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In 3D printing technologies, producing polymer parts with
desirable mechanical properties is crucial. The fused deposition
modeling (FDM) technique is one of the most common 3D
printing processes for manufacturing polymeric parts.
However, due to the weak interlayer bonding of the printed
parts and consequently inferior mechanical properties,
enhancing interlayer bonding is necessary. This study
investigated the combination of 3D printing parameters
(printing angle) and post-processing via hot pressing
(temperature and pressing force). Additionally, the
simultaneous optimization of these parameters was conducted
to achieve the highest tensile strength in parts made of
polylactic acid (PLA). To this end, an experimental design was
conducted using the response surface methodology (RSM), and
changes in tensile properties concerning the studied
parameters were evaluated. The results indicated an
interaction between the studied parameters. The optimal
values for the raster angle, pressing temperature, and pressure
were 90 degrees, 70 degrees Celsius, and 25 N, respectively.
Under these conditions, the highest tensile strength of 33 MPa
was achieved, showing an approximately 22% increase
compared to the initial sample.
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EXTENDED ABSTRACT

Introduction

Additive Manufacturing (AM) encompasses technologies that produce physical items
from virtual 3D models via a layer-by-layer construction process. Unlike subtractive
manufacturing, which removes material from a solid block, AM builds the object by adding
layers. Material extrusion, specifically the fused deposition modeling (FDM) process, is
widely used in AM, utilizing thermoplastic polymers like polylactic acid (PLA) and
acrylonitrile butadiene styrene (ABS). Due to weak interlayer bonding and consequently
inferior mechanical properties, enhancing interlayer bonding through various methods is
necessary. The printing process can be optimized by adjusting factors such as raster angle
to improve the quality of printed parts.

Another feasible approach for improving part quality is conducting post-processing.
Post-processing techniques enhance the part's qualities, performance, and appearance
through activities like steam baths and hot-pressing. Hot-pressing involves applying
pressure and temperature to enhance mechanical properties. In this study, the influence of
raster angle and hot-pressing temperature and force on the mechanical characteristics of
3D-printed PLA components was investigated.

Methodology

Equipment

The hot-press machine used in this study features dual heated plates with adjustable
pressure, controlled by weights, and a temperature regulator that can exceed 300°C. A 7000
series aluminium mold, shaped with two dies matching the geometry of the tensile test
samples, was used to apply force. The mold was positioned inside the hot-press machine,
with a layer of thermal grease applied at the interface between the dies and the plates to
enhance thermal conductivity. Figure 1 shows the hot-pressing die inside the heated
platens. The contact surface of the die is greased with a layer of thermal grease and placed
between the two heated plates of the hot-press equipment. The SANTAM STM-400 tensile
test machine was used for the tensile tests at a 5 mm/min speed.
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Figure 1. The h-pressing die and heat plates.

Sample Preparation and Design of Experiments

The experiment used PLA filament (YOUSU, China) with a diameter of 1.75 mm. Samples
were designed according to the ASTM D638 Type I standard and then printed using a
Quantum 3D printer. The fixed settings for the printing parameters are provided in Table 1.
The effects of temperature, force, and raster angle were studied, with values ranging from
70-130°C, 5-25 N, and 0-90°, respectively. The hot-press process duration was fixed at 10
minutes. These parameters were examined using Response Surface Methodology (RSM)
and the central composite design in Design-Expert 13 software. Three center points were
chosen, resulting in 17 experiments.

Table 1. Fixed parameters of the printing process.

Parameters Unit Value
Extruder temperature °C 200
Bed temperature °C 60
Print speed mm/min 2000
Nozzle diameter mm 0.4
Layer height mm 0.2
The number of external rigid layers - 3

Results and discussion

A tensile test was conducted on each sample, producing force-displacement diagrams.
The tensile strength was determined by dividing the maximum force by the sample's cross-
sectional area. The findings indicated that raster angle and temperature are the primary
factors influencing tensile strength, with raster angle having a more significant impact.
Perturbation Plots in Figure 2 show that the effect of the raster angle is significantly greater
than temperature and force. The increase in temperature during hot-pressing does not
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consistently increase the tensile strength of PLA, with the highest strength achieved at the
lowest hot-pressing temperature.
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Figure 2. Perturbation plots for the three states of maximum, minimum and median response of tensile
strength and 3D surface plots in the median state of three input variables.

C:Force (N)

Optimization of Parameter

Based on the optimization, the highest tensile strength can be achieved with a raster
angle of 90°, a temperature of 70°C, and a force of 25 N. These conditions correspond to the
R90T70F25 sample. Figure 3 shows the stress-strain curve of the R90T70F25 sample
compared to a raw sample (without hot-pressing). The data indicated that the hot-pressing
process increased the tensile strength by approximately 22%.
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Figure 3. Strain stress diagrams of the optimum hot-pressed and raw samples.

Conclusion

This study aimed to enhance the mechanical properties of PLA printed using FDM
technology by investigating the impact of hot-press process parameters, temperature and
force in addition to the raster angle, a key printing parameter. Techniques such as Design of
Experiments (DOE) and optimization were employed to achieve the desired results. The
findings indicated that increasing the temperature during the hot-pressing process
negatively affects tensile strength as PLA degrades after passing through its annealing
temperature. Temperature emerged as the most crucial factor, with slight variations
significantly impacting PLA's tensile strength. The force applied during hot-pressing had a
considerably lower impact than temperature and raster angle. Selecting the appropriate
raster angle is essential to ensure the desired toughness and elongation at the break of PLA.
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