlayer bonding; compare Figure 9c.

The test plan was based on these process limits, but included the tests at 175 °C
extrusion temperature to reflect the effect of pre-deposition heating at low extrusion
temperatures. Therefore, no tensile strengths could be determined for low extrusion
temperatures without additional pre-deposition heating, compare Table 3. The low process
energy did not support a stable fusion process of the layers, resulting in brittle specimen
with highly fluctuating layer bonding. Therefore invalid tensile tests were excluded from
the evaluation of the interlayer bonding if tensile strength fell below 5 MPa or the coefficient
of variance was above CV ą 0.15. Excluded tests are marked gray. The sample count refers
to the number of valid tensile-tests, compare Table 3.

Statistical evaluation of the tensile tests showed that forced air cooling had no significant
influence on interlayer bonding, because the p-value of 0.056 was above the significance
level of 0.05 and the coefficient of determination (R2

corr “ 0.0062) of the linear influence on
strength was very low. This conclusion, which is in contradiction with previous research,
is discussed in Section 4. Higher order influences of laser power and die temperature
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were identified to have a significant effect on interlayer bonding. Based on this evaluation,
the polynomial model, shown in Figure 12, was fitted.
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data of Table 3.
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Figure 12. Fitted model of tensile strength for die temperature and laser power as influencing
parameters. The corrected goodness of fit is R2

corr “ 0.8151. The black marks correspond to the data
of Table 3.

The extrusion temperature had a cubic influence on the interlayer bonding. As
highlighted in Section 1, low extrusion temperatures led to poor interlayer diffusion and,
therefore, low strengths in the z-direction. Without an additional heat input, the necessary
energy for the fusion of the strands had to be provided by the heat capacity of the deposited
melt strand. In contrast, extrusion temperatures above a certain treshold led to thermal
damage of the material, so that its mechanical properties were degraded. With respect to
the extrusion temperature, a maximum of the strength in the z-direction was obtained for
220 °C to 240 °C; compare Figure 12.

Pre-deposition heating in form of laser radiation raised the temperature of the cool
substrate locally, thereby increasing the average temperature of the deposition process.
This promoted interlayer diffusion without increasing the absolute melt temperature.
Consequently, the average temperature of the deposition process was raised without
reaching thermal degradation. For the laser power, cubic influences on the strength could
be found. Maximum strength turned out for medium laser powers of about 900 mW to
1500 mW; compare Figure 12. Higher values of introduced radiation (ą1500 mW) caused
material degradation in the surface area of the substrate, which negatively influenced
interlayer bonding. Forced air cooling as an effect is not plotted in Figures 12 and 13 due to
its lack of significance.

The fitted model achieves a corrected coefficient of determination of R2
corr “ 0.8151.

Measured by the transient MEX-process, its variety of influencing parameters and
interferences as well as limited investigation possibilities, the model plausibly explained
the influence of die temperature and laser power on interlayer bonding. The deviation of
the model could be explained by the high scatter of the test results, which can be attributed
to the previously mentioned factors.

3.3. Consolidated Influence of Process Modifications on Residual Stresses and Interlayer Bonding

After giving an overview of the effects of pre-deposition heating, as well as subsequent
forced air cooling on the distortion (Figure 11) and strength in the z-direction (Figure 12),
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the results presented were combined to show the optimization goals with respect to both
target variables; compare Figures 13 and 14.
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Figure 13. Contour plot of modeled strength and distortion data. The blue point represents
the optimal strength for the MEX-process without modifications. All process parameters of the
modified process that provide the corresponding lowest residual stress for a required strength
are represented bye the blue line. The achievable strength for a permissible distortion can also be
determined along the line.

Figure 13. Contour plot of modeled strength and distortion data. The blue point represents the
optimal strength for the MEX-process without modifications. Parameters of the modified process
that provide the corresponding lowest residual stress for a required strength are represented by the
blue line. The achievable strength for a permissible distortion can also be determined along the line.

