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High-Pressure Homogenization: An Industrially Scalable
Method for Producing PHBH Powders for Selective Laser

Sintering

Alberto Giubilini,* Giovanna Colucci, Silvia Grasselli, Luca luliano, Massimo Messori,

and Paolo Minetola

Selective laser sintering (SLS) enables the production of high-quality, complex
plastic components without requiring support structures. However, the
widespread adoption of SLS is constrained by limited material availability,
mainly synthetic polymers, and the inefficiency of laboratory-scale methods,
such as solvent phase separation, for producing new polymer powders. This
study explores high-pressure homogenization (HPH) as a purely mechanical
and solvent-free method for micronizing poly(3-hydroxybutyrate-co-3-hydro-
xyhexanoate) (PHBH), a biodegradable co-polyester, into particles suitable for
SLS. The influence of key HPH parameters, including pressure and number of
passes, on particle morphology and size distribution is evaluated. Under
optimal conditions, 18 passes at 1000 bar, a median particle size of 49 um is
achieved, with powders exhibiting sub-rounded morphology (median
circularity of 0.944) and sufficient flowability, as indicated by a Hausner ratio
of 1.34, making them suitable for SLS processing. The 3D printability is tested
on both simple and complex geometries, which all result in 95% dense final
components. Thermal characterization indicates that the PHBH powders
retain suitable thermal stability, with degradation temperatures exceeding the
SLS processing range. Mechanical testing of 3D printed parts reveals Young’s
modulus of 160 MPa and a maximum storage modulus of 2.7 GPa at —10 °C.

1. Introduction

Additive manufacturing (AM) of polymers is increasingly
adopted for producing advanced plastic components across di-
verse industries, including automotive, electronics, biomedical,
and aerospace.'*! Among the various AM techniques, material

extrusion and vat photopolymerization
are widely used due to their accessibil-
ity and user-friendliness, making them
attractive to both hobbyists and profes-
sionals. However, material extrusion of-
ten results in coarse resolution,® and
vat photopolymerization employs ther-
moset resins that are difficult to recycle.l’]

Selective Laser Sintering (SLS), a
powder-based AM process, fabricates
complex 3D structures by sintering poly-
mer powders with a laser beam. Com-
pared to extrusion-based approaches,
SLS provides higher part isotropy and
enables full saturation of the build vol-
ume through 3D nesting, enhancing
productivity. Moreover, it eliminates
the need for support structures.’]

Despite these advantages, the broader
adoption of SLS is constrained by
the comparatively limited variety of
commercially available polymer ma-
terials. Currently, most SLS applica-
tions rely on synthetic polymers such
as polyamides (PA), thermoplastic
elastomers (TPE), polystyrene (PS),
polyetherketoneketone (PEKK), and polyetheretherketone
(PEEK).[®l While this limitation may be less evident in certain re-
gions or specific research environments, expanding the available
feedstock for SLS remains a global challenge. Recent studies
have explored novel polymers for SLS, such as poly(L-lactic acid)
(PLLA),®! polycaprolactone (PCL),I*) polyvinylidene fluoride
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Figure 1. Schematic representation of the research workflow.

(PVDF),l'!] and polymethyl methacrylate (PMMA),!12] yet most
remain at experimental or pre-commercial stages.

In parallel, increasing concern over the environmental im-
pact of nonrenewable materials is accelerating the search
for biodegradable and bio-based alternatives, which could
broaden the applicability of SLS while supporting sustainabil-
ity goals.['*] Biopolymers have thus emerged as promising can-
didates for AM.[**15] In particular, the polyhydroxyalkanoate
(PHA) family has attracted attention due to its tunable me-
chanical properties, cytocompatibility, and biodegradability un-
der diverse environmental conditions.'®] Within this fam-
ily, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) is
a bacterial-fermentation-derived aliphatic co-polyester that of-
fers a compelling balance of strength and flexibility, position-
ing it as a potential alternative to conventional plastics like
polypropylene.[18:1°]

Previous work with PHA-based powders for SLS has mainly
focused on biomedical applications, demonstrating biocompati-
bility and scaffold fabrication capabilities.2>-22) However, biopoly-
mer powder production for SLS has primarily relied on solvent-
based methods,[2*?] which present scalability and environmen-
tal drawbacks due to their reliance on volatile organic com-
pounds.

This study explored an alternative, solvent-free method to
produce PHBH powder using the high-pressure homogeniza-
tion (HPH) method, a purely mechanical process potentially
capable of producing fine, uniform particles tailored for SLS.
While other mechanical micronization methods, including cryo-
milling,”® ball-milling, rotor-milling, and spray drying,!**"
have been explored, HPH was explored in this study due to
its scalability, potential to produce powders with narrow parti-
cle size distributions, minimal thermal degradation. The effec-
tiveness of the HPH process, as well as the influence of ho-
mogenization pressure and number of passes, was assessed
in terms of powder morphology, particle size distribution, and
flowability. Following 3D printing, the fabricated components
were characterized with respect to their thermal properties, ten-
sile and dynamic-mechanical performance, and dimensional
accuracy.
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The novelty and the technological significance of this study
lie in the application of a still under-explored technique for
powder production, employed here, to the best of the authors’
knowledge, for the first time using industrial-scale equipment
rather than laboratory-scale setups. This study covers the en-
tire workflow from powder fabrication to 3D printing and fi-
nal part characterization. While PHBH was chosen for its at-
tractive properties, the proposed method is not limited to this
polymer and may be extended to other materials suitable for
SLS.

