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Abstract. Selective laser sintering is an established technique for producing complex plastic
components, yet its broader adoption is limited by the scarcity of commercially viable materials.
This study evaluates high-pressure homogenization, a fully mechanical process, for producing
micronized biopolymer particles as a sustainable feedstock for selective laser sintering. The
biopolymer powder was characterized in terms of morphology and flowability, followed by
processability validation on a selective laser sintering machine using both simple and more
complex geometries. The resulting 3D printed components were assessed for dimensional
accuracy and subjected to dynamic mechanical characterization. By offering an industrially
scalable method for biopolymer powder production, high-pressure homogenization expands
material options for selective laser sintering, advancing sustainable additive manufacturing.

Introduction

Additive manufacturing (AM) of polymers has become essential for producing advanced plastic
components in industries such as automotive, electronics, biomedical, and aerospace. Among AM
techniques, material extrusion and vat photopolymerization are widely used due to their
accessibility. However, material extrusion often results in coarse resolutions [1], while vat
photopolymerization relies on thermoset resins that are difficult to recycle [2]. In contrast,
Selective Laser Sintering (SLS) is a versatile and well-established AM method that enables the
fabrication of complex, high-quality parts without support structures. Despite these advantages,
one of the factors limiting the widespread adoption of SLS is the restricted commercial availability
of polymer powders, which are predominantly synthetic materials such as polyamides [3].

The reliance on fossil-derived polymers raises environmental concerns, driving interest in
biodegradable and bio-based alternatives that align with sustainability goals. Biopolymers have
gained significant attention as eco-friendly materials in AM, with the polyhydroxyalkanoates
(PHASs) standing out due to their tunable properties, cytocompatibility, and biodegradability under
various environmental conditions [4]. Among PHAs, poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBH) has emerged as a valuable candidate, offering a balance of mechanical
strength and flexibility comparable to conventional plastics like polypropylene [5]. Derived from
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bacterial fermentation of renewable feedstocks, PHBH might represent a sustainable alternative to
petroleum-based polymers also for AM applications. Previous research on PHA powders for SLS
has primarily focused on biomedical applications [6]. For instance, studies have demonstrated the
feasibility of fabricating scaffolds for tissue engineering and assessing cell viability on SLS 3D
printed structures [7,8]. However, a major limitation of existing approaches is the production
method for biopolymer powders. Most studies have relied on solvent-induced phase separation,
where a polymer solution is precipitated in an aqueous medium [9,10]. While this technique allows
for controlled particle morphology and thermal stability, it suffers from low production yield and
environmental drawbacks due to the extensive use of organic solvents. These challenges hinder
the scalability and broader adoption of biopolymers in SLS.

To overcome these limitations, this study explores high-pressure homogenization (HPH) as a
novel, solvent-free method for producing PHBH powder suitable for SLS. HPH is a purely
mechanical process that enables efficient micronization of polymer particles, ensuring fine and
uniform size distribution critical for successful SLS. The resulting powder was characterized in
terms of morphology and flowability, two critical factors influencing powder bed homogeneity
and processability in SLS. Additionally, 3D printed parts were examined for their dynamic
mechanical properties and dimensional accuracy to assess the feasibility of PHBH powder
obtained by HPH for SLS applications. By establishing a scalable, sustainable route for biopolymer
powder production, this work expands the material options for SLS, with potential applicability to
other biopolymers. Ultimately, this research contributes to bridging the gap between biopolymer
development and practical implementation in AM, advancing the transition toward more
sustainable manufacturing practices.

Materials and Methods

Materials and equipment

Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) pellets were purchased from MAIP
Group (MAIP S.r.l., Settimo Torinese, Italy). Poly(vinyl alcohol) (PVA) 8-88 and silica oxide
were obtained from Merck (Merck KGaA, Darmstadt, Germany). Glycerol EP 99% was supplied
by ACEF (ACEF SpA, Fiorenzuola d'Arda, Italy). All materials were used as received, without
further purification. For preliminary cryo-grinding, an A10 basic mill (IKA, Staufen, Germany)
was used. HPH was then performed using a Panther NS3006L homogenizer (GEA Mechanical
Equipment, Parma, Italy), equipped with a single-stage system, a pump for abrasive and viscous
products, and a heat exchanger.