In consistency with the distortion diagram; compare Figure 11, active cooling is
indicated by blue markings. Figure 13 shows the potential for optimization in terms of
strength and distortion. In this contour plot, the minimal distortion is shown implicitly in
form of the blue line. It is determined with the following computational procedure:

1. The datasets for both the distortion and tensile strength are interpolated on an
identical meshgrid with a resolution of 0.5 °C for die temperatures and 5 mW for
laser powers

2. Let σ be the corresponding two dimensional array of tensile strengths for given die
temperatures a and laser powers b, rounded to the first decimal digit. Define rσ as the
one dimensional array which lists all unique entries of σ in ascending order

3. Iterate over the length of rσ with variable i:

(a) Determine all tuples paj, bjq, such that σpaj, bjq “ rσpiq
(b) Return the tuple pa, bq out of the set of paj, bjq for which distortion is minimal

Thus, the blue line contains combinations of values for die temperature and laser
power for which distortion is minimal at a given tensile strength. It has already been
established that the component strength in the z-direction showed a maximum for moderate
extrusion temperatures and laser powers. Since the distortion increased linearly with
respect to these variables (compare Figure 11), a range of reasonable process parameters
up to moderate extrusion temperatures and laser powers resulted, shown as a dashed
rectangle (compare Figure 13). All points outside this range represented a poor compromise
between achievable strength and distortion, especially since degradation of the material
could be expected.
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Figure 14. Modeled data of minimum distortion for given strength. The graph shows that the
processing of PP is significantly improved by the process modifications.
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Figure 14. Modeled data of minimum distortion for given strength. The graph shows that the
processing of PP is significantly improved by the process modifications.

The black mark in Figures 13 and 14 at 232.5 °C without additional laser power and
cooling, represents the point of maximum achievable strength for the FLM process without
modifications. Without process modifications, the model-based distortion was 0.282 mm
with a strength of 12.6 MPa. Less warpage could only be achieved by reducing the extrusion
temperature; compare Figure 11. This was accompanied by a considerable reduction in
strength, shown by the black line in Figure 13. To illustrate this relationship, the data of the
distortion (Figure 11) and the strength (Figure 12) were combined in Figure 14. With the
presented process modifications of LLPH and subsequent forced air cooling, the limits of
the process window could be shifted considerably. Beneficial parameters for the process
modifications are highlighted in blue; compare Figures 13 and 14. According to the test
results (Figures 12 and 13), the additional cooling did not affect tensile strength, but reduced
warpage to a considerable extent. This effect of cooling can be seen by the nearly constant
shift of the data points in Figure 14. With an additional laser power of 1170 mW and
a die temperature of 222 °C the tensile strength could be increased by 13% to 14.2 MPa,
highlighted by the blue point in Figure 13. Forced air cooling could reduce the warpage
simultaneously by 30% to 0.198 mm. If the optimization goal of minimal warpage due
to component residual stresses was pursued (marked with a blue diamond), comparable
strengths (12.6 MPa) could be achieved at a lower die temperature of 189 °C and additional
LLPH of 1240 mW; compare Figure 13. Due to the low extrusion temperature and the
activated forced air cooling, a reduction of distortion by 55% to 0.126 mm was achieved.
The missing thermal energy due to the low extrusion temperature was compensated by the
introduced laser radiation and the component strength was not negatively affected.

4. Discussion

In this paper, a rotary print head is presented. This head allowed fully integrated pre-
and post-deposition process modifications of the FLM-process. A laser radiation source
and a forced air cooler, each guided on a rotational axis, supplied additional local heat
input and output to the FLM deposition process. The results presented show that the
process modifications had considerable influence on the processing of PP. For this purpose,
samples with and without process modifications were compared.
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Through tensile tests on printed PP specimens, interlayer bonding was investigated.
Comparable to the research of Despande et al. and Ravi et al. for ABS, and Han et al.
for PEEK, it was shown that the strength in the build-up direction (z-axis) of PP was
positively influenced by additional local laser preheating of the substrate [34–37,39,41].
Further research is needed to characterize the influence of LLPH on interlayer bonding.
Analytical approaches emphasize that preheating of the substrate promotes interlayer
bonding. For example, McIlroy et al. found that elevated temperatures accelerate diffusion
in the FLM process [44]. This relationship plays an important role for semi-crystalline
thermoplastics, since most of the diffusion takes place above the melting temperature
and proceeds more rapidly [21]. For PP, Petersmann et al. found that an elevated
die temperature and thus welding temperature results in a higher degree of interlayer
diffusion [22]. Both the tensile strength studies presented and prior research underline
that LLPH favors the interlayer bonding of PP. To further characterize the influence on
interlayer bonding, morphological and further mechanical studies are necessary.