2. Experimental Section

2.1. Materials and Equipment

Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) pellet
was purchased by MAIP Group (MAIP S.r.l., Settimo Torinese,
Italy) with a density of 1.22 g cm™ and a composition ratio
of 89 mol% of 3-hydroxybutyrate (3HB) and 11 mol% of 3-
hydroxyhexanoate (3HH), as reported by the supplier’s datasheet.
Poly(vinyl alcohol) (PVA) 8-88 was supplied from Merck (Merck
KGaA, Darmstadt, Germany), and glycerol EP 99% was supplied
by ACEF (ACEF SpA, Fiorenzuola d’Arda, Italy). Silica oxide was
supplied by Merck (Merck KGaA, Darmstadt, Germany). All ma-
terials were used as received, without further purification.

2.2. PHBH Powder Preparation

The production process of PHBH powder is illustrated in
Figure 1 and involves four main steps: initial grinding of the
PHBH pellets, preparation of the medium suspension, high-
pressure homogenization (HPH), and final washing, and drying.

Initially, the PHBH pellets were cryo-ground using liquid ni-
trogen and an A10 basic mill (IKA, Staufen, Germany), and then
sieved through a 1 mm mesh size sieve. The ground biopolymer
was dispersed at a concentration of 1 wt.% in a liquid medium
composed of 50 wt.% glycerol and 50 wt.% of an aqueous
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Figure 2. Photographs of the homogenization setup consisting of: a recirculating mixer, NS3006L homogenizer, and heat exchanger.

solution containing 5 wt.% of PVA. The composition of this dis-
persion was determined through preliminary tests to achieve a
stable suspension with suitable viscosity for pumpability during
the homogenization process while preventing gravitational sepa-
ration (see Supporting Information). Specifically, PVA was used
as a surfactant to enhance dispersion stability and prevent par-
ticle aggregation, while glycerol reduced the density difference
between the solid and liquid phases, slowing down settling or
skimming. The PHBH suspension was processed in the labora-
tories of GEA Mechanical Equipment. First, it was mixed with a
high-shear mixer at 3000 rpm. Then, it was homogenized with
a Panther NS3006L homogenizer (GEA Mechanical Equipment,
Parma, Italy), which was equipped with a single homogenizing
stage, a pumping system for abrasive and viscous products, and
a heating exchanger. Figure 2 shows the homogenization setup.
The processing involved two steps: two passes at 300 bar, followed
by multiple passes at two different homogenization pressures,
namely 800 and 1000 bar. The sample nomenclature used in this
manuscript was as follows: PHBH_NH refers to the not homog-
enized PHBH powder, while PHBH_X_Y denotes the homoge-
nized powders, where X represents the number of passes and Y
indicates the homogenization pressure in bar. After homogeniza-
tion, the resultant powder was filtered, repeatedly washed with
distilled water, and oven-dried at 50 °C overnight. The effective-
ness of the washing process was evaluated by Fourier transform
infrared spectroscopy (FT-IR) using ATR analysis. In particular,
the spectrum of PHBH_18_1000 was compared with those of the
neat PHBH pellet, PVA, and glycerol. No characteristic peaks
of glycerol or PVA were detected in the PHBH_18_1000 sam-
ple, confirming their successful removal. Detailed spectra were
reported in the Supporting Information. The dried powder was
subsequently sieved with a 100 pm mesh sieve. Due to its ten-
dency to pack, the micronized powder exhibited poor flowabil-
ity, as demonstrated by compressibility and flowability test re-
sults in the Supporting Information). To enhance powder layer
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distribution during the SLS process, the powder was mixed with
0.25 wt.% silica oxide for 30 min, following a method previously
reported in the literature to improve the flowability of laboratory-
produced polymer powders.31321 A more in-depth discussion of
the effect of silica oxide addition on flowability was reported in
the Supporting Information.

2.3. PHBH Powder Characterization

The PHBH powder morphology was analyzed with a Phenom XL
G2 Desktop scanning electron microscope (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA) at an accelerating voltage
of 20 kV. The powder was previously sputter-coated with gold for
3 min at 10~* mbar and 10 mA current flow (Complete Sputter
Coating System, West Chester, Pennsylvania, USA).

The particle size distribution was evaluated using a Master-
sizer 3000 laser granulometer (Malvern Panalytical, Malvern,
United Kingdom). This instrument employs laser diffraction to
determine the particle size distribution of powders suspended
in water. Signal processing was conducted using the Fraunhofer
mathematical model. The span was calculated according to the
following equation:

Dy, — D
Span = = (1)

50

where D,,, Ds,, and Dy, correspond to the particle sizes at which
10%, 50%, and 90% of the total volume of particles were smaller
than those sizes, respectively.

The thermal stability of PHBH powder was analyzed using
a Mettler-Toledo TGA 851e instrument (Mettler Toledo, Colum-
bus, Ohio, USA). Samples underwent a heating ramp from 25 to
800 °C at a rate of 10 °C min~' under an airflow of 50 mL min~".