PHBH powder preparation

The production process of PHBH powder consists of four main steps: cryo-grinding, suspension
preparation, high-pressure homogenization, and final washing and drying. PHBH pellets were first
cryo-ground using liquid nitrogen and sieved through a 1 mm mesh. The resulting powder was
then dispersed at 1 wt.% in a medium composed of 50 wt.% glycerol and 50 wt.% aqueous PVA
solution (5 wt.%). The suspension underwent high shear mixing at 3000 rpm before being
processed via HPH, which included two initial passes at 300 bar, followed by 18 passes at
1000 bar. Sample coding was designated as NH for non-homogenized PHBH, while PHBH H
refers to the homogenized powders. After homogenization, the powder was filtered, washed with
distilled water, and oven-dried at 50 °C overnight before being sieved through a 100 um mesh. To
improve flowability in SLS, the PHBH H powder was blended with 0.25 wt.% silica oxide for 30
min, a method previously reported to enhance the processability of laboratory-produced polymer
powders [11].

PHBH powder characterization
The morphology of the PHBH powder was examined using a Phenom™ XL G2 Desktop scanning
electron microscope (SEM) (Thermo Fisher Scientific, Waltham, MA, USA) operated at an
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accelerating voltage of 20 kV. Prior to imaging, the powder was sputter-coated with gold for 180 s
at a pressure of 10 mbar and a current of 10 mA (Complete Sputter Coating System, West
Chester, PA, USA).

Particle size distribution (PSD) was analyzed using a Mastersizer 3000 laser granulometer
(Malvern Panalytical, Malvern, UK), which utilizes laser diffraction to measure particle sizes in
water-suspended samples. Data processing was performed using the Fraunhofer model, and the
span was calculated based on particle size percentiles Dy, Dsg, and Dgq, representing the sizes
below which 10%, 50%, and 90% of the total particle volume falls, respectively, following Eq. 1:

D90 - DlO

Des (1)

Span =

Flowability was assessed by determining the compressibility index (C) and the Hausner ratio
(HR). The parameters C and HR were measured using a simplified version of the ASTM D7481
standard with a 25 mL graduated cylinder, following Equations (2), (3), and (4), where pp,,;, and
Ptap denote the apparent and tapped densities of the PHBH powder, respectively.

_ Ptap — Pbuik

C x 100 ()
Ptap
HR = pti (3)
Pbulk

Selective Laser Sintering

Two different geometries were 3D printed using the same PHBH powder. First, bar-shaped
samples (35 mmx*10 mmx1 mm) were fabricated for thermomechanical analysis. Next, a small
boat model was used as a reference part to evaluate the dimensional accuracy of SLS with PHBH
powder feedstock. The boat has overall dimensions of 40 mm x 16 mm x 5.5 mm and features
classical geometric elements that facilitate dimensional inspection. Figure 1 presents the CAD of
the model boat.

Z Plane 4 Plane 3 Z

* Y Plane 2 Pl 1" X >'<
ane
Plane 1 Y

Plane 10
Plane 5

Plane 8
Plane 6

Plane 7

Figure 1: Isometric view of the reference model with indication of the planes used for
dimensional inspection

Above the flat deck, two adjacent square blocks of different heights are positioned. These
blocks own a base measuring 5.82 mm x 7.12 mm. The higher block has a height of 4.25 mm,
while the smaller one is 1.75 mm high. Additionally, an elliptical block, standing 2 mm high, is
placed on top of the smaller square block. The Cartesian reference frame is centered in the middle
of the boat, with the Z-axis origin at the base of the hull, the positive Y-axis pointing port, and the
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positive X-axis aligned with the bow. The following planes are considered to measure the heights
and sizes of the different geometric features:

. Plane 1: Deck level at Z =1.25 mm

. Plane 2: Top face of the larger square block at Z = 5.50 mm

. Plane 3: Top face of the elliptical block at Z = 5.00 mm

. Plane 4: Top face of the smaller square block at Z = 3.00 mm

. Plane 5: Right face (starboard) of the smaller square block at Y =—-2.91 mm
. Plane 6: Right face (starboard) of the larger square block at Y =—2.91 mm
. Plane 7: Front face (bow) of the larger square block at X = 1.00 mm

. Plane 8: Left face (port) of the larger square block at Y =2.91 mm

. Plane 9: Left face (port) of the smaller square block at Y =2.91 mm

. Plane 10: Back face (stern) of the smaller square block at X =—13.24 mm
. Plane 11: Back face (stern) of the larger square block at X =—6.12 mm

All components were fabricated using a SnowWhite2 SLS machine (Sharebot S.r.1., Nibionno,
Italy) equipped with a CO: laser operating at a wavelength of 10.6 um. The biopolymer powder
was evenly distributed in an air environment using a blade recoater. After reaching the target build
chamber temperature, a 300 s waiting period was applied to ensure uniform heating of the powder
bed. The key processing parameters are summarized in Table 1.