However, in this work, the LLPH-device could be fully integrated into the MEX
process by a rotational print head. Additionally, a forced air cooler was combined with
the LLPH-technology, which ensured a significant reduction in warping through a high
local cooling rate without lowering the average component temperature. In parallel,
the introduced laser power in conjunction with lower extrusion temperatures could
achieve an additional reduction in warpage while maintaining the component strength.
Compared with the state-of-the-art, it was shown that process parameters such as the die
temperature could be adjusted in conjunction with process modifications in such a manner
that component strength was increased and residual stresses were reduced [19,26,27].
In order to investigate the influences of the modifications on the process and the processing
of semi-crystalline thermoplastics, a set of parameters typical of the process were selected
and kept constant throughout the experimental plan. In this way, the effects of the
modifications were adequately demonstrated.

Due to the high number of non-varied process parameters, no interactions of LLPH
and forced air cooling with other parameters could be investigated, besides die temperature.
The hypothesis derived in Section 1 that cooling rate reduces the development of residual
stresses and the resulting warpage was proven in the investigations shown. Whether the
morphology of PP is affected as suspected needs to be investigated.

In contrast to prior research, an influence of the cooling rate on interlayer strength
was not found for PP [25,45]. Geng et al. and Lee et al. used thermography to monitor the
component temperature during the process and found that the component temperature is
significantly above the ambient temperature without additional cooling. It is assumed that
the specimens were fabricated individually and, therefore, the component temperature was
elevated due to short layer and cooling times. High temperature favors interlayer diffusion,
but can have a negative effect on surface quality, which is why component coolers have
become established in the FLM process. In this work, the samples for the investigation of
interlayer bonding were fabricated in parallel. Due to the resulting high layer and cooling
time, it can be assumed that the influence of local cooling on the average temperature
of these samples and thus the interlayer bonding was low. To the best of the authors’
knowledge, no study has been published that addresses the influence of local cooling of
the deposited strand on interlayer bonding. In general, interlayer diffusion depends on
the temperature and time of the welding process. For semi-crystalline thermoplastics,
significant diffusion occurs above the melt temperature [21,46,47]. For the present study, it
is assumed that heat conduction and melting of the substrate dominates the rapid cooling
of the interface and limits the diffusion time. This would explain why no significant effect
of forced air cooling on interlayer bonding could be found in this study. Nevertheless,
local cooling can be expected to influence interlayer bonding for other process parameters,
component dimensions, and materials.

In future work, the scope of the experiments can be extended to include a variation of
parameters identified as relevant by prior research. These include, for example, the print
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bed temperature [27], the layer cross-section [19,28] or the printing speed [28]. The variation
of the cooling rate has not been investigated and needs to be addressed in future research.

As an outlook, a preliminary test was carried out. The cooling air temperature was
reduced by means of a vortex tube, with which the component distortion could be further
inhibited compared to the forced air cooling with compressed air; compare Figure 15. It
was possible to reduce the distortion of a sample by another 65% via a reduced cooling
air temperature compared to compressed air. Even though the result of this test can only
be evaluated qualitatively and without its impact on interlayer strength, the potential of
further research is nevertheless presented.
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is possible.

The semi-crystalline thermoplastic PP has valuable mechanical properties, but can only
be processed to a very limited extent, because of high residual stresses and poor strength in
the z-direction. It was shown that both interlayer bonding and warping could be positively
influenced by the process modifications, shown. In particular, the limiting property of
warping [7] is treated and reduced in terms of process technology instead of material science.
By improving the layer bonding, the typical anisotropy of MEX-manufactured components
can be additionally reduced. In future work, the modified process and its transferability to
other semi-crystalline thermoplastics such as polyamide (PA) or polyethylene (PE) must
be investigated in more detail. The comprehensive reduction of process-related residual
stresses considerably extends the processability of semi-crystalline thermoplastics in the
MEX process. The range of applications for MEX processes can be sustainably extended by
further semi-crystalline thermoplastics in the material spectrum.
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Abbreviations
The following abbreviations are used in this manuscript:

FLM fused layer modeling
MEX material extrusion
FDM fused deposition modeling
FFF fused filament fabrication
PLA polylactic acid
ABS acrylonitrile butadien styrene
PET-G polyethylene terephthalate glycol-modified
PP polyproyplene
PPS polyphenylene sulfide
PEEK poly ether ether ketone
PE polyethylene
PA polyamide
LLPH local laser pre-deposition heating
CNC computer numerical control
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