All TGA curves were normalized to the samples’ unit weight.
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The melting and crystallization behaviors of the samples were
measured through DSC analyses before and after the HPH. The
tests were performed with a DSC 214 Polyma device (Netzsch
Group, Selb, Germany) under a nitrogen flow of 40 mL min™!
from —50 to 200 °C. The thermal transitions were recorded dur-
ing the heating and cooling scans. A consistent heating/cooling
rate of 10 °C min~! was maintained throughout all cycles. The
degree of crystallization (X) was calculated using Equation (2):

_ AH,, - AH

X “ % 100 2)

T AH
where AH,,, AH_, AH? represent the enthalpy of fusion, the en-
thalpy of cold crystallization, and the enthalpy of fully crystalline
PHBH (115 ] g1),[®% respectively.

The flowability of the PHBH powder was evaluated by deter-
mining the packing factor (¢), the compressibility index (C), the
Hausner ratio (HR), and the angle of repose (AOR). C, HR, and
@ parameters were measured following a simplified version of
the ASTM D7481 standard, using a 25 mL graduated cylinder,
according to Equations (3)—(5):

Phulk
p=— 3
5 3)
Pray = P
c="% %100 (4)
Prap
Pra
HR=—2 (5)
Phulk

where p, pyus Prap TEPTESENL the true, apparent, and tapped den-
sities of the PHBH powder, respectively. The AOR was also used
to assess the flowability of the processed powder. In this method,
the powder passes through a funnel with a 5 mm orifice, and the
AOR was measured as the angle between the slope of the powder
pile and the horizontal plane, following Equation (6):

AOR = tan™! <%> (6)
D

where h is the height of the conical pile, and D is the average di-
ameter of the powder pile measured from five different positions.

The true density (p) of the PHBH powder was determined us-
ing an Ultrapyc 5000 gas pycnometer (Anton Paar GmbH, Graz,
Austria) with helium as the probe gas. A sample of ~3.8 g of
powder was placed in the “small” sample cell, and the density
was measured at 20 °C using the “pulse” preparation mode and
the “fine powder” flow mode. A minimum of 3 passes was con-
ducted, with three measurements per pass, and a final precision
criterion of 0.02% was set.

2.4. Selective Laser Sintering (SLS)

All samples were manufactured using a SnowWhite? SLS ma-
chine (Sharebot S.rl., Nibionno, Italy) equipped with a CO, laser
beam operating at a wavelength of 10.6 um. The biopolymer pow-
der was evenly distributed by a blade recoater under ambient air

Adv. Mater. Technol. 2025, 00049
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Table 1. Selective laser sintering process parameters.

Process parameters

Laser power [W] 3.5
Scan speed [m s7'] 2.4
Border scan speed [m s™'] 33
Layer height [mm] 0.1
Environmental temperature [°C] 90
Number of warming layers 50-150

conditions. The processing temperature was controlled by mon-
itoring the overall build chamber temperature, referred to as the
environmental temperature, using a thermocouple. The environ-
mental temperature was set to 90 °C, based on the sintering win-
dow identified through DSC characterization and in agreement
with a previously published study.**] Once the target environ-
mental temperature was reached, a waiting time of 300 s was set
to ensure uniform heating of the powder bed. The key processing
parameters were enlisted in Table 1.

Three different geometries were produced using the same
powder. Initially, simple bars were 3D printed for tensile
and dynamic-mechanical analysis. Subsequently, more complex
shapes, such as a boat and a geometry composed of overlapping
polyhedron, were manufactured to evaluate the 3D printability
of the obtained homogenized powder with more challenging de-
signs.

2.5. 3D Printed Parts Characterization

Thermogravimetric analysis (TGA) was carried out on the 3D
printed samples using a Mettler-Toledo TGA 851e Instrument
(Columbus, OH, USA), from 25 to 800 °C with a heating rate
of 10 °C min~! and 50 mL min~! of airflow.

Differential scanning calorimetry (DSC) analysis was per-
formed on the 3D printed samples using a Netzsch 214 Polyma
Equipment (Selb, Germany) from —50 to 180 °C with a heat-
ing/cooling rate of 10 °C min~! with a nitrogen flow of
40 mL min~'. Two heating and one cooling scan were done to
determine the thermal transitions.

Dynamic-mechanical analysis (DMA) was carried out by using
an MCR 702e Multidrive Device (Anton Paar, Graz, Austria), by
applying a uniaxial sinusoidal stress with an amplitude of 1 N and
a frequency of 1 Hz on rectangular samples with dimensions of
length of 35 mm, a width of 10 mm, and a thickness of 1 mm.

Uniaxial tensile tests were performed using a Z3 tensile test-
ing machine (AML Instruments, Lincoln, United Kingdom) at
a crosshead speed of 1 mm min~'. Five 3D printed specimens
were tested, each with dimensions of 35 mm in length, 10 mm
in width, and 1 mm in thickness.