Table 1: Selective laser sintering process parameters

Process parameters

Laser power [W]

3.5

Scan speed [mm/s]

2400

Border scan speed [mm/s]

3300

Layer height [um]

100

Environmental temperature [°C]

90

Number of warming layers

50-150

3D printed components characterization
Dynamic mechanical analysis (DMA) was performed using an MCR 702e Multidrive Device
(Anton Paar, Graz, Austria), applying a uniaxial sinusoidal stress with an amplitude of 1 N and a
frequency of 1 Hz. A micro-CT scanner (X-CT) (Phoenix v|tome[x S240, GE Baker Hughes-
Waygate Technologies, Wunstorf, Germany) was used to examine the 3D printed specimens, with
the scanning parameters shown in Table 2. X-ray images were reconstructed into 3D models using
datos|reconstruction software, and visualization and analysis were performed with VG Studio Max
(version 3.4, Volume Graphics, Heidelberg, Germany). For dimensional analysis, surface
determination was first carried out using the Advanced (classic) approach. This process involved
contour identification from the histogram with an automatic material definition at an isovalue

threshold of 50%.

Table 2: X-CT scanning parameters

Scanning parameters

Voxel size [um]

49.2

Voltage [kV]

210

Current [uA]

130

Timing [ms]

100

Number of images

1500
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The Atos Compact Scan structured-light 3D scanner (Carl Zeiss AG, Oberkochen, Germany)
was used for the scanning process. It is certified under the VDI/VDE 2637 standard for
metrological performance. This device features two lateral CCD cameras for stereoscopic imaging
and triangulation, along with a central projector for structured light projection. It has a 2-megapixel
resolution, allowing it to capture around 2 million points per scan with 0.075 mm spacing and an
accuracy of 0.02 mm. Belonging to safety class 2 (eye-safe), the scanner operates independently
of ambient lighting. It utilizes a blue LED light source, which enhances stability by reducing
performance fluctuations caused by heat buildup or changes in lighting conditions.

Results and Discussions

SEM analysis (Figure 2a, 2b) highlights the impact of homogenization on PHBH powders,
showing a reduction in particle size due to compression, cavitation, shear forces, and impact over
the homogenizing ring [12]. The powders exhibit an irregular morphology, likely due to plastic
deformation at elevated processing temperatures (up to 70 °C) and high pressures.

4 200 pm : N + @0 pm

— PHBH_NH (a)

— PHBH_H (b)

g -

2 6

2

5} -

o

Q

E 47

=

§ -
2—
O_

0.01 0.1 1 10 100 1,000 10,000

Size class [um]

Figure 2: Morphology analysis. SEM micrographs: PHBH NH (a) and PHBH H (b). Particle
size granulometric curves: PHBH NH (c) and PHBH H (d)

Granulometric analysis (Figure 2¢) confirms size distributions of Dio, Dso, and Dgg at 105 pum,
313 um, and 727 um for PHBH NH, and 11 pm, 49 pm, and 88 um for PHBH H. Both samples
display a single-peaked distribution, with homogenization narrowing the peak and reducing span
values from 2 to 1.6, indicating improved powder spreading [13].
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Powder packing and flowability, crucial for SLS processing, were assessed via Hall flow and
tap density tests, yielding a C value of 25.3%+0.1% and HR of 1.34+0.01. According to Carr’s
classification, PHBH H exhibits "passable flowability" [14]. Morphological analysis supports this
suboptimal flowability; however, past studies have shown that polymer-based composites with
irregular morphologies can still be successfully processed via SLS [15,16]. Therefore, despite non-
ideal flow properties, this preliminary characterization suggests PHBH powder from HPH is
suitable for SLS applications.

The viscoelastic properties of 3D printed specimen were analyzed via DMA to assess their
thermomechanical behavior. Figure 3 shows the extensional storage modulus and tan delta as
functions of temperature. The glass transition temperature, determined from the tan delta peak, is
6 °C. The extensional storage modulus in the rigid plateau region is approximately 2.23 GPa,
highlighting the potential of PHBH H powder for SLS processing and its suitability for semi-
structural applications, such as in the biomedical field [17].
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Figure 3: DMA curves of 3D printed specimen of PHBH H obtained by SLS

To assess the 3D printability of PHBH H powder using SLS, one replica of the boat model
(Figure 1) was fabricated. Figure 4 shows the 3D printed replica (Fig. 4a) with a zoom-in of a
central detail from the top view (Fig. 4b).