A micro-CT scanner, model Phoenix v|tome|x $240 (GE Baker
Hughes-Waygate Technologies, Wunstorf, Germany) was uti-
lized to inspect the 3D printed specimens. The X-ray scanning
parameters for the boat model were set to a voxel size of 49.2 ym,
210 kV voltage, 130 pA current, 100 ms exposure time, and 1500
images, whereas for the open cell lattice structure, they were
36.9 ym, 120 kV, 100 pA, 333 ms, and 1500 images. Recon-
struction of the X-ray images into 3D models was performed
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Figure 3. SEM micrographs and particle size granulometric curves of PHBH powders obtained at different homogenizing conditions.
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using datos|reconstruction software, while VG Studio Max (ver-
sion 3.4, Volume Graphics, Hexagon Metrology-Volume Graph-
ics, Heidelberg, Germany) was employed for visualization and
analysis. Prior to dimensional analysis, surface determination
was conducted using the Advanced (classic) approach. This pro-
cess began with contour identification from the histogram, em-
ploying an Automatic material definition at an isovalue thresh-
old of 50%. Based on the results of the surface determination,
the nominal/actual comparison analysis module within VG Studio
software was applied to evaluate the accuracy of the 3D printed
specimens.

The bulk density of the 3D printed samples was determined
using the Archimedes method, in accordance with the ASTM
B962-17 standard. Given that the tested biopolymer material has
a density close to 1 g cm™3, isopropyl alcohol was used as the
immersion liquid instead of distilled water to improve measure-
ment accuracy. Five different specimens were analyzed to ensure
statistical significance. The porosity (P) of the samples was calcu-
lated using Equation (7):

pP= P — Pgis

x 100 (7)

where p, represents the measured density of the 3D printed sam-
ple and p is the true density of the PHBH powder, which was
determined using the gas pycnometer.

The p,, values were calculated using two different approaches:
the total porosity, as defined by Equation (8), and the closed poros-
ity, as defined by Equation (9):

Py = Waiv Xpliq (8)
sls — Y v
Wﬁn - Wliq
Wair Xp lig ( 9)
Pis =
SS Wuir - Wliq
where W,;,, W, and W, represent the mass of the sample in

air, the mass while immersed in the liquid, and the mass after
removal from the liquid, respectively. p;;;, the density of the iso-
propyl alcohol used for immersion, was 0.785 g cm=>.

Table 2. Evaluation of temperature variations during the HPH process.

Number of Homogenizer inlet  Homogenizer outlet Heat exchanger outlet
passes temperature [°C] temperature [°C] temperature [°C]
1 24 38.0 33.0

2 24 37.0 32.0

3 26 53.5 42.5

5 33 60.0 445

10 39 63.5 46.5

13 40 66.0 47.0

15 40 66.5 47.5

17 41 66.5 47.5

20 40 66.5 46.5

www.advmattechnol.de

3. Results and Discussion
3.1. Morphology of PHBH Powder Obtained by HPH

A preliminary evaluation of the processability of PHBH via
HPH was conducted to determine the optimal dispersibility and
pumpability. Various solid-to-medium ratios and liquid-medium
compositions were tested, with the formulation presented in this
study yielding the most stable yet pumpable dispersion of PHBH,
suitable for homogenizer processing. All homogenization pro-
cesses began with two initial passes at a low pressure of 300 bar to
break down the largest biopolymer particles and prevent clogging
of the homogenizing valve. Subsequently, two different pressure
drops were assessed, with measurements taken after 8 and 18
passes, respectively.

Another critical aspect to be considered when assessing the ap-
plicability of new powder material for SLS applications is the mor-
phology and particle size distribution. Previous research has well-
established that SLS polymer particles should be near-spherical
to achieve optimal flowing spreadability, with particle sizes rang-
ing between 10 and 100 um.*] To characterize the powder’s size
and shape, SEM analysis was performed. Figure 3 clearly illus-
trates the impact of both the number of homogenization passes
and pressure on PHBH powders, showing that average parti-
cle size decreases with an increase in either passes or pressure.
This reduction in particle size results from several contributions,
namely compression, cavitation induced by pressure drop, shear
forces, and impact over the homogenizing ring.[3¢7]

The SEM images revealed that all powders exhibited an irreg-
ular morphology. This deformation could be attributed to plas-
tic deformation of PHBH particles during processing, as the ho-
mogenization process increases operating temperatures that can
reach up to almost 70 °C, as reported in Table 2. These high tem-
peratures, combined with high pressures, may contribute to the
particle’s plastic deformation, resulting in nonspherical shapes.

To gain further insight into the powder morphology and con-
firm the size distribution, a granulometric analysis was also con-
ducted. The resulting powder size distribution curves are rep-
resented in Figure 3, with corresponding data summarized in
Table 3. The median distribution (D50) ranged from 313 pm
for not homogenized PHBH to 75 and 49 um after 18 passes

Table 3. Powder size distribution results at different homogenizing condi-
tions.

Sample code Dy [um]  Dso [um]  Dgg [um] Digo [um] Span
PHBH_NH 105 313 727 1430 2.0
PHBH_1_800 61 193 564 1630 2.6
PHBH_3_800 47 144 430 1620 2.7
PHBH_8_800 28 90 198 855 1.9
PHBH_13_800 26 84 159 308 1.6
PHBH_18_800 23 75 143 240 1.6
PHBH_1_1000 56 166 416 1430 2.2
PHBH_3_1000 34 101 239 971 2.0
PHBH_8_1000 20 68 128 240 1.6
PHBH_13_1000 15 57 107 209 1.6
PHBH_18_1000 11 49 88 144 1.6
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Table 4. True density (p), apparent density (py,), tapped density (py,), and flowability properties of different powders: experimental PHBH_18_1000,

commercial Aurora PA11 Wematter, commercial DuraForm PA12.

PHBH_NH PHBH_18_1000 PAT1 PA12
p — True density [g cm™] 1.226 + 0.003 1.226 + 0.003 1.063 + 0.002 1.050 + 0.002
Poulk — Apparent density [g cm™3] 0.45 +0.01 0.42 +0.01 0.50 + 0.01 0.44 +0.01
Prap — Tapped density [g cm™3) 0.66 + 0.01 0.57 +£0.01 0.58 +£0.01 0.53 +£0.01
HR — Hausner ratio factor 1.49 +0.01 1.34 +0.01 1.17 +£0.01 1.20 +£0.01
¢ — Packing factor 0.36 +0.01 0.34 +0.01 0.46 +0.01 0.42 +0.01
C - Compressibility index [%] 32.6+0.1 253 +0.1 143 +0.1 16.7 £ 0.1
Angle of repose [°] 363 + 1.1 3114+ 1.6 29.5+0.8 30.1+0.7

at 800 bar and 1000 bar, respectively. These size distributions
align with SEM observations and existing literature, supporting
the suitability of these powders for SLS processing.[3®]

Notably, most samples exhibited a single-peaked distribution,
which became more uniform as homogenizing pressure and
passes increased. This is evidenced by the narrowing of the dis-
tribution peak (Figure 3) and decreasing span values (Table 3),
with low span values being an indirect indication of good powder
spreading performance.[**) The narrowing effect is already no-
table after the initial pretreatment of 2 passes at 300 bar, where
a shoulder emerges at lower particle sizes compared to not ho-
mogenized PHBH.

In summary, combining the analysis of powder morphology
and particle size, the PHBH_18_1000, with the smallest parti-
cle size and improved uniformity, appeared the most suitable
for SLS processing requirements. The granulometric analysis of
PHBH_18_1000 powder revealed that the particles obtained by
HPH are generally sub-rounded to rounded in shape, with a me-
dian circularity of 0.944. Accordingly, all subsequent character-
izations and 3D printing trials were conducted using particles
produced under these homogenizing conditions.

3.2. Flowability of PHBH Powder Obtained by HPH

The packing and flowability behaviors are two critical factors to
consider when developing new powder fabrication processes or
novel materials. Poor powder flowability can prevent the spread-
ing of a dense, defect-free powder layer, which in turn com-
promises the efficiency of the sintering process. To address
this potential issue, the packing and flowability properties of
PHBH_18_1000 powders were evaluated by first determining the
true density, followed by Hall flow and tap density tests. Key re-
sults are summarized in Table 4.

An important finding is the average true density of
PHBH_18_1000 powder, measured by gas pycnometry at
1.226 + 0.003 g cm™3. This value matches with the supplier’s
datasheet for the neat PHBH pellets, suggesting that the ho-
mogenization process successfully produces fully dense PHBH
powders.

Additionally, a comparative analysis of the main flowabil-
ity properties was conducted for the PHBH particles before
(PHBH_NH) and after HPH treatment (PHBH_18_1000). Prior
to homogenization, the PHBH powder exhibited poor flowability
and, more critically, particle dimensions that were unsuitable for
SLS applications. Following the HPH treatment, the particle size

Adv. Mater. Technol. 2025, 00049
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distribution was brought within a more appropriate range, lead-
ing to an improvement in flowability. For example, the Hausner
ratio decreased from 1.49 to 1.34, and the angle of repose also
diminished from 36.3° to 31.4°.

According to Carr’s classification of flow behavior, based on
the compressibility index and Hausner ratio, the PHBH_18_1000
powder is categorized as having “passable flowability.”*°! To con-
textualize these experimental results, a comparison was made
with two commercial SLS powders (PA11 and PA12), which ex-
hibited the lowest Hausner ratios and angles of repose among
the samples analyzed. These experimental results are consistent
with previously published data, where commercial glass bead-
reinforced PA12 powders!*! and neat PA12 powders*?) showed
Hausner ratios ~11% and 14% lower, respectively, than that of
PHBH_18_1000. Although these characterizations provide indi-
rect estimations of flowability and spreadability, it is reasonable
to infer a slightly reduced flowability for PHBH powders com-
pared to commercially available SLS powders. This inference is
further supported by the powder’s morphological analysis. It is
well-known that particles with near-spherical shapes and regu-
lar sizes are more uniformly spread on the building platform by
the recoating system.[*}] In contrast, the irregular shapes of the
PHBH_18_1000 powders correlate with reduced flowability.