(b)

Figure 4: 3D printed boat using PHBH H powder: (a) SLS replica; (b) optical microscope
image of a detail of the SLS replica

The dimensional accuracy of the SLS replica was evaluated using GOM Inspect software by
comparison of the actual scan data to the nominal CAD model. Figure 5 presents the colored map
of nominal-to-actual deviations. Structured light optical scanning showed an average deviation of
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0.28+0.28 mm (Fig. 5a), while X-CT scan measurements yielded a mean deviation of 0.11+0.28
mm (Fig. 5b). These results indicate good reproducibility of complex small geometries, though the
deviation map highlights areas for optimization.

Number of scan points: 113852
Mean deviation: 0.28 mm

Standard deviation: 0.28 mm
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Figure 5: Deviation analysis for the SLS replica from optical scan data (a) and X-CT data (b).

0¥°0

09°0

08°0
0

As a bio-based polymer, PHBH undergoes thermal shrinkage upon cooling, contributing to
negative dimensional deviations. Moreover, the spatial positioning of parts in the build chamber
also affects heat dissipation and powder fusion, leading to anisotropic shrinkage. The highest
deviations were observed at the bow and in tilted lateral zones, likely due to the difficulty of
forming inclined thin walls, which are prone to material instability and distortions [18].

Table 3 summarizes key dimensional evaluations, referencing the planes in Figure 1, which
play a crucial role in assessing dimensional accuracy. A comparison between X-CT and optical
scanning reveals measurement discrepancies. While both methods provided consistent data for
some features, such as the Z-height at Plane 1, larger discrepancies appeared in others, such as
Plane 3, where X-CT recorded 5.26 mm and optical scanning measured 5.20 mm, deviating from
the nominal 5.00 mm. Similarly, along the Y-axis, deviations were found between Plane 6 and
Plane 8, with X-CT measuring 5.65 mm and optical scanning 6.02 mm. These differences may
result from resolution limitations, surface reflectivity, or occlusions during optical scanning, as
previously reported in studies evaluating the accuracy of 3D scanning techniques for polymer-
based materials [19].
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Table 3: Dimensional analysis of the boat model with optical scanner and X-CT

Dimensional evaluations (all values are in mm) Nominal Actual values
value X-CT Scanner

Z-height Plane 1 1.25 1.06 1.06

Z-height Plane 2 5.50 5.50 5.48

Z-height Plane 3 5.00 5.26 5.20

Z-height Plane 4 3.00 2.69 2.69

Distance Plane 5 - Plane 9 along Y-axis 5.82 5.77 6.01
Distance Plane 6 - Plane 8 along Y-axis 5.82 5.65 6.02
Distance Plane 7 - Plane 10 along X-axis 14.24 14.03 14.31
Distance Plane 10 - Plane 11 along X-axis 7.08 7.15 7.37

To improve dimensional accuracy, further optimization is needed. Optimization strategies may
include refining processing parameters like laser power, hatch spacing, and scan strategies to
enhance feature fidelity. Thermal compensation models could minimize shrinkage effects, while
post-processing techniques such as surface treatments or annealing may help reduce warping.
These findings suggest PHBH has strong potential for sustainable SLS applications, warranting
further research to enhance precision and reproducibility. Understanding the interplay between
processing conditions and material behavior will be key to advancing PHBH for industrial additive
manufacturing.

Conclusions

This study demonstrated the feasibility of HPH as a scalable and sustainable method for producing
biopolymer powders for SLS, providing an efficient alternative to previously explored techniques.
The HPH process successfully micronized PHBH, achieving a median particle size of 49 pum.
Despite their irregular morphology, flowability tests confirmed the powders’ suitability for SLS
processing. The powders enabled the fabrication of both simple and complex geometries. For
dynamic mechanical property testing, the 3D printed samples exhibited a maximum storage
modulus of 2.23 GPa. Additionally, a more intricate geometry, such as the boat model, was
successfully produced with good dimensional accuracy. Optical scanning analysis of the 3D
printed part revealed an average deviation of 0.28 mm from the nominal CAD surface, suggesting
the reliability of the powder for SLS applications. This work contributes to bridging the gap
between laboratory-scale powder development and industrial production. Future research should
focus on optimizing powder morphology and flowability, refining SLS process parameters, and
enhancing HPH productivity to further improve its competitiveness. By utilizing a purely
mechanical approach, this study underscores the potential of HPH produced biopolymer powders
for sustainable AM, paving the way for greener applications.
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