Nevertheless, the angle of repose for PHBH_18_1000, mea-
sured at 31.4°, classifies it as “flowing,” based on the proposed
classification system,[**] and is consistent with the previously dis-
cussed flowability indicators. It is important to highlight, how-
ever, that previous studies demonstrated the successful printabil-
ity of polymer-based composites with irregular morphologies in
SLS processes.*1454] Therefore, despite the suboptimal particle
morphology and flow characteristics, the overall results from this
preliminary characterization indicate that the PHBH powder pro-
duced via HPH exhibits flowability properties adequate for SLS
applications.

3.3. Thermal Properties of PHBH Powder Obtained by HPH

TGA and DSC were conducted to investigate the thermal behav-
ior of PHBH powders obtained by HPH, focusing on the thermal
stability and degree of crystallinity. These analyses also provided
insights into the sintering window, offering guidance for opti-
mizing 3D printing conditions.

Figure 4 reports the TG curve and its derivative DTG for the
homogenized PHBH powder, performed in air.
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Figure 4. Thermal stability of PHBH powder obtained by HPH evaluated using TGA in air: thermogram a) and b) 1st derivative curve.

The TG curve indicates that the PHBH powder produced
through HPH begins to degrade at 260 °C (Figure 4a). Degrada-
tion occurs in a single step, reaching its maximum rate at 280 °C,
as shown by the DTG curve (Figure 4b). These results confirmed
that the build chamber temperature (90 °C), at which the pow-
der is maintained during the 3D printing process, is significantly
lower than the thermal degradation temperature of the PHBH
powder.

The DSC thermogram, reported in Figure 5, provides further
insights into the thermal behavior of the PHBH powder obtained
by HPH.

DSC analysis revealed a glass transition temperature at 0 °C,
and a bimodal melting peak at 110 and 138 °C, which is character-
istic of semicrystalline polyhydroxyalkanoates.[’! In the case of
PHBH, the copolymer composition may influence the crystalline
structure, particularly the formation and melting behavior of sec-
ondary lamellae, thereby accentuating the bimodal feature. Dur-
ing the second heating scan, an exothermic peak was observed

ExoUp PHBH_18_1000
6

04 -

J

0,24

iSintering
004 window e cooling

k\ = heating
0.2 \—’ \

04 110

Heat flow (W/g)

138

-0,6 T T T
-50 0 50 100 150
Temperature (°C)

Figure 5. DSC curves of PHBH powder obtained by HPH evaluated in ni-
trogen.
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at 52 °C, corresponding to the cold crystallization temperature.
In addition, the melting and cold crystallization enthalpies were
determined, and they were used to calculate the degree of crys-
tallinity of the PHBH powder via Equation (2). The crystallinity
was estimated to be #20%. DSC measurements were also em-
ployed to define the sintering window, a critical parameter for
successful SLS processing. This window is typically defined as
the temperature range between the onset of crystallization and
the onset of melting. Based on the DSC data for PHBH pow-
der, the sintering window was determined to lie between 63 and
94 °C. A summary of the TGA and DSC results is provided in
Table 5.

3.4. Characterization of PHBH 3D Printed Components Obtained
by SLS

To assess the suitability of the obtained PHBH powder as feed-
stock for SLS applications, initial tests involved producing 10-
layer DMA samples, and their subsequent characterization. A
first inspection revealed that the specimens exhibited solid struc-
ture, well-defined edges, and acceptable dimensional accuracy,
with deviations constrained within 0.6% of the nominal dimen-
sions. No layer delamination was observed; however, slight yel-
lowing of the material and minor imperfections in surface flat-
ness indicated that further optimization of the 3D printing pa-
rameters may be advantageous, although this lies beyond the
scope of the current study.

3.5. Thermal Properties

The thermal properties of the 3D printed parts were evaluated by
means of TGA and DSC, as similarly performed for the produced
powder, and the results are illustrated in Figure 6.

The thermogram of the PHBH 3D printed specimen, reported
in Figure 6a, clearly shows that the polymer degradation occurs
in a single step, with a maximum degradation temperature of
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Figure 6. TG a) and DTG b) curves of 3D printed complex geometry obtained by SLS.

270 °C, as visible from the DTG curve of Figure 6b. This is con-
sistent with the value of the PHBH powder, assessed at 280 °C,
and aligns with previously published research on PHBH pro-
cessed using different manufacturing technologies.!**-% This re-
sult highlighted that the SLS process did not significantly affect
the thermal stability of the biopolymer matrix. The glass tran-
sition temperature of the biopolymer, as determined by DSC
(Figure 7), remained essentially unchanged following the SLS
processing.

Additionally, the two melting peaks observed in the 3D
printed part remained nearly identical to those of the orig-

PHBH_3D
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== cooling
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Figure 7. DSC curves of 3D-printed complex geometry obtained by SLS.

Table 6. Tensile properties of 3D printed PHBH specimens obtained via
SLS.

Sample code Young’s Ultimate tensile Strain at
modulus [MPa] strength [MPa] break [%]
PHBH_3D 161 + 28 83+12 1.6+ 1.8

inal PHBH powder, located at ~110 and 130 °C. However,
a marked decrease in the degree of crystallinity was ob-
served, dropping from 20% for the PHBH powder to 4%
in the 3D printed part, as reported in Table 5. This sub-
stantial reduction may be attributed to the rapid cooling in-
herent to the SLS process, which limits the time available
for polymer chains to realign into ordered crystalline do-
mains. Therefore, a larger fraction of the material remains
in the amorphous state, lowering the overall crystallinity. De-
spite this notable drop in crystallinity, the melting behavior
of the material remains unaffected, suggesting that the SLS
process only marginally alters the thermal transitions of the
biopolymer.

3.6. Mechanical Properties

The tensile characterization of SLS 3D printed specimens yielded
a Young’s modulus (E) of 161 MPa, an ultimate tensile strength
(UTS) of 8.3 MPa, and a strain at break of 11.6%. The results,
along with their standard deviations, are summarized in Table 6.

These values indicate moderate stiffness for PHBH pro-
cessed via SLS. When compared to the manufacturer’s datasheet

Table 5. Thermal properties of PHBH powder obtained by HPH and 3D printed part obtained via SLS.

Sample code Tonser? T deg” T, b) Toa? T AH,D AH_ X,

[°q °q °q °q [°q [°q ! ! [%]
PHBH_18_1000 250 280 0 110 138 52 32.1 9.0 20
PHBH_3D 240 270 -1 110 130 42 32.7 27.7 4

* Determined by TGA performed in the air; ®) Determined by DSC performed in nitrogen.
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Figure 8. DMA curves of a 3D printed specimen of PHBH obtained by
SLS.

values for bulk PHBH, typically obtained through injection or
compression molding, Young’s modulus is more than 5 times
lower, and the UTS is approximately half. While direct compar-
isons with previously published mechanical characterizations of
PHBH processed by SLS remain limited, the results observed
here fall within a reasonable range for biopolymer specimens
produced by SLS. The reduced mechanical performance can
largely be attributed to the inherent characteristics of the AM
process, including incomplete particle fusion, residual porosity,
and suboptimal inter-layer bonding, all of which contribute to
lower overall strength and stiffness. Although the optimization
of mechanical properties and processing parameters was not the
primary objective of this preliminary study, the findings clearly
indicate that further work is needed to enhance the mechanical
performance of components fabricated via SLS using biopolymer
powders produced through HPH.

The viscoelastic properties of the 3D printed parts were eval-
uated using DMA analysis to assess their thermomechanical
response. Figure 8 illustrates the behavior of the extensional
storage modulus and the tan delta values as a function of in-
creasing temperature. The glass transition temperature of the
3D printed PHBH specimen, determined from the peak of the

(@) 7 (b)

www.advmattechnol.de

tan delta curve, is located at 6 °C. This value is higher with re-
spect to that estimated by the DSC test, which was calculated
at —1 °C. This discrepancy can be attributed to the inherent dif-
ferences between the two techniques, as already reported in the
literature.[5!]

Figure 8 also reports the trend of the extensional storage mod-
ulus of the PHBH 3D printed specimen, which is ~2.7 GPa evalu-
ated in the rigid plateau region. This result underscores the suit-
ability of combining this biopolymer powder with the SLS pro-
cess, indicating its potential for semi-structural components, in-
cluding the biomedical field.[>>53]

3.7. Microstructure

To better understand the effectiveness of the SLS process us-
ing the novel PHBH powder, the morphology of the PHBH
3D printed parts was examined through SEM analysis, focus-
ing on the fracture surface of a 3D printed sample. Figure 9 re-
ports SEM images at different magnifications, 300X (a), 500X (b),
and 1000x (c), showcasing the microstructure of a 3D printed
component.

The lower magnification SEM image at 300x (Figure 9a) pro-
vides an overview of the cross-sectional morphology of the 3D
printed samples, enabling the observation of larger features such
as overall shape, pore distribution, and general homogeneity.
This broader view helps identify macrostructural details that are
not visible at higher magnification. As the magnification in-
creases from 500 to 1000x (Figure 9b,c), the PHBH powder par-
ticles appear well-sintered, indicating that the 3D printing pro-
cess was overall effective, starting from the PHBH powder pro-
duced via HPH. The specimen surface exhibited a smooth, fine-
textured appearance. However, some areas exhibit incomplete
sintering, likely due to the irregular shape of the powder particles,
which may have hindered optimal particle coalescence during the
SLS process, as well as the presence of amorphous regions in
the processed PHBH powder. This observation aligns well with
the previously reported degree of crystallinity of #20%. As noted
in prior studies, amorphous regions may negatively influence
the coalescence of PHBH powder particles. These regions, ex-
hibiting higher chain mobility than crystalline areas, can cause

Figure 9. SEM micrographs of 3D printed components obtained by SLS at different magnifications: a) 300x, b) 500%, and c) 1000x.
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Figure 10. Representative view of 3D printed geometries obtained by SLS: a) STL representation of the miniature boat model; b) 3D printed miniature
boat model; c) STL representation of the open-cell lattice structure; d) 3D printed open-cell lattice structure; €) optical microscope image of a lateral
view of the open-cell lattice structure; f) optical microscope image of a detail of the open-cell lattice structure.

asynchronous melting behavior due to differences in melting
temperatures. This mismatch in molten phase formation may
hinder effective particle coalescence,®* potentially leading to
rougher surface morphology and increased porosity in the fi-
nal part.®) To confirm this, the density and porosity of the SLS
printed parts were experimentally evaluated using the buoyancy
method based on Archimedes’ principle. The true density of the

Adv. Mater. Technol. 2025, 00049
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PHBH powder was determined via gas pycnometry to be 1.226 +
0.003 g cm~3. The density of the printed parts, based on closed
porosity, was measured at 1.1530 + 0.0015 g cm~3, while the
density considering total porosity was slightly higher at 1.1625 +
0.0015 g cm™3. From these values, the total porosity of the printed
parts was calculated to be ~5.2%, indicating satisfactory overall
densification of the SLS parts.
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Figure 11. Colored deviation maps of actual geometry versus nominal geometry for two different 3D printed parts by SLS: a) boat model; b) open-cell

lattice structure.

3.8. Selective Laser Sintering of Complex-Shaped PHBH
Components

To further evaluate the 3D printability of this new powder us-
ing SLS, two more complex structures were fabricated: a minia-
ture boat model and an open-cell lattice structure, consisting
of two overlapping layers of 9 polyhedra with 16 faces each.
Figure 10 presents a visual comparison between the original de-
signed model (Figure 10a,c) and the final 3D printing objects
(Figure 10b,d). Specifically, the open-cell lattice structure consists
of #150 layers in height, and it features intricate design elements
such as 0.65 mm diamond-shaped holes, thin sloped walls angled
up to 50°, and interconnected cell geometries with alternating
solid and open spaces, as highlighted in the zoomed-in details
(Figure 10e,f). Notably, the complexity and the final aspects of
these 3D printed objects not only match but, in several aspects,
surpass previously published results achieved with PHBH pow-
der produced via solvent phase separation.’*] Therefore, these
findings demonstrated that, despite the less spherical and regu-
lar morphology of the powder obtained via HPH, the 3D print-
ability of the biopolymer powder is reliably maintained across a
range of geometries, from simple to highly complex structures.

The 3D printing accuracy of the specimens was assessed using
X-CT scans of the boat model and the open-cell lattice structure.
These scans were aligned to the original CAD models via the best-
fitregistration function in VG Studio software, ensuring a precise
overlay for comparison. Following alignment, deviations between
the actual 3D printed geometries and their nominal designs were
calculated. The results, presented in Figure 11 as colored devia-
tion maps, provide a visual and quantitative understanding of the
dimensional accuracy.

When comparing the two geometries, the open-cell lattice
structure demonstrated higher accuracy than the boat model.
Specifically, the deviation range within which 90% of the surface
area falls was calculated as 0.21 mm for the open-cell lattice struc-
ture, compared to 0.43 mm for the boat model. The greater devi-
ations observed in the model can be attributed to the difficulty of
realizing inclined thin walls. These features are particularly chal-
lenging for the 3D printing process, as they are more prone to
material instability and potential distortions during printing.[*®!
These early findings are promising for the fabrication of geome-
tries with high accuracy, suggesting that further research is worth
optimizing the production of highly complex and accurate de-
signs for SLS applications.
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4. Conclusion

This study demonstrated the feasibility of HPH as a scalable,
solvent-free, and more sustainable method for producing PHBH
powders tailored for SLS applications. Compared to conventional
solvent-based approaches such as phase separation, HPH offers
a compelling alternative with greater industrial relevance. The
process effectively reduced PHBH particles to the micron scale,
achieving a median particle size of 49 um under optimal condi-
tions of 18 passes at 1000 bar. Despite the resulting powders ex-
hibiting irregular morphology, flowability assessments, both di-
rect and indirect, confirmed their suitability for SLS processing.

Thermal characterization revealed that the PHBH powders
possess excellent thermal stability, with degradation tempera-
tures significantly exceeding the SLS processing range. After the
SLS process, the thermal stability and transition temperatures of
the component remained almost unaffected. However, a reduc-
tion in crystallinity was observed, with the raw powder exhibiting
20% crystallinity, while the 3D printed components showed ~4%.
This decrease may have marginally hindered particle coalescence
during sintering. Nevertheless, the HPH-produced powders ex-
hibited satisfactory performance in SLS, enabling the fabrica-
tion of geometrically complex and dimensionally accurate com-
ponents. SEM analysis and porosity calculations indicated a satis-
factory degree of particle sintering, with a porosity value of 5.2%.
These findings align with the dynamic mechanical properties,
which showed a maximum storage modulus of ~2.7 GPa in the
plateau region, extending down to —10 °C, and Young’s modulus
at room temperature of 161 MPa.

While this research demonstrated significant progress in
bridging laboratory-scale powder production with industrial de-
mands, some limitations remain. Improving powder circu-
larity could enhance packing density and mechanical perfor-
mance in the final 3D-printed parts. Additionally, increasing the
concentration of biopolymer suspended in the medium could
improve HPH process efficiency and scalability. Future work
should focus on optimizing SLS process parameters to im-
prove the final part properties. Further investigation into the
recyclability of the powders and continued refinement of their
morphology and flowability would be beneficial for improving
efficiency.

Although this study applied the HPH method to a specific
biopolymer, it holds the potential to be extended to a wide
range of biopolymers. This versatility could dramatically expand
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material options available for SLS, thus fostering a more sustain-
able future in AM and supporting its ever-growing range of ap-
plications across various fields.
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